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IMPACTO POTENCIAL DESTA PESQUISA

Os potenciais impactos decorrentes deste projeto de doutorado compreendem o
aprofundamento e nacionalizagdo do conhecimento em manufatura aditiva aplicada a sintese de
materiais obtidos a partir da rota sol-gel, que tem ganhado destaque nos ultimos anos, dada sua
aplicag&o na manufatura de vidros inorganicos e materiais hibridos. Dessa maneira, espera-se que
essa tese possa contribuir no desenvolvimento desse setor industrial estratégico, com a geracéo de
empregos e propriedade intelectual, fornecendo infraestrutura para uma miriade de aplicagdes de alta

tecnologia.



POTENTIAL IMPACT OF THIS RESEARCH

The potential impacts arising from this doctoral project include the deepening and
nationalization of knowledge in additive manufacturing applied to the synthesis of materials obtained
from the sol-gel route, which has gained prominence in recent years, given its application in the
manufacture of inorganic glasses and hybrid materials. In this way, it is expected that this thesis can
contribute to the development of this strategic industrial sector, with the generation of jobs and

intellectual property, providing infrastructure for a myriad of high-tech applications.



IMPACT POTENTIEL DE CETTE RECHERCHE

Les impacts potentiels découlant de ce projet de doctorat comprennent I'approfondissement
et la nationalisation des connaissances en fabrication additive appliquées a la synthese de matériaux
obtenus a partir de la route sol-gel, qui a pris de I'importance ces derniéres années, compte tenu de
son application dans la fabrication de verres inorganiques et de matériaux hybrides. De cette fagon,
on s'attend a ce que cette thése puisse contribuer au développement de ce secteur industriel
stratégique, avec la création d’'emplois et la propriété intellectuelle, fournissant une infrastructure pour

une myriade d’applications de haute technologie.
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ABSTRACT

Additive manufacturing (AM) is a technology with great potential for use in photonic
applications because it overcomes the limitations of traditional manufacturing methods. Among the
various AM techniques available, the vat-photopolymerization (VPP) is one of the few that meets the
requirements for photonics manufacturing. However, one of the main challenges hindering the
widespread adoption of VPP in optical device manufacturing is the limited availability of materials

compatible with VPP techniques.

The aim of this thesis was to develop, elucidate the structure of, fabricate via additive
manufacturing, and study the optical properties of 3D printed parts of aluminum-phosphate hybrid
materials. These materials were developed using the sol-gel route as candidates for the fabrication of
active and passive photonic devices. These materials were additive manufactured via VPP using a
custom-made AM system operating under intermittent exposure conditions. We developed a
mathematical model describing the exposure profile output by this custom-made VPP setup, since its
operating principle greatly differs from commercial platforms. Then, these new materials were 3D
printed after characterizing their VPP parameters and photopolymerization kinetics. Lastly, we
examined the optical homogeneity and anisotropy of additive manufactured elements from these
materials. These goals were explored throughout five scientific publications, composing the five

chapters of this thesis.

In our first contribution, we synthesized photopolymerizable aluminum-phosphate sols, that
were polymerized to result in organic-inorganic hybrid (OIH) materials composed by poly (2-
hydroxyethyl methacrylate) chains with aluminum-phosphate groups covalently bonded to the
polymeric backbone. These inorganic units provide numerous crosslinkers, resulting in a highly
interconnected and interlocked inorganic/organic structure. The OIH materials were optically
transparent between the 420 nm - 1100 nm, however, these materials showed low transmittance in the

near-infrared region (NIR) due to the high organic content of these matrices.

In a second contribution, we modified the synthesis route to achieve aluminum-phosphate-
silicate OIH materials with higher inorganic mass concentration and improved transmittance in the NIR.
We investigated in-depth the structure of these materials by means of solid-state NMR and observed
that the inorganic network is formed by aluminum-phosphate units interconnected by silicate chains.



The chemical environment of the phosphate and aluminate sites could be tuned based on the aluminum
to phosphorus ratio, allowing the structure to be tailored in order to enhance the lanthanide ions hosting
ability of these materials. These structural features present these materials as potential candidates to

immobilize lanthanide ions for developing active optical components.

In a third contribution, we developed and tested a mathematical model describing the exposure
profile outputted by the custom-built printer employed in this work, allowing us to model the laser-resin
interaction in this equipment, and to correlate the printing parameters measured for our materials with
those of commercial AM setups. Furthermore, we identified that this printing system can, theoretically,
print faster compared to commercial platforms under specific conditions of beam diameter and overlap

between pulses.

In a fourth contribution, we explored the additive manufacturing of the aluminum-phosphate-
silicate resins. The evolution of the 3D printing parameters of these materials (critical energy and
penetration depth), and of the photopolymerization kinetics with light intensity and silicate concentration
was studied. These results indicate the shift of critical conversion towards higher polymerization degree
as the concentration of silicate increases, which was associated to a higher tendency towards
cyclization. These results were employed to validate a photochemical model published in the literature
describing the laser-resin interaction in VPP systems, elucidating the link between critical energy and

photopolymerization kinetics.

In our last contribution, we studied the refractive index distribution and the presence of optical
anisotropies in 3D printed lines. We identified that the 3D printed parts are optically homogenous,
despite the presence of a gradient of polymerization degree associated to the penetration of the laser
into the resin and the beam profile. Optical anisotropies were identified, and polarized micro-Raman
measurements indicate that the birefringence arises from the shear stress perpendicular to the scan

direction due to the inflow of monomer towards the polymerization spot.



RESuUmMO

A manufatura aditiva (MA) é uma tecnologia com grande potencial para aplicagdes em
fotdnica, pois contorna as limitagdes impostas por métodos tradicionais de manufatura. Entre as varias
técnicas de MA disponiveis, a fotopolimerizagdo em cuba (VPP) € uma das poucas que atende os
requisitos de tolerancia presente na fabricacdo de dispositivos fotdnicos. No entanto, um dos principais
desafios que impedem ampla ado¢do da VPP na fabricagcdo de dispositivos 6pticos € a baixa

disponibilidade de materiais processaveis com as técnicas de VPP.

O objetivo desta tese foi desenvolver, elucidar a estrutura, fabricar via manufatura aditiva e
estudar as propriedades dpticas de pecas impressas 3D de materiais hibridos de aluminio-fosfato.
Esses materiais foram desenvolvidos utilizando a rota sol-gel como candidatos para a fabricagéo de
dispositivos fotonicos ativos e passivos via impressao 3D. Esses materiais foram processados via VPP
usando um sistema MA customizado, operando sob condi¢des de exposi¢do intermitente. Foi
desenvolvido e testado um modelo matematico descrevendo o perfil de exposigao produzido por esse
sistema VPP customizado, uma vez que seu principio operacional difere daquele de plataformas
comerciais. Em seguida, os pardmetros de impressdo 3D e a cinética de fotopolimerizagdo desses
novos materiais foram estudados, permitindo sua impressdo 3D. Por fim, foi estudado a
homogeneidade 6ptica e a presenca de anisotropias dpticas em partes produzidas por MA desses
materiais. Esses objetivos foram explorados ao longo de cinco publicagdes cientificas, compondo os

cinco capitulos desta tese.

Em nossa primeira contribuigao, sintetizamos solugdes fotopolimerizaveis de aluminio-fosfato,
resultando em materiais hibridos organico-inorganicos (HOI) compostos por cadeias de poli (2-
hidroxietil metacrilato) com grupos aluminio-fosfato covalentemente ligados ao esqueleto polimérico.
Essas unidades inorganicas atuam como ligagdes cruzadas, resultando em uma estrutura inorganica-
organica altamente interconectada e interligada. Os materiais obtidos séo totalmente transparentes
entre 420 nm - 1100 nm, porem possuem baixa transmiténcia na regido do infravermelho préximo

(NIR) devido ao alto teor organico dessas matrizes.

Em uma segunda contribuicdo, modificamos a rota de sintese para obter materiais HOI de
aluminio-fosfato-silicato com maior teor de massa inorganica e melhor transmitancia no NIR.

Investigamos em detalhe a estrutura desses materiais por meio de RMN de estado sdlido e



observamos que a rede inorganica é formada por unidades de aluminio-fosfato interligadas por
cadeias de silicato. O ambiente quimico dos sitios de fosfatos e aluminio podem ser modificados por
meio da raz&o aluminio para fosforo, permitindo que a estrutura seja otimizada para a introdugao de
ions lantanideos. Essas caracteristicas estruturais apresentam esses materiais como potenciais

candidatos a imobilizagdo de ions lantanideos para o desenvolvimento de componentes dpticos ativos.

Em uma terceira contribuicdo, desenvolvemos e testamos um modelo matematico
descrevendo o perfil de exposigdo produzido pela impressora personalizada empregada neste
trabalho, permitindo-nos modelar a interagdo laser-resina e correlacionar os parametros de impresséao
medidos para nossos materiais com aqueles de plataformas comerciais de MA. Além disso,
identificamos que este sistema de impresséo pode, teoricamente, imprimir mais rapido comparado a
plataformas comerciais, desde que condicdes especificas de didmetro do feixe e sobreposi¢ao entre

pulsos sejam atendidas.

Em uma quarta contribuicdo, exploramos a manufatura aditiva das resinas de aluminio-
fosfato-silicato. Foi estudada a evolugao dos parametros de impressdo 3D desses materiais (energia
critica e profundidade de penetracao) e da cinética de fotopolimerizagao com a intensidade de luze a
concentragéo de silicato. Os resultados obtidos indicaram um aumento da conversdo critica das
resinas com 0 aumento da concentracao de silicato, o0 que estaria associado a uma maior contribui¢ao
da reagéo de ciclizagao. Esses resultados foram empregados para validar um modelo fotoquimico
descrevendo a interagao laser-resina em sistemas VPP publicados na literatura, elucidando a rela¢éo

entre energia critica e cinética de fotopolimerizacao.

Em nossa Ultima contribuicdo, estudamos a distribuicdo do indice de refracdo e a presenca
de anisotropias Opticas em linhas impressas 3D. Foi verificado que as pegas impressas em 3D séo
opticamente homogéneas, apesar da presenga de um gradiente de grau de polimeriza¢do associado
a penetragao do laser na resina e do perfil do feixe. Anisotropias dpticas foram identificadas, e medidas
de espalhamento micro-Raman polarizado indicaram que a birrefringéncia e oriunda da tensdo de
cisalhamento perpendicular a dire¢ao da varredura causada pelo influxo de monémero em dire¢éo ao

centro da polimerizag&o.



RESUME

La fabrication additive (FA) est une technologie a fort potentiel d'utilisation dans les
applications photoniques car elle surmonte les limites des méthodes de fabrication traditionnelles.
Parmi les différentes techniques de FA disponibles, la photopolymérisation en cuve (VPP) est l'une
des rares a répondre aux exigences de la fabrication photonique. Cependant, I'un des principaux défis
qui entravent I'adoption généralisée du VPP dans la fabrication de dispositifs optiques est la

disponibilité limitée de matériaux compatibles avec les techniques VPP.

L'objectif de cette thése était de développer, d'élucider la structure, de fabriquer via la
fabrication additive et d'étudier les propriétés optiques de pieces imprimées en 3D de matériaux
hybrides aluminium-phosphate. Ces matériaux ont été développés par voie sol-gel comme candidats
pour la fabrication de dispositifs photoniques actifs et passifs. Ces matériaux ont été fabriqués via VPP
en utilisant un systéme AM sur mesure fonctionnant dans des conditions d'exposition intermittentes.
Nous avons développé un modéle mathématique décrivant le profil d'exposition produit par cette
systéme VPP, car son principe de fonctionnement différe grandement des plateformes commerciales.
Ensuite, les paramétres VPP et la cinétique de photopolymérisation de ces nouveaux matériaux ont
été caractérise, de fagon a démontré leur impression 3D. Enfin, nous avons examiné 'homogénéité
optique et l'anisotropie des éléments fabrique 3D a partir de ces matériaux. Ces objectifs ont été

explorés a travers cing publications scientifiques, composant les cing chapitres de cette these.

Dans notre premiére contribution, nous avons synthétisé des sols de phosphate d'aluminium
photopolymérisables, qui ont été polymérisés pour aboutir a des matériaux hybrides organiques-
inorganiques (OIH) composés de chaines de poly (méthacrylate de 2-hydroxyéthyle) avec des groupes
de phosphate d'aluminium liés de maniére covalente au squelette polymére. Ces unités inorganiques
fournissent de nombreux agents de réticulation, résultant en une structure inorganique/organique
hautement interconnectée et imbriquée. Les matériaux OIH étaient optiquement transparents entre
420 nm et 1100 nm, cependant, ces matériaux présentaient une faible transmission dans la région du

proche infrarouge (NIR) en raison de la forte teneur en matiéres organiques de ces matrices.

Dans une deuxiéme contribution, nous avons modifié la voie de synthése pour obtenir des
matériaux OIH aluminium-phosphate-silicate avec une concentration en masse inorganique plus

élevée et une transmittance améliorée dans le NIR. Nous avons étudié en profondeur la structure de



ces matériaux avec la RMN a I'état solide et observé que le réseau inorganique est formé d'unités
d'aluminium-phosphate interconnectées par des chaines de silicate. L'environnement chimique des
sites de phosphate et d'aluminate pourrait étre réglé en fonction du rapport aluminium sur phosphore,
permettant a la structure d'étre adaptée afin d'améliorer la capacité d'accueil des ions lanthanides de
ces matériaux. Ces caractéristiques structurelles présentent ces matériaux comme des candidats

potentiels pour immobiliser les ions lanthanides pour développer des composants optiques actifs.

Dans une troisiéme contribution, nous avons développé et testé un modele mathématique
décrivant le profil d'exposition produit par l'imprimante utilisée dans ce travail, nous permettant de
modéliser l'interaction laser-résine dans cet équipement, et de corréler les parametres d'impression
mesurés pour notre matériau avec ceux des systéme FA commerciales. De plus, nous avons identifié
que ce systéme d'impression peut, théoriquement, imprimer plus rapidement par rapport aux
plateformes commerciales dans des conditions spécifiques de diamétre de faisceau et de

chevauchement entre les impulsions.

Dans une quatriéme contribution, nous avons exploré la fabrication additive des résines
aluminium-phosphate-silicate. L'évolution des parametres d'impression 3D de ces matériaux (énergie
critique et profondeur de pénétration), et de la cinétique de photopolymérisation avec lintensité
lumineuse et la concentration en silicate a été étudiée. Ces résultats indiquent le déplacement de la
conversion critique vers un degré de polymérisation plus élevé a mesure que la concentration de
silicate augmente, ce qui était associé a une tendance plus élevée a la cyclisation. Ces résultats ont
été utilisés pour valider un modéle photochimique publié dans la littérature décrivant l'interaction laser-
résine dans les systémes VPP, élucidant le lien entre I'énergie critique et la cinétique de

photopolymérisation.

Dans notre derniére contribution, nous avons étudié la distribution de l'indice de réfraction et
la présence d'anisotropies optiques dans les lignes imprimées en 3D. Nous avons identifié que les
pieces imprimées en 3D sont optiquement homogénes, malgré la présence d'un gradient de degré de
polymérisation associé a la pénétration du laser dans la résine et au profil du faisceau. Des anisotropies
optiques ont été identifiées et des mesures micro-Raman polarisées indiquent que la biréfringence
provient de la contrainte de cisaillement perpendiculaire a la direction de balayage due a I'afflux de

monomere vers le point de polymérisation.
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INTRODUCTION

Three-dimensional printing or additive manufacturing (AM) refers to a family of different
techniques sharing a layer-by-layer manufacturing approach. Because of its features, AM allow the
fabrication of complex structures with fixed processing time and costs, and simplified process planning,
which is ideal for the small-scale production of high customizable products [1]. There are extensive
reviews on literature on how additive manufacturing technologies are promising for a wide range of

applications [2]-[4].

AM is a promising technology for photonic applications which has received great attention in
the last decade as a method to circumvent the limitations of traditional manufacturing methods, which
could enable a new generation of integrated optical devices. AM technologies for photonics requires
high resolution (<10 um) and high surface finishing quality [5], which are conditions met by few AM
technologies. The vat-photopolymerization (VPP) family of techniques is one of the few who meet such
requirements, and although there are numerous examples in literature concerning the use of VPP in
photonics, there are few fundamental investigations on the optical quality of produced parts, especially
when it concerns optical homogeneity and anisotropies, since AM is a fundamentally anisotropic

process.

The availability of materials compatible with VPP techniques is one of the main issues
preventing more expressive application of VPP into the manufacturing of optical devices. VPP construct
objects by inducing the selective photopolymerization of a resin to form each layer, therefore this
technique is constrained to methacrylate and epoxy-based polymers. The organic nature of polymers
restricts the optical applications of objects manufactured by AM to the visible and the terahertz regimes
of the electromagnetic spectrum [6], [7]. In recent years, there has been intense research to enable the
AM of inorganic glasses via VPP, which is a staple optical material for both active and passive optical
devices. The main drawback, however, is that all approaches available require thermal treatment at
high temperatures, hindering the construction of integrated electro-optical devices. In this context, the
use of organic-inorganic hybrid (OIH) materials with VPP has arisen as an alternative to polymeric
materials and inorganic glasses, since their optical properties can be tuned to meet the transmission
requirements for active and passive optical devices operating from UV (ultraviolet) to NIR (near-

infrared) spectrum [5], [8], [9]. They are not widely explored in photonics as glasses, however they are
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excellent candidates for integrated active and passive photonic structures, since they do not require
thermal treatments[5], [8], [10]-{12]

The hybrid sol-gel route has emerged in the last 3 years as a convenient chemical route to
obtain transparent OIH materials processable through VPP. This chemical route employs chemical
precursors capable of forming inorganic bonds through condensation reactions at mild processing
conditions, with pendant photopolymerizable groups for the VPP process [13]. Alternative synthesis
routes for OIH materials are not innately compatible for VPP as the hybrid sol-gel route, and often suffer
from phase segregation, yielding opaque materials [14]-[16].Controlling the hydrolysis and
condensation reactions are a fundamental step in this chemical route because it allows the organic and
inorganic connectivity to be tailored and avoid phase segregation, resulting in a transparent material.
So far, this chemical route has successfully allowed the printing of silicate-based OIHs with good optical
quality, which have been explored in the fabrication of passive optical structures, such as waveguides
[17], [18]. However, these matrices are bad candidates for the development of active optical devices,
because of their poor solubility of lanthanide ions, requiring either thermal treatment at high
temperature or additional strategies to introduce the lanthanide ions in the structure. Thus, there is the
need for OIH materials which are inherently compatible with the chemistry of lanthanides for the

fabrication of active optical devices via VPP.

In this regard, aluminum-phosphate (AIP) OIH materials are promising candidates for the
fabrication of active optical devices. The chemistry of aluminum-phosphate shows a remarkable
solubility for lanthanide ions , which prevents clustering and concentration quenching in
photoluminescence[19], [20]. As a matter of fact, AIP inorganic glasses are widely used in
telecommunications as signal amplifiers and fiber lasers. Despite these characteristics, little is reported
in literature about AIP OIH materials obtained through the hybrid sol-gel route. The AIP sol-gel
chemistry is challenging compared to the well-stablished silicate sol-gel chemistry. For instance, there
is no convenient phosphate precursor for sol-gel chemistry, being either too reactive or unreactive [21].
Aluminum precursors in sol-gel chemistry are too reactive and require special complexing agents to
reduce their reactivity [22], [23]. When aluminum and phosphate precursors are combined, their
reaction results in precipitation or gelation, hindering the materials transparency. To date, there is little

information on the synthesis of transparent and photopolymerizable AIP OIH materials.
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In this work, we developed AIP OIH materials by the hybrid sol-bel approach. These materials
are stable resins that can undergo photopolymerization, and be processed by VPP, to result in
transparent hybrid materials. These materials’ structure and properties were characterized in-depth
using a different technique. Furthermore, we modelled the exposure profile of a custom-made VPP
setup, which was further employed in the additive manufacturing of these materials. Lastly, we
analyzed the optical properties of the additive manufactured elements to assess their optical
homogeneity and the presence of anisotropies. A bibliography review concerning the main points
related to this project, that is, additive manufacturing and its application in photonics, the technicalities

of VPP process, and the hybrid sol-gel approach, are presented below.

Additive manufacturing (AM)

a. Definition and history

Additive manufacturing (AM), also known as three-dimensional printing (3DP), is an umbrella
term encompassing different manufacturing techniques sharing the same layer-by-layer approach for
fabrication based on a digital model, as shown in Figure 1 [24]. Historically, the first AM technologies
date back to 1800s, however it is widely recognized that the modern starting point of AM technologies
was the patents filed in 1984s by Charles Hull, which started to be commercialized by the company 3D
Systems stablished in 1986 [4]. In its early days, AM was better known as rapid prototyping (RP)
because it was originally designed to allow the fast fabrication of prototypes and physical models
required for product design. The evolution of AM as a proper manufacturing method was only possible
due to the technological advances in printing, laser, and numerical control technologies, computer
graphics, computer-aided design (CAD), and materials availability [4], [24]. AM platforms were able to
print faster, cheaper, more accurate, and with a wider range of materials, leading AM to be slowly
incorporated into the production chain of some industrial sectors. The field steadily grew with the
application of new patents and foundation of new companies, stimulating research and development
[4]. However, AM technologies were still expensive, because of intellectual property, and the low

availability of personnel with know-how restricted widespread adoption of AM by the industry.
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Figure 1. Layer-by-layer principle of a generic additive manufacturing method [25].

The boom of AM occurred in the 2000s, with 2007 being considered a milestone due to the
expiration of many AM related patents. Numerous companies appeared and the domestic market
became a hotspot, lowering the cost of AM platforms, resulting in a leap from 60 3D printers in 2007 to
23000 in 2011 marketed in the domestic market[4]. The easy access to AM platforms allowed different
industrial sectors and research institutes to explore the applicability of AM in their fields. This is evident
if we analyze the evolution of publications and patents in the last years as shown by the web of Science
database and Espacenet ("additive manufact™ OR "3D print*" OR "rapid protot*"), and compiled in
Figure 2. Today, the term DDM (Direct digital manufacturing) is already used, referring to the additive

manufacturing process where the final product is entirely manufactured by AM techniques.
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Figure 2. Research string ("additive manufact™ OR "3D print*" OR "rapid protot*) in Espacenet and
Web of Science (Web of Science Core Collection database)

b. The AM process

A generic AM process is composed by four major steps, as illustrated in Figure 3. The first
step consists in obtaining a digital tridimensional representation of the desired geometry's or object’s
surface. This is accomplished with CAD (computer-aided design) softwares, such as SketchUp®, and
SolidWorks®, or though imaging techniques such as laser scanning and tomography. The design is
saved as a STL file, which is the standard file format used by AM systems. This format describes the
surface of an object as a collection of triangles in cartesian coordinates. The second step comprehends
the manipulation of the STL file and slicing, which is done in a software provided by the own AM
equipment manufacturer, or directly in the AM equipment. Adjustments such as position, orientation
and size are made, and the object is sliced in numerous cross-section layers representing the printing
instructions for each layer. The third step is the transference of the file to the equipment and the
adjustments of the printing settings by the operator. The printing settings are related to the building
parameters according to the type of AM equipment and it physical-chemical process responsible for
the fabrication. The printing process starts, which is fully automated, and does not require any
supervision. Once finished, the object is removed. The fourth step is post processing, which will depend
on the application, which could include polishing, thermal treatment, rinsing and drying, depending on
the AM technique.

Figure 3. The main steps of a generic AM process.

39



c. AM and Industry

The importance of AM in the industry arises from the intrinsic limitations associated by
traditional manufacturing, which encompasses formative (FM) and subtractive (SM) manufacturing
methods. In FM methods, the final shape of the object is obtained by casting, blowing, or plastic
deformation strategies, while in SM this is achieved by removing material from a raw workpiece[26]. A
common problem with both methods is geometry constrains, making it challenging and requiring a large
number of productive steps (and time) to achieve certain shapes. FM is an appropriate manufacturing
method for mass produced goods, due to the high acquisition cost of the equipment and subsequent
modifications. SM, on the other hand, is specially suited for small scale production of goods with high
accuracy, however it suffers from low throughput, high material waste, and high cost. Ultimately, we
lack a manufacturing method for fast and small-scale production of complex articles, at low cost and

material consumption, which are the features of AM [27].

These limitations are a problem in face of Industry 4.0 concept, whose ultimate goal is to
achieve a more efficient (material and energy consumption) fabrication process with real time feedback
of custom-made products [28]-[30]. Industry 4.0 is centered in the real-time intercommunication
between management and autonomous industrial equipment, so that production and decisions are
decentralized. Many technologies such as artificial intelligence, robotics, and Internet of Things have
been presented as enabler towards the concept. Not surprisingly, AM is also considered an enabler
technology, because it solves the aforementioned problems, and has an innate integration with digital
systems. Another advantage of AM is the fact that the final part is directly correlated to its digital
drawing, allowing the part performance to be further analyzed using engineering softwares to assess

the feasibility of the project, speeding up optimization interactions during fabrication process [24].

There is still a lot of research on the implementation of AM process in the context of Industry
4.0, since the concept is still under development. Nonetheless, AM already occupies a strategic position
in the production chain of different industrial segments, especially for developed countries, since mass
production lines have migrated to developing countries. [31]. Essentially, AM enables the fabrication of
high aggregated value products, and is regarded as a disruptive technology regarding the design,
production and marketing of new products. There is great enthusiasm around its potential, and it has
been envisioned as the beginning of another industrial revolution [24]. It represented a USD 13.84
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billion in 2021, with projections of a 20% per year growth, expecting to reach a USD 76.12 billion by

2030, forcing industry to rethink its processes, production chain and organizational structure [32].

The most successful case of AM application in industry is the fabrication of hearing aids. About
97% of hearing aids are fabricated by 3D printing, reducing from 40% to 10% the rate of return due to
poor fitting at lower price [25]. Many industrial segments and companies are integrating AM into their
production chain, such as aerospace, automotive [33], medical and dental, tooling, health and
biosciences applications, education [34], drug release systems [35], food industry[36], [37] just to cite

a few.

d. Families of AM techniques

There is a great variety of AM technologies available, which led to their grouping and
categorizing based in different criteria, such as the type of material printed. The most adopted
classification was initially introduced by the ASTM F2792-12a [38], later becoming ISO/ASTM
52900:2021 [39], based on the configuration of the equipment used and the physical-chemical process
involved in the layer formation, grouping into seven process categories. A concise description of each
category, its features, and additional information on the most representative techniques for each
process category is presented below. The objective of this section is to brief the reader into the type of
materials, printing resolution and surface finishing achievable by each process category in order to
understand why some techniques are far more interesting for photonic applications compared to other.
Reference literature is provided for additional information for each one of these techniques and

categories.

e Binder jetting (BJT) typically works in a two-step process. First a layer of powdered material is
spread in the build chamber, then, a liquid binding agent is selectively deposited on top of the powdered
materials to form one of the layers. The process repeats multiple times until all layers are printed.
Figure 4 shows the typical scheme of a BJT AM system [40]. Sand, metals, and ceramics are the most
common materials for BJT, with some limited work on plastics. BJT of sand is typically used for
fabricating dies for metal casting. In the case of metals and ceramics BJT, additional thermal treatment
eliminates the binder and allows sintering to consolidate the metallic or ceramic part [25]. The technique
is low cost, with feasible layer thickness as low as 30 ym. The technique is also suitable for large
objects (500 mm), however post processing is required to improve surface finishing and the high
porosity. It displays high printing speeds (up to 200 cm3.min-") [40].
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Figure 4. Typical scheme of a BJT additive manufacturing system. Extracted from
https://make.3dexperience.3ds.com/processes/material-jetting on 10th of March 2023.

e Directed energy deposition (DED): a material (mostly metals), in the form of a filament or
powder, is deposited and melted simultaneously by means of a concentrated source of thermal energy,
such as a laser beam (-LB), electron beam (-EB) or electric arc (-Arc), following the ISO/ASTM
52900:2021 nomenclature [39]. DED techniques are grouped according to the type of feedstock
employed (powder or filament) and the thermal source[41]. A typical DED AM system is presented in
Figure 5. Resolution in the XY and in the Z axis depends on the specifications of each equipment,
however the minimum values reported in literature are of 380 and 200 um, respectively [41]. The

technique suffers from poor surface finishing, with typical surface roughness higher than 25 um.
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Figure 5. Typical schemes of a DED additive manufacturing system for a LAM (Laser Additive
Manufacturing) in (a) and a WAMM (Wire and Arc Additive Manufacturing) in (b) [41].

e Material extrusion (MEX) is the most representative AM technology, being widely accessible
for all commercial segments, ranging from a hobbyist to industrial production. These processes rely on

continuously extruding the printing material through a nozzle, allowing the selective depositions of the
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material on the building plate[24]. The main difference between the different AM techniques integrating
MEX is the method for bonding the material after extrusion, which can be through a chemical reaction
(-CRB) or a thermal reaction (-TRB), following the ISO/ASTM 52900:2021 nomenclature [39]. A typical
MEX AM system is showed in Figure 6. The most well-known MEX technique is the fused deposition
modelling (FDM), where a polymeric filaments is liquified and solidified by controlling the temperature.
Direct Ink Writing (DIW) is another well-known method, where the feedstock material is either a liquid
or gel, which solidifies upon light exposure, temperature control or low shear rate. MEX is typically used
for printing polymers such as acrylonitrile-butadiene-styrene (ABS), poly caprolactone (PLC),
polycarbonate (PC), and poly lactic acid (PLA) [24], [25]. Printing resolution is defined by the nozzle
diameter, which is around 100 pym for most commercial equipment. MEX technologies are quite
inexpensive, being able to print large volumes of material (1 m3) but have limited dimensional accuracy

and poor surface finish[42)].

Plunger-based Filament-based Screw-based

Figure 6. Typical scheme of a MEX additive manufacturing system employing different methods of
extrusion. [43]

e Power bed fusion (PBF) is based on the selective fusion/sintering of particulate matter using a
thermal source, typically a laser beam (-LB), electron beam (-EB), or infrared light (-IrL), following the
ISO/ASTM 52900:2021 nomenclature [39]. In PBF, a layer of particulate raw material is deposited in
the printing chamber, which is then scanned with the thermal source, forming that layer. A second layer
of particulate material is then deposited, and the process repeats. A typical PBF AM system is
presented in Figure 7. PBF is a widespread AM technology due to its low cost/part quality relationship
compared to other AM process[24]. Furthermore, PBF is compatible with a wide range of materials,
such as metals, ceramics, glasses, and polymers, and unused raw materials during one printing

process can be easily reused [44]. The printing resolution of PBF process depends on the type of
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material, the physical or chemical process associated, and the heat source. Typically, resolution on the

order of 100 um is easily achievable, however the printed parts have high porosity [24].
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Figure 7. Typical scheme of a PBF additive manufacturing system. [45]

e Sheet lamination (SHL): process of building an object from the joining of plates of the desired
material by means of an adhesive joining (-AJ) or ultrasonic consolidation (-UC), following the
ISO/ASTM 52900:2021 nomenclature [39]. There is little literature on this AM category, and the
technology is still in development. Most companies which were formed to commercialize SHL
techniques have gone out of business or abandoned this technology. Figure 8 shows a typical SHL

AM system.
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Figure 8. Typical scheme of a SHL-AJ additive manufacturing system. [24]

o Material jetting (MJT) works by selectively depositing droplets of raw material to form a layer,

in a similar fashion as paper inkjet printer, followed by material consolidation, which can be achieved
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by curing under ultraviolet light (-UV), by a chemical reaction (-CRC) or thermal reaction (-TRB),
following the ISO/ASTM 52900:2021 nomenclature [39]. The materials employed are typically
photopolymers, which are exposed to UV light once each layer is printed. A typical MJT AM system is
presented in Figure 9. MJT is known for its high-quality printing, being able to print thin walls with very
low staircase effect (visible layers). The technique allows resolution in Z axis as low as 16 pum [46]. In
addition to polymers, developments for printing metals using this technique are already
commercialized. This process has excellent surface finish, but its cost is high, and the materials

development can be quite complicated due to strict rheological properties required for droplet formation
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Figure 9. Typical scheme of a MJT-UV additve manufacturing system. Extracted from
https://make.3dexperience.3ds.com/processes/material-jetting on 10th of March 2023.

e Vat photopolymerization (VPP) refers to a family of 3DP technologies based on the selective
photopolymerization of a resin through localized light exposure (typically UV light) [48], [49]. The light
exposure can be achieved by means of a guided ultraviolet laser (-UVL), ultraviolet light passing
through a mask (-UVM) or by exposure to light emitting diodes (-LED), following the ISO/ASTM
52900:2021 nomenclature [39]. There a different VPP setups, however the most common is the
stereolithography (SLA), which employs a UV laser as a light source. Examples of VPP AM systems
are presented in Figure 10. These techniques excel in spatial resolution, printing time and surface
finishing compared to other 3DP technologies, allowing the fabrication of objects with numerous fine
features/structures[27], [50]. For instance, most commercial platforms are able to print features down
to 25 ym, meanwhile high spec commercial printers and multiphoton polymerization setups can reach
10 pm and 200 nm resolution [24], [25], [27], respectively. Only methacrylate and epoxy-based
polymers are compatible with VPP approach, however in the last years there has been considerable

effort to print ceramics and glasses as well. It is one of the most dimensionally accurate AM techniques,
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with great surface finish and ability to print highly detailed structures [24], [25]. Because of these
characteristics, vat photopolymerization techniques are the most interesting for application in
photonics, since surface quality and printing resolution are key parameters for such field[5].
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Figure 10. Typical scheme of VPP-UV and VPP-UVM additive manufacturing system in (a) and (b),
respectively. [51]

e. AM for photonic applications

The fabrication of photonic devices by traditional manufacturing methods has a series of
drawbacks, such as cost-intensive, low customizability, low reproducibility, bidimensional construction,
lack integration and geometrical constrains [5], [52]. These factors are considered the major challenges
to overcome concerning the fabrication of integrated photonic circuits [53], [54], as well three-
dimensional lenses and waveguides at microscale/nanoscale [55], [56]. AM is considered a promising
manufacturing technique for photonics[5], [57] because it theoretically addresses all the issues
associated to traditional manufacturing methods. Similar to other fields, AM has experienced rapid

growth in the fabrication of optical devices in the last 20 years.

To date, the most relevant AM technology families employed in optics manufacturing are the
MEX, MJT and VPP [52], [58]. Fused deposition modelling (FDM) and Direct Ink Writing (DIW) are the
most important concerning the MEX family. As previous mentioned, these techniques are inexpensive
and can fabricate large volumes, however high surface roughness and low printing resolution are
critical issues hindering their use in microscale optics, and so far, have been only used in the fabrication
of THz optics [59]-[61], preforms for optical fibers [7], [62]-[64], and illumination and imaging
applications at macroscopic dimensions[65]. Inkjet printing is the most relevant in the MJT

46



technologies, being adopted in the fabrication of lenses and micro-lenses array. Despite its good optical
quality and precision, the technique is limited in printing volume and materials availability, since the
development of new materials for Inkjet is challenging, having strict rheological requirements to achieve
appropriate resolution. Lastly, VPP-MPP, VPP-UV and VPP-UVM are most important technologies
from the VPP family, showing high resolution, and good surface quality. The field has expanded
unevenly across VPP technologies, with VPP-MPP being considered matured, while VPP-UV and
VPP-UVM are still on their infancy [58]. The main drawback of VPP-MPP has been the printing volume
and speed, which has driven research to explore VPP-UV and VPP-UVM as alternatives for printing

macroscopic volumes of material, with little compromise to surface quality.

AM has found successful commercial application in the manufacturing of lenses and lenses
arrays by companies such as Luxexcel®, Nanoscribe®, and Multiphoton Optics®. Luxexcel® uses a
patented MJT platform based on Drop-on-Demand (DoD) technologies to fabricate lenses for smart
glasses [66]-[69]. The main advantage of using AM in their case is the easy integration of the lenses
with electronics, projection screens, waveguides and LCD displays. Nanoscribe®, and Multiphoton
Optics® have developed MPP platforms for microfabrication, with applications in micro-optics,
microfluidics, micromechanical systems and integrated photonics, with on-fiber and on-chip printing.
Academic research is very rich in terms of applications of AM in photonics[70], [71]. Overall, AM has
been employed in the fabrication of waveguides [72] and fiber structures, lenses and lens arrays [73]-
[75], grating and diffraction structures [76], photonic crystals, phase modulation elements, SERS
(surface enhanced Raman scattering) sensors, metasurface fabrication, solar cells, LEDs [77], optical
couplers [78], and many other applications Particularly, the additive manufacturing of optical fibers and
preforms has been a topic of promising research in the last 10 years. As a few milestones, Pereira et
al [79] directly printed optical fibers in 2014, Canning et al.[63] drew an optical fiber from a 3D printed
preform in 2016, a step index 3D printed preforms has been reported in 2016[7] and non-circular core
preforms in 2017 [62]. Furthermore, optical fiber with Bragg gratings[80], photonic crystals[61], [81],

[82] and negative curvature cores[59] have been demonstrated.

Despite the promising results reported in the literature, keys problems have been identified in
the last years. First, the fabrication of optical devices must have low tolerance concerning shape
accuracy and surface roughness. Second, the range of materials available for AM is quite limited. Third,
most techniques are currently incompatible with multi-material fabrication. Lastly, the fabrication of
individual optical components has been widely reported, however its integration in optical devices must
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be further explored [52], [58]. As prior mentioned, MPP technologies are the most advanced in terms
of optical devices fabrication, since it can easily reach the surface roughness and shape accuracy
requirements, allowing fabrication in arbitrary surfaces. However, this method can only manufacture
small volumes, and using only one type of material. Conversely, larger scale manufacturing methods
suffer from lower surface quality and shape tolerance. Addressing these issues would allow the one-
step fabrication of dense multi-component optical devices, with arbitrary refractive and light guiding

geometries combining imaging, detection, actuation and signaling in one single device [58].
f. New materials for AM of photonics

There are many challenges to allow widespread application of AM in the fabrication of photonic
devices, and the lack of a variety of materials is one of the main issues. All the above-mentioned
examples in the literature concerning AM in photonics are based on mature 3DP materials (polymers,
metals and polycrystalline ceramics) [24]. New strategies to print photonic materials in the last 15 years
have been studied with emphasis in glasses and most recently in organic-inorganics hybrid (OIH)

materials.

Despite the intense use of glass in optical applications, this was one of the last materials to be
explored in AM due to the lack of a convenient and inexpensive printing approach or technology [83].
The additive manufacturing of inorganic glasses can be divided in a direct approach, when the raw
material is the glass itself, or an indirect, when composite material or glass precursor is printed, and
then heat treated to yield final the glass [84]. Historically, the first attempts for AM of glasses were
direct approaches, such as fused deposition modelling (FDM) using glass rods [85]-[87], and selective
laser melting of glass powder [88] or glass filament [89], however these approaches did not achieve
good optical quality and had low resolution. The first indirect approaches relied on the lithography of
composites polymer/glass powder [90], [91], however the residual porosity hindered the materials
transparency. The first successful approaches that could couple resolution and surface quality
comprehended the use of a MPP process with a photocurable SiO2 nanoparticles composite. In 2018,
improvements were made by Nguyen et al. [92] using a DIW (direct ink writing) process with a silica-
titania sol-gel. In both cases, post processing through thermal treatment yielded a transparent glass
with resolution of hundreds of microns. The most recent strategy for AM of glasses was reported in
2018 by Cooperstein et al[17] using a photopolymerizable resin obtained from a hybrid sol-gel route

employing alkoxysilane precursors, yielding a transparent OIH material which could be further heat
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treated yielding a glass. To date, this approach have been the only one able to reach high printing
accuracy and excellent surface quality [93], and is the foundation for all other publications in the area.
Further application of these works in photonics encompasses the additive manufacturing of a silica

preform [64].

The primary disadvantage of AM of glasses is thermal treatment at high temperature required,
which is not compatible with electronics in order to achieve integrated electro-optical devices. As an
alternative, organic-inorganic hybrid materials can be processed at low temperature, and have their
optical properties tuned to meet the requirements of active and passive optical devices operating from
UV (ultraviolet) to NIR (near-infrared) spectrum [5], [8], [9], making them excellent candidates for
integrated active and passive photonic structures [5], [8], [10]-[12]. OIH materials have found
numerous applications in photonics such as waveguiding, sensing, lenses, photonic crystals, LEDs and
white light sources, random lasers, solar concentrators, luminescent thermometry, photochromic
windows, photovoltaics, non-linear optics, plasmonic, electro-optical devices and many others [8], [94].
Despite the wide interest of OIH materials in photonics, the literature available on their AM for photonics
is limited to the fabrication of lenses [95]-[114], waveguides [115] and photonic crystals [116]-{120]
using alkoxysilane derived materials, with special emphasis on the commercial resin SZ2080 (zirconia-
silica sol-gel). Other examples include the use of perovskite/PCL composites for additive manufacturing

of LEDs [121], and polymer/VO2 composites for solar cells [122].

There are different approaches for synthesizing OIH materials, however the hybrid sol-gel route
is the most promising one concerning OIH materials for additive manufacturing of photonics. The main
advantage of the sol-gel approach is the mixing at molecular level of organic and inorganic groups at
room temperature, hindering phase segregation and being inherently compatible with
photopolymerization [123]. However, the design of a transparent OIH requires deep understanding of
the chemical reactions during synthesis conditions, since unproper control can results in opaque or
translucid OIHs [124], [125]. Most works have been limited to silane chemistry since its chemistry and
synthesis conditions are easy to control and is well established in literature[123]. Successful examples
of OIH materials with good optical quality for photonic application using VPP-UV have been reported
for at least 20 years as waveguides and lenses on ORMOCERs/ORMOSILs (i.e. silane hybrid sol-gel)

[118], [126]-[129], but no other compositions have been demonstrated.
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Vat-photopolymerization (VPP)

a. Fundaments

The VPP was patented by Charles Hull in the late 1980s and is considered to be the first AM
technology. As briefly described, VPP is based on the selective exposure of a light-curing resin to UV
or visible light radiation, resulting in localized photopolymerization. To date, VPP is represented by
three main techniques, named stereolithography (SLA), digital light processing (DLP), and multiphoton
polymerization (MPP), known as VPP-UV, VPP-UVM, and VPP-MPP according to ISO/ASTM
52900:2021 [39]. These techniques differentiate according to the light source employed, and the
method to achieve selective exposure. VPP-UV, VPP-UVM, and VPP-MPP use a UV/VIS frequency
multiplied laser, a UV/VIS lamp, and an infrared femtosecond laser, respectively, as light sources. The
layer construction is accomplished by laser scanning in VPP-UV and VPP-MPP by either moving the
object being printed or the laser spot by aid of galvanometer mirrors. VPP-UVM uses a digital
micromirror device (DMD) or a liquid crystal display (LCD) to create a mask for each transversal section
of the object, printing an entire layer in a single process [24], [25]. The typical setups for VPP-UV and
VPP-MPP are illustrated in Figure 11 (a). The main difference between the two setups is the
polymerization volume, since the polymerization in VPP-UV occurs through a linear absorption and all
the exposed volume undergoes polymerization. In opposition, the VPP-MPP is based on the
multiphoton absorption, which is a non-linear process, with low efficiency, meaning that the
polymerization is confined to the focal spot of the irradiation. These differences are illustrated in Figure
11 (b). Lastly, a setup for VPP-UVM is illustrated in Figure 11 (c).
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Figure 11. Typical setup for (a) VPP-UV and VPP-MPP, and the difference between their
polymerization volumes in (c). A typical VPP-UVM setup is presented in (c).

In the VPP-UV and VPP-UVM process, the object is printed on top of a moving platform, called
the build platform. The direction of the platform’s movement defines if the equipment has a bottom-up
or top-down approach, if the platform moves upwards or downwards during printing [24], as shown in
Figure 12 (a). These differences determine the layer construction direction, and the position of the
optical elements in the equipment, which will introduce limitations in terms of build volume (maximum

size of printable objects) and might require different printing strategies.

In the top-down configuration, the light source is positioned above the platform. The build
platform stays submerged in the vat with a layer of resin between the build platform and the air. Once
that layer is printed, the build platform submerges another one layer, allowing the next layer to be
printed on top of the previous one. The layer of resin thickness is a user-defined parameter, and it
correlates to the Z direction resolution. A delay time is introduced between each layer to homogenize
the resins surface, which can be assisted by some type of recoating system, such as a blade or a vat
stirrer. Surface homogenization is a key aspect since regions close to the exposed areas suffer from
partial photopolymerization, causing variation of density and viscosity (evidenced by a tacky aspect).
Thus, heterogeneities are carried to the next layer [130], which can lead to delamination (layer adhesion
failures), voids, dimensional distortion, and poor surface quality [24]. Such defects are more prone to
occur when printing hollow structures [131]. The need of recoating and surface homogenizing increases
the printing time since the process must be slow, causing minimal disturbance on the resin’s surface

[132]. These steps (print-submerge-homogenize) repeats until the entire object is printed and sank in
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Figure 12. Bottom-up and top-down VPP setups in (a), and continuous liquid interface production
(CLIP) setup in (b). [133]
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Conversely, the optical setup is located below the vat in the bottom-up configuration, which
requires the bottom of the vat to be transparent to the irradiation wavelength. In this setup, the
polymerization takes place in the resin confined between the build platform and the bottom of the vat.
Similar to the top-down setup, the space between the platform and the vat is a user-defined parameter
which defines the Z resolution. Once the exposure occurs, the platform moves upwards, and a new
layer is printed, with no need for the homogenization process. When the printing concludes, the object
is entirely out of the resin tank. Most commercial equipment (both VPP-UV and DLP) employ the
bottom-up approach because of its simplicity. Currently, there is a new generation of bottom-up VPP
systems named continuous liquid interface production (CLIP), where the bottom of the vat is permeable
to Oy, creating a dead zone where no polymerization occurs, as shown in Figure 12 (b). In this process,
the platform is constantly drawn instead of printing layer-by-layer, allowing faster printing and smother
details. The bottom-up approach is very convenient for small objects, however printing larger parts can
be challenging due to gravity and surface tension, which can cause detachment from the platform,
leading to failure [24], [25]. Special strategies are also required for printing high surface area objects,
such as tilting the object to reduce the surface area of each layer [25]. In these cases, a top-down
approach is preferred, however the vat size limits the build volume and the homogenization process

significantly increases the printing time [24].

Printing parts using DLP and VPP-UV require the use of supporting structures. These
structures anchor the object to the platform and provide mechanical support for overhanging features.
Furthermore, supporting structures reduce the warping caused by direct adhesion of the printed part
to the platform. Most commercial platforms have an in-built function to add these supporting structures
to the digital drawing, however the planning and positioning of support structures is also part of the
design process, because they must be removed during post-processing. A build platform is not required
in the case of VPP-MPP, because the part is printed directly inside the resin, however, it requires a

support structure for fixing the part during the process [24].
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Figure 13. Drawing of support structures overlaid with the digital design of the object to be printed [133]

The absence of a scanning pattern was one of the main issues in the early days of the VPP
technique [24]. The photopolymerization process is associated to shrinkage, creating localized stresses
that can result in warping and cracking. The laser scan pattern is a fundamental aspect of VPP-UV and
VPP-MPP, because it controls the distribution of these stresses and adhesion between layers. In the
beginning, a trial-and-error approach was employed until acceptable results were achieved, which
resulted in low success rate. The first scan pattern introduced into the market was the WEAVE, in 1990,
where a mesh is created by fabricating one layer by scanning lines parallel to one axis, and the following
layer by scanning lines in the perpendicular axis. The scan direction was kept constant between two
layers, and it drastically improved the printing quality and success rate. Despite the improvements,
deformation problems were still frequent, which originated the STAR-WEAVE pattern in 1991 [24],
solving virtually all problems of the previous technique, by alternating the scanning direction from one
layer to another and intertwining the layers, as illustrated in Figure 14. With the advent of epoxy-based
resins, the ACES pattern was introduced to achieve better accuracy and higher polymerization given
the slower kinetics associated to these new resins. The ACES pattern is actually a collection of different

scan patterns, that give more control of the printing process to the user [24].
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WEAVE Star-WEAVE

Figure 14. Positioning of each line scan for two layers using a WEAVE and Star-WEAVE laser scan
pattern. [24]

b. The laser-resin interaction

Modeling the laser-resin interaction enables the selection of optimal exposure conditions to
achieve the desired part/object, because the platform vertical movement must match the layer
thickness. The Jacob's work curve is a widely adopted mathematical model describing the relationship
between energy dose (Emax) and the thickness of the cured layer, named cure depth (Cq), as shown in
Equation 1 [24], [134], [135]. The model was derived in the earlies 60s by describing the light
penetration using the Beer-Lambert law with a characteristic penetration depth (Dp) value, and a laser
with gaussian profile scanning at constant speed. The model assumes the existence of a critical energy
value (Ec) where the resin reaches a gel point [134], [135], and behaves like a solid.

Cq= Dpln=mes 1)

c

Emax is the peak exposure and is calculated from Equation 2.

2 P
Emax = \/;WZVS (2)

where P, is the laser power, Vs is the laser scanning speed and W, is the beam diameter.

Experimentally, one measures Emax (laser intensity) and Cq, and fits the data to extract the D,
and E. parameters, which are intrinsic to the resin, wavelength, and exposure conditions studied [24].
These parameters allow the resin in to be printed in any other VPP equipment operating with the same

laser wavelength, power and exposure conditions employed. Most VPP-UV system manufacturers,
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however, lock the exposure setting on their equipment so the printer can only fabricate with the
manufacturer’s resin. In addition, the Jacobs work curve parameters for most commercial resins are
hardly available. Reference parameters for commercial resins were studied by Bennett in 2016 [136],
showing a remarkable variation on E¢ and D, parameters from product to product, as shown in Table
1.

Table 1. Typical Ec and D, values for commercial VPP resins measured at 365 and 405 nm. [136].

Dp (m) Ec (mJ/cm?)
Resin
365 nm 405 nm 365 nm 405 nm

PR48® 42 53 18.3 6.3
VeroWhitePlus® 43 145 0.7 1.9
Formlabs Clear® 146 192 52 1.,6
TangoBlackPlus® 95 151 2.4 4.1
VeroClear® 186 568 2.1 6.9

The Jacob’s work curve model oversimplifies the photopolymerization reaction because its
only assumption concerning the photochemical process is the existence of a critical energy parameter.
This assumption implies that the photopolymerization is a time independent process, and that the gel
point is a well-defined parameter. This is not true because the polymerization is a highly dynamic
process with numerous parallel reactions [137], [138], and affected by many factors such as the
dependence of kinetic constants on light intensity [139], presence of scattering centers [140]-[144],
diffusion of active centers and monomers [145], [146], photobleaching of photoinitiator fragments [147],
oxygen inhibition [146], [148], heat diffusion [149], self-focusing effects [150], polymerization shrinkage
and cyclization reaction [151]-[153], and the gel effect [137], [138], [154], [155]. Consequently, the
work curve model yields penetration depth and critical energy values which are valid only for the applied

exposure conditions. Nonetheless, the model is widely adopted due to its simplicity.

The lack of chemical fundaments on the equation was addressed by Lee et al.[156], who
derived a work curve based on steady-state models to describe the photopolymerization kinetics,

obtaining Equation 3 and 4:

_ _ap
Ec = N 4)

95



1
x €[PI] (5)

Dp

Where a and [ are a combination of photochemical and processing parameters, respectively,
and ¢ is the molar absorptivity. However, their model disregards polymerization inhibition effects before
reaching steady state conditions and does not address how laser power affects the works curve, since
the polymerization rate is dependent on the light intensity by a power law [157]. Further addressing
such problem, Uzcategui et al [139] proposed a modification on the work curve in the form of Equation
6

€, =2 ©6)

n Ec

where n is an exponential factor between 0 and 1. Thus, the authors proposed that both
polymerization rate dependence on light intensity and the induction period can be expressed by a single
exponential factor adjusting the intensity parameter, however we highlight that Wydra et al.[158] have
demonstrated that the main hypothesis supporting their modified model is not accurate because of the
bimolecular termination mechanism. Nonetheless, their model can still provide good fitting to

experimental data.

c. Photopolymerization

Photopolymerization refers to a photoactivated polymerization process initiated by a
photoinitiator, which are molecules that, when exposed to a proper range of wavelength, undergo an
electronic transition, yielding an unstable excited singlet or triplet states [159]. The excited molecule
undergoes scission, generating species that can start the polymerization process. Available
photoinitiators can generate cationic species, which can initiate the polymerization of epoxy and vinyl-
ether functional groups, or radical species, which can initiate the polymerization of methacrylate and

thiol-ene groups [160].

The free-radical photopolymerization mechanism for acrylate-based monomers is presented
in Figure 15. When irradiated, the photoinitiator undergoes photo-scission generating radical species,
which are highly electrophilic and are promptly attacked by the electronic density of the C=C bond
present in the acrylate. The electrophilic attack breaks the double bond and forms a new bond between
the radical species and one of the carbons from the C=C bond [160]. The second carbon atom (which

did not form new bonds upon scission) becomes a radical species susceptible to electrophilic attack
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from a different acrylate group [159]. This new radical is defined as the propagating or active center.
This chain of reaction from the irradiation to the formation of the active center is defined as the initiation
step in the photopolymerization, which is then followed by either propagation, or termination steps.
Propagation refers to the chain reaction of the active center with another monomer, adding a new
monomer to the growing molecule and transferring the active center to the newly added monomer. This

reaction repeats multiple times, resulting in a polymeric chain [161].

The free-radical polymerization process ends with the termination step, by deactivating the
active center. There are multiple reaction pathways, but the most important ones are recombination,
disproportionation, primary recombination, and oxygen inhibition [161], [161], [162]. The first three
comprehend the reaction of two active centers, while the latter consists in the reaction of one active
center with a radical-scavenging molecule (O2). In recombination, the two active centers form a
covalent bond between the two growing polymeric chains, annihilating the radical centers. In
disproportionation, one of the active centers abstracts a hydrogen from the second active center,
annihilating the first active center. Then, the second active center forms a double bond with carbon that
had its hydrogen abstract, resulting in a polymeric chain with a unsaturation. Primary recombination is
similar to the recombination mechanism, however one of the active centers is a free-radical generated

from the photoinitiator instead.

Oxygen inhibition comprehends the reaction of a radical species (active center or primary
radical), with molecular oxygen, resulting in active center that has very low reactivity [163]. Oxygen
inhibition is a highly efficient reaction, which creates an induction time where no polymerization occurs,
until molecular oxygen is depleted, which is typically represented by a decrease in concentration of
three-orders of magnitude (from ~10-3 to ~10-6 mol.L-' [164]). Oxygen inhibition plays a major role in
VPP top-down approach since the resin’s surface is saturated with O, leading to incomplete and
inefficient polymerization, which can cause printing defects. To overcome such problem, an excess of

photoinitiator is employed, so that all molecular oxygen is quickly depleted.
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Figure 15. Typical radical polymerization reaction steps.

The cationic photopolymerization of epoxy and vinyl ether monomers is presented in Figure
16. Cationic photoinitiators are typically iodonium salts that undergo photo scission, releasing a non-
nucleophilic anion [160]. There are many proposed reaction pathways following the formation of the
anionic specie [159], [163], however the most common path is the hydrogen abstraction from monomer
or solvent molecules, forming a super-Bronsted acid [165], that is a proton donating species. The proton
is transferred to the heteroatom in the epoxy ring/vinyl-ether, linearizing the epoxy ring or promoting
the scission of the double bond in the vinyl-ether, resulting in a carbocation species [159], which
becomes the active center. The reactions from irradiation to the formation of the carbocation
comprehends the initiation step. Similar to free-radical photopolymerization, initiation is followed by
either propagation or termination steps. In propagation, the carbocation reacts with the heteroatom of
other monomers, forming a covalent bond and transferring the active center to a new monomer [160].
The chemical pathways for termination are different compared to free-radical photopolymerization
because it typically occurs by rearrangement with the counter anion. Other processes such as
hydrogen abstraction, disproportionation, recombination or chain transfer reactions [160] do not
effectively terminate the reaction, but only stop the growth of that polymeric chain, while generating a
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new active center. A fundamental difference between cationic and radical polymerization is that

inhibition of cationic polymerization occurs by nucleophilic attack of species such as water [159].
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Figure 16. Typical photopolymerization mechanism for epoxy polymers.

The polymerization of resins for VPP is a very complex phenomenon, because the
Trommsdorff-Norrish effect, also known as gel effect [137]. The gel effect refers to the autoacceleration
and autodeacceleration of the polymerization reaction due to the formation of a three-dimensional
polymeric network and entanglement of polymeric chains, restricting molecular mobility. Polymeric
chains in solution tend to coil, forming primary gel particles, favoring intra-particle over inter-particle
polymerization as the active centers are much closer to unreacted monomer species in the same chain
[137], [155]. In this case, the propagation reaction is favored while the termination reaction is hindered,
since the latter involves the reaction of two polymeric chains (which have far less mobility) while the
first involves one polymeric chain and one monomer, which can easily diffuse through the medium.
This leads to the autoacceleration behavior, that is, a remarkable increase in the polymerization rate.
The second phase of the gel effect takes place when the network percolates through inter-particle
polymerization, hindering segmental mobility and monomer diffusion, slowing down the propagation
reaction. This is the autodeacceleration behavior, and results in incomplete polymerization [137], [138],
[166].

Resins for VPP require a large concentration of multifunctional monomers, meaning that the
formation of a three-dimensional network occurs at very early stages of polymerization. As a
consequence, the gel effect manifests at very early stages during the polymerization process, and the
polymerization kinetics change dramatically as the reaction progresses. Furthermore, the gel effect is
based on the micro heterogenous nature of the polymerization reaction, which results in a polymeric
micro-heterogenous structure as well. Thus, modelling the photopolymerization process is quite

challenging, despite the simplicity of the polymerization reaction.
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d. Resins for VPP

A resin for VPP is composed by multifunctional monomers and oligomers (monomers with
molecular weight in the range of 1000 g/mol), photoinitiators, and additives. The development of resins
for VPP is simple, requiring that the resin undergoes photopolymerization and is chemically stable
during the printing process, which can take hours. Commercial resins are a combination of acrylate-
and epoxy-based monomers with their respective photoinitiator system [24]. Acrylates have higher
polymerization rates, higher linear retraction (20% while epoxies shows retraction of 10%), and no dark
cure (photopolymerization once exposition is interrupted) compared to epoxy and vinyl ethers [48], [49].
The use of acrylate and epoxy based monomers has synergistic effects during the additive
manufacturing process [24]. First, the polymerization of acrylates is very fast, allowing shape
consolidation with minimal mechanical strength, which are further developed by the dark cure of epoxy
monomers, giving the final mechanical properties [24]. The slower polymerization of epoxy allows low
viscosity to be maintained for longer periods during the free-radical polymerization of acrylates,
improving double bond conversion [167]. Also, the heat from acrylate polymerization accelerates epoxy
polymerization, and inhibition effects due to water and oxygen are reduced [167]-[169]. These mixed
systems also reduce the polymerization shrinkage, reducing residual stress and improving the
mechanical properties. Residual stress is responsible for fractures, delamination, warping and other

printing problems, and can result in birefringence[170], [171].

Monomers for VPP resins are multifunctional [48] [172]-[175], meaning that they possess more
than one polymerizable group in the same molecule. They are a core aspect of a resin’s formula since
the polymers final structure plays a major role in the desired properties. The presence of multifunctional
monomers forms a thermoset or highly crosslinked polymer [135] that is insoluble in the monomer.
Furthermore, acrylates and epoxy undergo different polymerization mechanisms, forming two (or more)
intertwined crosslinked polymeric networks [176]. This molecular structure avoids polymeric phase
segregation, enhancing the mechanical properties and hindering swelling [177]. The final molecular
structure is a special kind of polymeric blend namely interpenetrating polymeric networks (IPN)[176],

[177] as shown in Figure 17.
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Figure 17. Representation of the structure of an interpenetrating polymeric network (IPN).

In addition to monomers, additive are used to control the absorption properties of the resins
and viscosity. Opacifiers (UV absorbers) are commonly used to adjust the penetration depth of resin
to match specific requirements by the manufactures, while solvent can be used to adjust the resins
viscosity [24]. Typically, the viscosity of a commercial resin is between 200 and 8000 cP [135], however
the rheological properties are not crucial, although high viscosity can slow the photopolymerization
process. Lastly, appropriate photoinitiators are introduced in concentrations up to 10% w.t. [178], [179]
to minimize oxygen inhibition [164]. The selection of photoinitiators is based on the irradiation
wavelength and type of monomer employed. Because acrylates and epoxy monomers are used, at
least two type of photoinitiators are present, which generate a photosensitizing effect, where the
generated free-radical species can activate the cationic photoinitiator, providing comparable
conversion rates between the epoxy and acrylate polymerization [180]. Although there is a diversity of
formulations, one of the biggest problems related to 3D printing by VPP is stablishing the relationship

between materials properties and the resin composition [48].

Sol-gel route

a. Fundaments on sol-gel

The sol-gel route is a soft-chemistry synthesis approach that started being explored in 1930s
[181]. The chemistry of sol-gel is based on the reactions of hydrolysis, oxolation and olation (the latter
two representing the condensation reactions) of chemical precursors, mostly metal alkoxides, as
showed in reactions (1), (2) e (3), respectively [182]. The condensation reaction progressively forms
M-O-M bonds (where M represent the metallic atom of the alkoxide source) resulting in a tree-

dimensional network and in a colloidal suspension named sol, that further percolates to result in a gel

61



with a liquid phase trapped in the structure [182]. Post processing can include drying and calcination,
allowing the elimination of organics and solvents. The microstructure can be controlled to yield
xerogels, aerogels, or even dense monolithic parts depending on the drying process to meet the needs
of a given application. The sol-gel route can synthesize inorganic materials under mild conditions of
processing, such as low temperature (<200°C) and open atmosphere, which makes it compatible with
organic chemistry [13]. Currently, the sol-gel route is employed in various applications such as drug
distribution systems [183], [184], imaging and tissue engineering [184]-[190], development of fuel
cells[191], ceramic lithography [192], synthesis and coating of nanoparticles [193], [194], 3D printing
[195], functional coatings [196], [197] and a diversity of other applications [198].

M(OR),, + m.H,0 » M(OR)_m(OH), + m.ROH 1)
MOR + MOH > M — 0 — M + ROH @)
MOH + MOH > M — 0 — M + H,0 ©)

b. Controlling the kinetics of condensation

The main challenge of the sol-gel route is controlling the hydrolysis and condensation reaction.
Ultimately, the main goal of controlling the hydrolysis and condensation kinetics is to achieve the higher
hydrolysis and condensation degree before gel formation occurs. The sol-gel route is typically
described using a bimolecular nucleophilic substitution mechanism (Ss2) [182], although there is
evidence for the participation of unimolecular nucleophilic substitution (Sn1), and addition-elimination
mechanisms [199]. Based on these mechanism, the key factors determining the kinetics of hydrolysis
and condensation are the reactants choice (type of alkoxide), temperature, solvent, presence of

complexing agents and the pH [182], [200].

The reactivity of each metal alkoxide will depend on the coordination number (CN) of the metal
atom in the alkoxide, the electropositivity of the metallic atom, the size of the alkoxide groups, and the
maximum CN that the metal atom can achieve [13], [15], [16]. For instance, the higher the
electropositivity, the more susceptible the alkoxide is towards nucleophilic attack, meaning that
hydrolysis and condensation are highly favored. The size of the alkoxide group is another important
factor because it creates steric hindrance for hydrolysis and condensation, meaning that the reaction
becomes slower as the alkoxide groups increase in size. Lastly, the greater the difference between the
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CN of the metal in its alkoxide form and its maximum values, the higher the reactivity. The latter occurs
because the metallic atom undergoes an expansion of its coordination sphere during the hydrolysis
and condensation reactions, resulting in more sites available for reaction. The effect of CN is far more
prevalent in transition metals alkoxides, such as zirconium, titanium, aluminum, and others. For these
alkoxides, the addition of complexing agents to the reaction media can slow down the reaction, because
they coordinate to the metallic atom, partly expand the coordination sphere, and create steric

hindrance.

The solvent also plays an important role, because it can compete with the hydrolysis and
condensation reactions. For instance, most sol-gel synthesis is performed using a combination of
alcohol and water since the alcohol can compete with water during the hydrolysis, and with other
alkoxide species during condensation, slowing down the reaction rate [182]. The pH is a very important
factor that has a twofold effect. First, high pH and low pH increases the hydrolysis and condensation
rates by promoting more nucleophilic species and more stable leaving groups during the substitution
reaction, respectively. Second, the pH affects the charge balance on the surface of colloidal particles
which have an isoelectric point around pH 5 for silica-based sol-gel. Thus, in acidic environments, the
sol tends to be more stable compared to basic medium, since these colloidal particles are less favored

to condense [182].

c. The hybrid sol-gel route

The hybrid sol-gel route is a special case of sol-gel chemistry employed in the synthesis of
organic-inorganic hybrid (OIH) materials. It has received wide attention in the last 5 years because it is
inherently compatible with VPP technologies, and has been the main approach to 3D print glasses with
high resolution [84]. The hybrid sol-gel route employs chemical precursors with a non-labile functional
organic group that can react through polymerization, such as acrylate and epoxy. Because of its mild
conditions of processing, this chemical precursors can condense to form a tridimensional inorganic
network, and polymerize to form a parallel polymeric network, resulting in OIH materials [13]. Typical
examples of alkoxysilanes employed in this route are presented in Figure 18. This class of materials
were widely explored in the synthesis of silicate-based OIH materials under the name of ORMOSILs
(organically modified silane) and ORMOCERSs (organic modified ceramics) [201]. By engineering the
structure of these materials, their mechanical, optical and other physical-chemical properties can be

tuned for different applications such as contact lenses, gas barriers and anti-scratch coatings[202],
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synthesis of nano coated particles[203], production of functional coatings[204]-[207], photo
catalysis[208], [209], protective coating for space instruments[210], light sensors [211], and the
lithography of oxide ceramics[212]-[216]. Furthermore, the development of hybrid materials from the
sol-gel route is of particular interest for the development of biomimetic, nano-structured, or
multifunctional materials[181], [217]-[220].More recently, the hybrid sol-gel method has been applied

in additive manufacturing of ceramics, glasses and OIH material [221].
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Figure 18. Examples of functional alkoxysilanes commonly used in the hybrid sol-gel route.

The selection of appropriate chemical precursors is of uttermost importance in the hybrid sol-
gel route. The functional organic group must be stable against hydrolysis, that is, the chemical bond
between the organic group and the moieties involved in the sol-gel chemistry must be strong, so that
the organic groups responsible for the formation of the polymeric network are not eliminated during
condensation [13]. In the case of silicon, tin, phosphor, lead or mercury alkoxides, the M-C bond is
more stable against hydrolysis than M-O-C[222] due to the electronegative character of the central
atom and the saturated coordinating sphere, making it less susceptible to the nucleophilic attack by
water. Thus, in the case of these alkoxides, the polymerizable functional groups must have chemical
bonds of type M-C.

Transition metals alkoxides such as zirconium, titanium, aluminum, cerium, among others, are
far more challenging in the hybrid sol-gel route because both the M-C and M-O-C bond are very
susceptible to hydrolysis due to the low electronegativity and CN [223]. One of the main strategies to
use transition metal alkoxides in hybrid sol-gel route is to use complexing agents such as p-diketones,
which show keto-enol tautomerism, as shown in Figure 19 [184], [222]-[225], and bind to the metal
(Figure 20), expanding their coordinating sphere and causing hysterical impediment against the
nucleophilic water attack. These complexing agents are specially selected to have polymerizable
groups, such as 2-methacryoloxyethylacetoaacetate (MAEAA) and acrylic and methacrylic acids [212]-
[215], [223], [226]-[230].
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Figure 19. Keto-enol tautomerism of acetylacetonate.
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Figure 20.Chelating effect of acetylacetonate to aluminum ion.

d. Aluminum-phosphate hybrid sol-gel materials

Aluminum-phosphate (AIP) based materials have high solubility for lanthanide ions, preventing
clustering and concentration quenching, making them ideal hosts for luminescence applications, [19],
[20]. As a matter of fact, glasses based on AIP, such as silicate-aluminum-phosphate are staple
materials for telecommunications as fiber lasers and signal amplifiers [231]. Thus, aluminum-
phosphate OIH materials are a class of materials of great interest as matrices for dispersion of
lanthanide ions for the fabrication of active optical devices. However, the literature available on AIP
OIH materials is quite scarce because their synthesis is challenging. For instance, most reports in the
literature are related to metal organic frameworks (MOFs) [232], which are opaque, and there are no
reports of transparent AIP OIH materials. In this regard, the hybrid sol-gel route is one of the most
promising approaches to achieve transparent AIP OIH materials compatible with VPP. However,
obtaining AIP based materials via the sol-gel chemistry is quite challenging because its precursors are
either too reactive or unreactive, not to mention the selection of aluminum and phosphate precursors

with non-labile polymerizable pendant groups.

Phosphate are poor gel-formers, lacking self-condensation ability (formation of P-O-P) and
their alkoxides are very stable towards hydrolysis [21]. Phosphorus high electronegativity hinders
nucleophilic substitution (hydrolysis) [21], [233] and self-condensation in acid medium. The small
positive charge on phosphorus also restricts homocondensation and hydrolysis in basic medium [21].
Consequently, phosphorus sol-gel chemistry is based on heterocondensation with other metals, often
transition metals, since their small electronegativity favors the formation of P-O-M bonds[234], [235].

Phosphorus alkoxides are of limited use in sol-gel and preference is given to phosphoric and
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phosphonic acids, phosphorus halides, phosphorus pentoxide or phosphites, which are very reactive
in the presence of most metal alkoxides [13], [236], with uncontrolled condensation [234] leading to
precipitation instead of gel formation[237]. Acidic phosphate group (P-O-H) are the main responsible
for condensation reactions, meanwhile organic groups (P-O-R and P-C) reduces condensation rate,
since the bond is unreactive and creates steric hindrance[233]. Conveniently, the stability of P-C and
P-O-C bonds[21] allows us to select polymerizable organic groups to be used in the hybrid sol-gel
synthesis as well. Thus, appropriate phosphate sources for sol-gel synthesis of AIP OIH materials,
should present a good balance of P-O-H and P-O-C/P-C bonds, with the polymerizable organic function
attached through either the P-O-C or the P-C bond.

Aluminum precursors for sol-gel, such as alkoxides (Al-O-C) and organometallics (Al-C), are
highly unstable due to the unsaturated coordination sphere and high electropositivity of aluminum. In
this case, aluminum alkoxides can be chemically modified with chelating agents to improve stability
and adjust its reactivity towards condensation [13]. Chelating agents are molecules to bind using
different sites to the metal atom, stabilizing it through steric hindrance and the chelating effect (multiple
bonds have to broke in order to unbind the chelating agent to the metal) [13]. B-ketoester or carboxylic
acids are common chelating agents for metal alkoxides. Furthermore, chelating agents with a
polymerizable group, such as acrylic acid (AA), acetylacetone (ACAC) and 2-
methacryoxyethylacetoacetate (MAEAA) can be selected to result in hybrid sol-gel materials[236],
[238], [239]. To the best of our knowledge, there are not concise and broad studies regarding the

stability of modified metal alkoxide for sol-gel synthesis.
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OBJECTIVES

The main objective of this project was the development using the hybrid sol-gel route, and
structural characterization of aluminum-phosphate-based hybrid materials. These materials must be
compatible with additive manufacturing via vat-photopolymerization for potential application as new
active and passive photonic devices. A custom-made vat-photopolymerization system operating under
intermittent exposure conditions was used in this project, that required the development of a
mathematical framework describing the printing process. To achieve this goal, the specific objects are

presented below:

|. Development of long shelf-life photopolymerizable aluminum phosphate hybrid sol-gel
matrices (Chapters 1 and 2).
Il. Structural elucidation of the obtained materials (Chapters 1 and 2).
a. Characterize microstructure.
b. Elucidate inorganic connectivity via solid-state NMR.
¢. Elucidate organic structure.
d. Understand the interactions between organic and inorganic networks.
[Il. Model the exposure profile of a new VPP setup (Chapter 3).
IV. Study the 3D printing parameters for VPP of these new materials (Chapter 4).
a. Evaluate the kinetics of photopolymerization.
b. Measure critical energy and penetration depth.
c. Demonstrate de AM of these materials.
V. Characterization of optical properties in 3D printed parts using these new materials (Chapter
5).
a. ldentify the presence of anisotropies.

b. Evaluate optical homogeneity.
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Abstract

The use of a hybrid sol-gel route to prepare silicate hybrid materials and glasses through
stereolithography and other photopolymerizable based additive manufacturing techniques has become
a major topic. In this work, we present a new synthesis of 2-hydroxyethyl methacrylate/aluminum-
phosphate hybrid materials with potential use on additive manufacturing through stereolithography
(SLA). The unique sol-gel chemistry of phosphates and their strong reactivity towards metal alkoxide
precursors pose special challenges towards stable sols with low solvent concentration. Here, we were
able to control condensation reactions, avoiding precipitation, yielding clear and long shelf-life stable
2-hydroxyethyl methacrylate/aluminum-phosphate hybrid sols with different Al/(Al+P) ratios (from 0%

up to 50%), which can be further photopolymerized, yielding transparent crack-free monolithic
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materials. A detailed structural study through multinuclear solid-state NMR and infrared spectroscopies
showed a high polymerization degree with inorganic Al,(POa)x -like fragments acting as crosslinkers.
These crosslinked structures are sensitive to the Al/(Al+P) ratio and increasing aluminum concentration
results in a higher degree of inorganic condensation. The organic-inorganic structures are highly

interconnected resulting in homogeneous materials.

Resumo

O uso da rota sol-gel hibrida no processamento de materiais hibridos do tipo silicato, e vidros,
através da estereolitografia e outras técnicas de manufatura aditiva baseadas na fotopolimerizagao
recebeu grande destaque nos ultimos anos. Neste trabalho, é apresentado a sintese de materiais
hibridos baseados no 2-hidroxietil metacrilato/aluminio-fosfato com potencial de uso em manufatura
aditiva através de estereolitografia (SLA). As particularidades da quimica sol-gel dos fosfatos e sua
elevada reatividade com alcdxidos metalicos sdo grandes desafios para a obtengao de sdis estaveis
com baixa concentracdo de solvente. Nesta contribuicdo, reportamos o controle da cinética de
condensacdo de maneira a evitar a precipitagdo e obter sbis hibridos de 2-hidroxietuil
metacrilato/aluminio-fosfato estaveis com longa vida util e com diferentes proporgdes de Al/(Al+P) (de
0% até 50%), que podem ser fotopolimerizados e resultar em materiais monoliticos transparentes e
sem trincas. Um estudo estrutural detalhado através de espectroscopias de RMN de estado sélido
multinuclear e infravermelho mostrou um alto grau de polimerizagdo com fragmentos inorgénicos
Aly(PO4)x-like atuando como ligagdes cruzadas. Essas estruturas reticuladas sé@o sensiveis a razéo
Al/(AlI+P) e o aumento da concentracdo de aluminio resulta em um maior grau de condensagéo
inorganica. As estruturas organico-inorganicas sao altamente interligadas resultando em materiais

homogéneos.
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Résumeé

L'utilisation d'une voie sol-gel hybride pour préparer des matériaux hybrides de silicate et des verres
par stéréolithographie et d'autres techniques de fabrication additive a base de photopolymérisables est
devenue un sujet majeur. Dans ce travail, nous présentons une nouvelle synthése de matériaux
hybrides méthacrylate de 2-hydroxyéthyle/phosphate d'aluminium avec une utilisation potentielle sur
la fabrication additive par stéréolithographie (SLA). La chimie sol-gel unique des phosphates et leur
forte réactivité vis-a-vis des précurseurs d'alcoolates métalliques posent des défis particuliers aux sols
stables a faible concentration de solvant. Ici, nous avons pu contrdler les réactions de condensation,
en évitant les précipitations, en obtenant des sols hybrides clairs et stables de longue durée de
conservation méthacrylate de 2-hydroxyéthyle/phosphate d'aluminium avec différents rapports
Al/(Al+P) (de 0% a 50%), qui peut ensuite étre photopolymérisé, donnant des matériaux monolithiques
transparents sans fissures. Une étude structurelle détaillée par RMN multi nucléaire a I'état solide et
spectroscopies infrarouges a montré un degré de polymérisation élevé avec des fragments
inorganiques de type Al,(PO4)y agissant comme agents de réticulation. Ces structures réticulées sont
sensibles au rapport Al/(Al+P) et I'augmentation de la concentration en aluminium entraine un degré
plus élevé de condensation inorganique. Les structures organiques-inorganiques sont fortement

interconnectées, ce qui donne des matériaux homogenes.

Introduction

The hybrid sol-gel route has been known for at least 40 years as a facile way of producing
organic-inorganic hybrid materials under mild processing conditions'. By utilizing alkoxides with a non-
labile polymerizable group, it is possible to construct amorphous inorganic frameworks through
hydrolysis and condensation reactions from a sol-gel route, leading to further reactions through a
polymerization mechanism2. Furthermore, through a proper choice of reactants and control of
hydrolysis and condensation kinetics, it is possible to tailor domain size, connectivity, and interface
chemistry, or even eliminate domain or phase separation, achieving truly homogeneous hybrid
materials®. A myriad of new applications and materials arises from such synthesis routes since
intermediate or even emerging properties are possible depending on how the organic and inorganic
counterparts are structured and inter-connected4. Furthermore, these hybrid materials are compatible

with current industrial technologies and due to its inorganic-organic nature, can be easily employed in
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multi-material integrated platforms for sensors, photonics, medicine and many other areas®’. In the
last years, the hybrid sol-gel route has also been explored by the additive-manufacturing (AM)
community. Additive manufacturing refers to a family of different techniques used to fabricate objects
in a layer-by-layer assembly method®. It has become a major topic in the last decade due to its
capability of fabricating innovative and highly customized structures not accessible by traditional
methods, on demand, with little time and material consumption®. Many areas are benefiting from these
technologies, such as aerospace industry, pharmaceutics', medicine!, photonics'? and food
industry3 just to cite a few. Stereolithography (SLA) is one of the most promising AM technologies and
fabricates objects by selectively polymerizing a photo-resin with a laser or lamp of appropriate emission
wavelength/spectrum'#. Such technique excels in printing speed and high dimensional resolution,
achieving submicron scale depending on the setup's. Since SLA depends on photopolymerization and
has been limited to organic polymers, the hybrid sol-gel route is an elegant way to print hybrid
materials'é, ceramics'” and even glasses'®. By utilizing alkoxides with a non-labile polymerizable
group, it is possible to incorporate and polymerize inorganic components through hydrolysis and
condensation reactions from sol-gel route, which can further react through a polymerization
mechanism2. Furthermore, by controlling hydrolysis and condensation kinetics, it is possible to slow

gelation and form stable resins which is a crucial property towards its use in SLA.

So far, such routes have been explored mainly for silicate systems, using methacrylate or
epoxy alkoxysilanes, and little effort has been dedicated to aluminum-phosphate hybrids, which are of
special interest to photonics and biomaterials, due to the high solubility of rare-earth ions in them,®
and due to their potential biocompatibility20-2. Aluminum-phosphate hybrids are particularly challenging
to develop due to some unique features of phosphorus chemistry. Owing to its higher electronegativity,
compared to silicon, phosphorus forms alkoxides that are very stable toward hydrolysis under normal
conditions2223, Therefore, acidic phosphates are usually preferred for phosphate sol-gel synthesis,
however they are strong complexing agents towards metal ions, resulting in precipitation or quick
gelation?425 when the metal alkoxide is added. Furthermore, the addition of metal alkoxides in sol-gel
routes is already a complex task, since metal alkoxides are coordinatively unsaturated and possess
highly electrophilic character, resulting in strong reactivity with atmospheric moisture2¢ and requiring
the use of appropriate complexing agents to reduce their reactivity?’. These particularities are the main
challenges towards the development of aluminum-phosphate hybrids for SLA, since stable resins are

required and the obtention of transparent materials is highly desirable for optical applications.
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In this work, we report the preparation of aluminum-phosphate hybrid resins with potential use
in SLA. By employing a photopolymerizable §8-diketone aluminum complex and acid phosphate, as well
2-hydroxyethyl methacrylate, we controlled condensation reactions, avoiding precipitation, yielding
resins with different Al/(Al+P) ratio with long shelf life and high transparency upon photopolymerization.
Control of the condensation reaction was achieved through reactants’ selection, since its mechanism
is normally a type 2 nucleophilic substitution (Sn2). By adding to the aluminum alkoxide a B-diketone,
a more strongly-complexing (chelating) ligand we are reducing the aluminum alkoxide reactivity. On
the other hand, the acid phosphate chosen has organic groups that increase steric hindrance and
reduce the acidic character of the phosphate, further reducing its reactivity. The use of 2-hydroxyethyl
methacrylate (HEMA) acts as a solvent and plays a key role in the condensation kinetics since it allows
the ligand exchange with the aluminum alkoxide, competing with the P-O-Al bond formation. Thus, by
careful tailoring steric hindrance, Lewis acidic/basicity character and use of a solvent, we were able to
achieve extensive P-O-Al condensation without compromising homogeneity and transparency of the
final material Initial 3D printing tests were conducted with a 405 nm laser and a moving platform,
achieving lines approximately 2 mm thick and 5 mm in height. Structural study by FTIR and solid-state
single- and, double- resonance NMR experiments allowed a comprehensive description of the

inorganic-organic interaction for this hybrid system with different Al/(Al+P) ratios.

Experimental Section

Hybrid synthesis. All reactants were provided by Sigma Aldrich and were used without further
purification. The hybrid materials were synthesized from Aluminum-tri-sec-butoxide, hydroxyethyl
methacrylate-phosphoric acid ester (HEMA-P), 2-hydroxyethyl methacrylate (HEMA), 2-
(Methacryloyloxy)ethyl acetoacetate (MAEAA) and diphenyl(2, 4, 6- trimethyl benzoyl)phosphine oxide
(TPO) was used as the photoinitiator. The HEMA-P reactant is a mixture of phosphoric acid and
phosphate esters with one or two ethoxy methacrylate pendant groups, as shown in Figure 21, with its
respective molar proportions. Initially, the AI(MAEAA)> complex was prepared in a glovebox (N2
atmosphere, H20 levels < 100 ppm) by stirring a mixture of MAEAA and aluminum tri-sec-butoxide
(2:1) for 12 h. After completion, the resulting material was removed from the glovebox environment and
stored in closed vials. The complex formed has a good chemical stability under atmospheric conditions,

and further procedures were followed in atmospheric conditions.
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Figure 21. HEMA-P reactant components: structure and molar composition.

The resins were prepared by dissolving the required amount of HEMA-P in HEMA followed by
addition of AI(MAEAA), complex under intense stirring. The compositions were calculated with 50% wt.
of HEMA and 50% wt. of a HEMA-P and Al(MAEAA). mixture, with different Al/(P+Al) molar ratios (0%,
10%, 25%, 40% and 50%). The reactant compositions used for each sample are shown in Table S1
available in Supporting Information in Annex A. Upon AI(MAEAA). addition, a clear gel readily formed
for 50% and 40% Al/(P+Al) compositions, returning to a low viscosity liquid after 10 to 30 min of stirring,
as shown in Figure 22. The 10% and 25% samples acquired an opaque aspect after 1 hour of aging.
1% wt. TPO was added, and the samples were photo-polymerized under a Hg lamp with emission lines
at 402 nm and 362 nm (4 mW/cm?2) for 2 min inside disposable cuvettes in a cold-water bath. Once
polymerized, the samples were sealed with parafilm and dried at 40°C for 1 week, yielding transparent
samples as shown in Figure 22 (a). 3D printability of such resins is demonstrated on Figure 22 (b),
where the resin with composition Al/(Al+P) = 50% was polymerized on a glass slide by a 405 nm laser
focused by a 20X objective coupled to a moving platform. As we can see in Figure 22 (c), the

polymerized material borders are smooth and the printed line width is about 1.5 mm.
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(b)

Figure 22. (a) Left: as prepared resins with 0%, 10% and 50% Al/(Al+P) ratio. Right: polymerized resins
about 10mm thick. Void in the center due to volumetric retraction upon polymerization. (b), initial tests
proving the printability of 50% Al/(P+Al) ink using a 405 nm laser coupled to a microscope and a moving
platform with its top view micrograph shown in (c). Printed line has a 1.5 mm width.

Physicochemical properties. Refractive index was measured through M-Lines spectroscopy
at 632.8 nm. Thermogravimetric analysis (TGA) was executed in an SDT Q600 (TA Instruments)
system, from 30°C up to 800°C at 5°C/min with 100 mL/min air flow. Resin density was determined
using a microscale and a transfer pipette. A fixed volume of resin was transferred by pipette and
weighed. The operation was repeated at least 5 times and these values were fitted through a linear
regression. Polymerized hybrid material density was measured by a helium pycnometer (averages over
10 measurements). Volumetric retraction upon polymerization and drying was determined using

Archimedes’s method?.

1 1
AV )V = < - ) X Ppotymer X 100%
Presin ppolymer

UV-Vis spectroscopy. The absorbance spectra were collected from 400 nm up to 2000 nm in
a Cary 5000 spectrometer using samples approximately 10 mm thick. Linear extinction coefficients

were calculated by dividing absorbance by average sample thicknesses.

FTIR-ATR spectroscopy. Powder samples were analyzed in a VERTEX-70 (Bruker)
spectrometer from 400 to 4000 cm-*, with 64 scans and 1 cm-! resolution.
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Raman Scattering. The spectra were collected with a Lab RAM HR (Horiba Jobin Yvon)
spectrometer equipped with a 632.8 nm laser. The measurement was performed from 400 to 4000 cm-

! with integration time of 40 s and 2 scans.

Solid-State NMR.3'P and 3C magic-angle spinning (MAS) NMR spectra were collected using
a Bruker Avance Il HD 400WB spectrometer equipped with a Triple Resonance probe. 3C{'H}cross-
polarization (CP)-MAS spectra were measured at a spinning a frequency of 10.00 kHz, using a CP
contact time of 1.0 ms and relaxation delay of 5 s. All spectra were acquired with TPPM proton
decoupling during the data acquisition. 3'P MAS NMR spectra were recorded on samples spinning at
14.00 kHz, using 7t/2 pulses of 3.3 ps length and a relaxation delay of 240 s (1800 s in the case of the
x=10 sample). Chemical shifts were referenced against an external 85% H3POs standard. 2’Al MAS
and TQMAS-NMR spectra were collected in a Bruker Avance Neo 600 MHz spectrometer at a spinning
speed of 20.00 kHz, using short pulses of 1 ps length and a relaxation delay of 1 s. 27Al TQMAS three-
pulse z-filtered spectra were measured using pulse lengths of 2.75 and 0.85 ps for the hard excitation
and reconversion pulses and a 10 s soft detection pulse. The recycle delay was set to 1 s. Chemical
shifts are reported relative to a 1M AI(NOs)3 aqueous solution. 2’Al{3'P} rotational echo double
resonance (REDOR) measurements were conducted under the same conditions, using m recoupling
pulses on the 3'P channel and acquisition of rotor-synchronized 2’Al spin echoes (the T pulse length
was 4.5 ps in these experiments). The second moments Moaip) characterizing the dipolar interaction
between the 27Al observation nuclei (I = 5/2) and the neighboring 3'P nuclei (I = %2), were obtained by
applying a parabolic fit to the REDOR data within the range S/So < 0.2, corresponding to the

expression2?:

AS 4
So = 22 (NTR)ZMZ(AI—P) (1)

32

An average number of AI-O-P linkages per Al unit, <mp(Al)>, can be estimated by comparison
with M values from REDOR data on the crystalline model compound Al(PO3)3 (six Al-O-P linkages
with 3.207 pm bond length)%®. H and '3C{'H} CP-HETCOR experiments were collected on a 500 MHz
Bruker AVANCE NEO spectrometer using a HX Bruker 1.3 mm very fast MAS probe. 'H single pulse
experiments were performed with an excitation pulse of 2.1 us length. 'H-'H exchange spectroscopy
(EXSY) experiments were performed at 60.00 kHz using a 1.4 s recycle delay for a range of mixing
times from 0.01 to 100 ms. A total of 256 points were collected in the t1 domain at 66.67 ys time delay

corresponding to a 15 kHz spectral width in the indirect dimension. A 119 kHz nutation frequency was
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used for all the pulses used in the above experiments corresponding to a 90° excitation pulse length
of 2.1 us. The 8C{'H} CP heteronuclear correlation (HETCOR) experiments were done using CP
contact times of 500 and 150 ps. The experiments were carried out at a spinning speed at 60.00 kHz
and recycle delay of 2 s. Chemical shifts are reported relative to TMS referencing standard for 'H and

13C nuclei.

Results

Physical-chemical properties. Thermogravimetric analysis is shown in Figure 23 and a
residue analysis for the studied materials is presented in Table 2. From the TGA analysis, as the ratio
x = [AIJ/([Al] + [P]) increases, thermal events at T<400°C produce higher mass loss and are shifted to
lower temperatures. These events are associated mainly with organic material degradation, with minor
contributions from polyphosphoric acid formation and phosphate evaporation for poly(HEMA-P)31-34,
From Table 2, it is clear that this result arises from higher concentrations of organic groups in samples
with higher [AI]/([Al] + [P]) ratios33. Between 400°C and 550°C, degradation from poly-Al(MAEAA),®
and poly-(HEMA-P)?® are the main thermal events, and poly(HEMA) has been completely degraded3-.
Weight losses at T>500°C are associated with phosphate evaporation®®. The reduction in
phosphate evaporation and the higher mass residues observed with increasing aluminum
concentration is attributed to inorganic condensation, immobilizing phosphate units through P-O-Al

bonds, in agreement with the 3'P NMR results presented within the structural characterization section.
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Figure 23. TGA curves of HEMA/AI(MAEAA)./HEMA-P samples with different concentration of Al (0 <
x <50%)

The materials’ volumetric retraction and refractive index associated with Al/(P+Al) ratio and
Ethyl Methacrylate (EtM) molar concentration are shown in Table 2. A volumetric retraction within the
lower limits displayed by acrylates (typically between 10% and 30%) was observed. This is attributed
to the inorganic components, which do not experience volumetric changes during photopolymerization,
reducing the overall extent of volumetric retraction. Low volumetric retraction is especially interesting
for SLA, since shrinkage can lead to printing defects such as delamination, bending and cracks'. The
materials’ refractive index values varied around 1.50, with no clear correlation with aluminum

concentration.

Table 2. Refractive index (n), resin and polymer density (p), calculated volumetric retraction (AV),
residue values from TGA and Ethyl Methacrylate (EtM) molar concentration relative to EtM+P+Al for
0%, 10%, 25%, 40% and 50% Al/(P+Al) samples. Standard deviation is presented in parenthesis. EtM
Molar Concentration calculation is presented in Supporting Information in Annex A.

EtM Molar Al/(P+Al) molar n Piresin) P(polymer) AVIV (%)  Residue (%)
concentration ratio (g/emd) (g/emd)
73% 0% 1.5034 (0.0009) 1.162 (0.001) 1.35(0.01) 14 2%
76% 10% 1.5027 (0.0007) 1.1305 (0.0007) 1.31(0.01) 14 4%
80% 25% 1.5044 (0.0009) 1.1043 (0.0009) 1.32 (0.01) 16 10%
83% 40% 1.501 (0.004) 1.087 (0.005) 1.32(0.01) 17 8%
85% 50% 1.499 (0.002) 1.0702 (0.0002) 1.303 (0.001) 17 8%
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Linear extinction coefficient spectra, from 420 nm up to 2000 nm, of the hybrid materials are
shown in Figure 24. A transmission window was observed from 420 nm up to 1100 nm, with a second
window around 1300 nm. The observed absorption peaks are associated with characteristic vibrational
motions arising from organic fragments containing C-H, C=0 and O-H groups. These losses are
observed at 1729 and 1176 nm for the second and third harmonic, respectively, of C-H vibrations, at
1836, 1382 and 1113 nm for the third, fourth and fifth harmonic, respectively, of C=0 vibrations and at
1483 and 979 nm for the second and third harmonics of O-H vibrations37.38, The absorption band at
1550 nm results from a combination of C-H stretching and rocking overtones®-40 and the second
overtone from free phosphate hydroxyl groups3®. The increase in light attenuation at 1550 nm as
aluminum concentration decreases results from increasing amounts of free phosphate as shown by
31P NMR results presented in Figure 26 in the structural characterization section. Minor contributions
from C-H groups are also expected since the concentration of ethyl methacrylate groups increases as

aluminum concentration decreases, as shown by Table S2, in Supporting Information in Annex A.
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Figure 24. Linear extinction coefficient spectrum (from 2000 nm up to 400 nm) for samples with x =0,
10, 25, 40 and 50 Al %.

Vibrational Spectroscopy. FTIR and Raman scattering spectra of the hybrid materials upon

photopolymerization are shown in Figure 25. Band assignments are displayed in Table 3 and are
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compatible with those reported for poly(HEMA). The broad signal in the range 950 - 1180 cm™ is an
overlap of different vibrational bands characteristic of the P-O-C, C-C, O-C and P=0 groups*'.
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Figure 25. FTIR and Raman spectra of polymerized samples with Al/(Al+P) ratios of 0 and 0.5.

Table 3. Band positions and assignment of FTIR and Raman spectral components in the hybrid
materials.

Raman and FTIR
Assignment Reference
frequencies (cm-)
3458 (IR) v(O-H) 41,42
3200 (IR) v(PO-H) 41
2991 (IR), 2945 (IR),
2881 (IR), 3004 (R), v(C-H) 41-43
2936 (R) and 2890 (R)
1714 (IR) and 1720 (R) v(C=0) 42,43
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1633 (IR) and 1637 (R) v(C=C) 42-44
v(C-0O) chelating

1608 (IR) . 35
ring
v(C-C) chelating
1527 (IR) and 1530 (R) . 35
ring

1483 (IR), 1452 (IR),
1402 (IR), 1363 (IR),  B(CHz) and 5(CHs)  41-43

1449 (R) and 1406 (R)
1147(IR) v(0=)C-0 41-43
1242(IR) v(P=0) 33
1068(IR) vO-C(H2) 41-43
980(IR) v(P-0-C) 33

Structural Study of the Organic Component by 3C{'H} CP-MAS and 'H-'"H EXSY NMR.
13C{'H} CP-MAS NMR spectra and signal assignments are presented in Figure 26 (a). The 3C peak
assignments are based on literature data and the identification of each carbon atom is represented in
Figure 26 (b)27.3544-%0, The carbonyl (C1) group from methacrylate, CHz from the ethyl group (C4) and
methyl (C9) of the methacrylate were observed at 178, 60, and 17 ppm respectively. The CH2 group
closest to the hydroxyl group in HEMA (C2) and the one closest to the phosphate group in HEMA-P
(C3) are assigned to the peaks at 66 and 63 ppm, respectively. Their chemical shift proximity results
in a broad signal for low Al concentration samples. The weak signal at 31 ppm was attributed to the
methyl group in the MAEAA diketone group (C8). For high aluminum concentration samples, we
observe a weak signal at 50 ppm which arises from the CHz units of the acetoacetate group (C6). Weak
carbonyl signals at 168 ppm (C10) from AI(MAEAA). were also observed. The carbon atom (C11) from
AI(MAEAA), was not observed in the spectra, which is typically observed close to 200 ppm. Polymeric
chain CHa (C5) units are observed at 55 ppm and the quaternary carbon (C7) at 45 ppm, respectively.
The minor sharp signals at 10, 23, 32, and 69 ppm are characteristic of residual sec-butanol from the
AI(MAEAA) present in the samples. 'H MAS and 3C-'"H CP-HETCOR NMR data (Figure S1 and S2)

and assignments are presented in the Supporting Materials Section.

To complement the study of the polymeric chain formation in the polymerization process, the
'H-1H 2D-EXSY experiments serve to estimate the spatial separation between protons, providing
structural information at the nanoscale®'. Dipolar coupling and molecular motion are the main

mechanisms for magnetization exchange in polymers and are distance and geometry dependent. 2H-
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2H and 13C-13C EXSY have been already used to evaluate heterogeneities, domain sizes, chain motion
and rheological properties in polymeric systems, however 'H-"H EXSY is rarely explored due to the
poor resolution arising from strong proton dipolar coupling2-%7. By employing high-speed MAS, it was
possible to reduce the latter sufficiently, such that, 'H-H EXSY spectra could be used to evaluate 'H-
'H distances on a qualitative basis. Mixing times of 0.01 up to 100 ms were employed and the 'H-H
EXSY spectra are presented in Figure 7 for the sample with x = Al/(Al+P) = 25%. Similar results were
obtained for the x = 50% sample (data not shown). For short mixing time (0.01 ms), the correlation map
shows the cross-peaks between the ethyl group with unreacted monomer (H2, 3, 4 - H5
unpolymerized) and CHs from AI(MAEAA). (H2, 3, 4 - H8). The CH3 group from AI(MAEAA), also
shows correlation with the polymeric chain backbone (H8-H5, 9) units. For a mixing time of 0.5 ms, the
ethyl group and polymer backbone (H2, 3, 4 - H5, 9) correlations were observed. At a mixing time of
100 ms, the spectrum is fully developed with correlations between protons belonging to the unreacted
monomer and those of the polymeric chain backbone (H5 unpolymerized - H5, 9) and CHs from
AI(MAEAA), (H5 unpolymerized — H8).
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Figure 26. (a) 3C{'H} CP-MAS NMR spectra of the polymerized samples. The (*) denote sec-butanol
signals. (b) structural sketch of the hybrid material.
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Figure 27. 'H-'"H EXSY spectra collected at 60.00 kHz from the 25% Al/(Al+P) sample with mixing
times of 0.01, 0.5, and 100 ms. 5* represents CHz from unpolymerized methacrylate.

Structural Studies of the Inorganic Component by 3'P and Al NMR. The 3'P and 27Al
MAS NMR Figure 28 (a) and (b), respectively. In the 3'P spectrum for the x = 0% sample, we can
observe a sharp signal near 1.2 ppm. It can be deconvoluted into three components, associated with
the three molecular structures of the HEMA-P reactant shown in Figure 1; in addition, orthophosphate
units arising from hydrolysis may contribute. Increasing the AI(MAEAA). concentration results in broad
signals ranging from -5 to -30 ppm. The results are comparable to the ones reported by Zhang et. al%8.59
in a phosphoric acid/aluminum lactate sol-gel sample with signals at 1.2, -5, -12.2 and -18 ppm
assigned to Q%a, Qa, Q0% and QO3 units, respectively. In this terminology, the superscript 0

indicates the absence of P-O-P linkages, while the subscript denotes the number of P-O-Al linkages.
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For all the samples studied,, these spectra were deconvoluted and their integrated areas are shown in
Table 4.

The 2’Al MAS NMR spectra show dominantly hexacoordinated species (Al6) with line positions
observed between -20 and -10 ppm and tetracoordinated species (Al4) with signals near 52 and 39
ppm. The broadening and downfield shift trend of the signals observed for the Al® species with
increasing Al content indicates the presence of two overlapping Al® components, suggesting two
distinct environments. Complementary data are obtained from the 27Al TQMAS spectra; see Figure 9
for a representative data set. The average isotropic chemical shift (dis0°) and quadrupolar coupling
constants (Cq) as extracted from the center of gravity of the spectra obtained in the F1 and F»
dimensions (see Table 5) confirm this result, even though the isotropic dimension does not result in
increased resolution in this case. Figure 8 (b) shows a tentative deconvolution of the MAS-NMR signals
approximated by two Gaussian components for each the Al* and Alf units, assuming that second-order
quadrupolar effects are weak. (The weakness of second-order effects is indicated by the near-
Gaussian lineshapes as well as the analysis of the TQMAS experiments; see Table 4). The
deconvolution parameters are shown in Table 6. We may assign these signals to species of the general
formula Al(OR),(P0O3)x%8.60, where the OR ligands are alkoxy or MAEAA groups. Similarly, both the Z7Al
MAS spectra and the 2’Al TQMAS NMR contour map show two different Al* environments. In addition,
small amounts of Al® units are detected in both experiments. Based on their 27Al chemical shifts, all
these environments appear to be linked to phosphate species. The latter conclusion is also in good
agreement with the 3'P MAS NMR data.
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Figure 28.(a) 3'P and (b) 27Al MAS NMR spectra from polymerized samples with different Al/ (Al+P)
ratios. The solid black line represents the experimental spectrum and the dotted black line the
deconvolution envelope.

Table 4.Fitting parameters and relative integrated area for deconvoluted data of 3'P MAS NMR spectra.
Estimated errors are £0.5 ppm for chemical shifts, 2% for areas and +0.1 for line width.

Composition Line position Line Width Integrated Area

Al/(P+Al) (ppm) (ppm) (%)
15 22 52

0% 03 24 34
16 3.4 14

1.2 18 31

03 25 20

10% 16 3.4 8
55 46 17

124 5.3 24

15 22 13

03 24 9

25% 16 34 5
46 56 16

-12.2 7.4 58
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Figure 29. 27Al TQMAS NMR spectrum of the sample with x =Al/(Al+P) = 50%:

Table 5. 27Al NMR isotropic chemical shifts diso™ (£0.5 ppm) and SOQE values (Cq x(1 +12/3)"2) (0.5
MHz) extracted from TQMAS, and Maai.p) values (£10%) leading to the estimated average number of

<1

23
69

<1

24
63

Al-O-P linkages per Al species, <mp(Al®)>, of the investigated hybrids.

27A|
Samples
P Biso®S
% Al
Al4 Alé
10% -16.2
25%

SOQE
(MHz)

Al
3.9

85

(x 108 rad?/s?)
Alé
36
37



40% 53.0/422 -11.0 3834 41 29 29 3.0
50% 51.5/419 65 3836 44 32 24 25
Al(POs3)s - 5.8 6

Table 6.Deconvolution parameters obtained for the 27Al MAS NMR spectra. Estimated errors are +0.2
ppm for chemical shifts, 2% for areas and £0.1 for line width.

Composition Line position Line Width
Integrated Area (%)
Al/(P+Al) (ppm) (ppm)
-18.2 8.9 25
50% 94 11.3 64
38.6 12.5 11
-18.8 12. 33
-13.3 11.3 43
40%
40 14.2 20
52.3 8.4 4
-18.4 8.1 82
25% -11.7 9.8 8
40.3 13.2 10
10% -18.8 74 100

27A1{31P} REDOR. To further elucidate the number of Al-O-P linkages involved in these units
2TAI{31P} REDOR experiments were conducted. As explained in the Experimental section, the second
moments Mzaip) characterizing the strength of 27Al---31P dipolar coupling allow us to estimate the
average number of phosphorus atoms bonded to aluminum, <mp(Al)>. Assuming that the Al---P
distance across an Al-O-P linkage in the glass is the same as that in Al(POs)3 we can make this estimate
by comparing the Ma(ip) values measured for the glasses with the value measured for Al(POs)s which
features 6 Al-O-P linkages. The Z7Al{3'"P} REDOR curves and the parabolic fits are shown in Figure 30
and the Mo values and the average numbers of phosphorus atoms coordinating hexacoordinated
aluminum species calculated in this fashion are summarized in Table 5. As expected, this number
increases with increasing P/Al ratio. Based on the <mp(Al)> values thus obtained, we conclude that the
dominant hexacoordinated unit in the sample with Al/(Al+P) = 10% is the Al(OR)2(POs3)4 unit, whereas
in case of the sample Al/(AI+P) = 50% both Al(OR)2(POs3)s and Al(OR)4(PO3)2 units are present. The

REDOR results indicate further that the four-coordinated Al species are involved in Al-O-P linkages as
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well. As for four-coordinate Al species shorter Al-O-P distances are expected than for the six-coordinate
Al species present in our calibration compound Al(PO3)s, the comparison of the M2 value with that of

Al(POs3)s will likely lead to a moderate overestimate of the number of Al-O-P linkages. We may,

however, conclude that the four-coordinated Al species possess at least two Al-O-P linkages.
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Figure 30.27Al{3'P} REDOR curves of tetracoordinated (Al*) and hexacoordinated (Al6) species for (a)
10%, (b) 25%, (c) 40% and (d) 50% Al/(Al+P) molar ratio. Solid curves are fits of the data points to eq.
(1) within the data range AS/So < 0.2.

A final check on the validity of the analysis conducted here arises from the necessity that the
connectivity estimates from 27Al MAS NMR and from 3'P MAS NMR must be consistent. In other words,
the average number of Al-O-P linkages, (moles Al)x<mp(Al)> deduced from 27Al{3'"P} REDOR must be
identical to the number of P-O-Al linkages, (moles P)x<ma(P)> deduced from the information in Table

7. Thus, the equation

(moles P) x{1xf} + 2xf; + 3xf3} = (moles Al) x <mp(Al)> (2)
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must be fulfilled, where fi, f2, and f3 are the fractional areas of the 3'P signal components near
-9, -12, and -19 ppm, respectively. Table 7 summarizes the results of this analysis, indicating good
consistency in three out of four samples. Only for the lowest-Al containing sample, a larger discrepancy
between both values can be observed, which we are currently unable to explain. As we note that in the
27AI MAS-NMR spectrum only a single spectral component is visible (based on its chemical shift to be
attributed to Al(OR)2(POs)s it appears likely that the REDOR method slightly under-estimates <mp(Al)>
(yielding the value of 3.7 in Table 5 instead of the expected value of 4.0). The assumption that the
calibration factor determined by REDOR on Al(POs)s can be applied to all of the glasses in a uniform

manner may be an oversimplification.

Table 7. Number of P-O-Al and Al-O-P linkages analyzed by the different NMR methods.

Al/(Al + P) mol Al mol P mol P-O-Al mol Al-O-P
0.1 0.002 0.019 0.012 0.008
0.25 0.004 0.012 0.016 0.015
0.40 0.005 0.008 0.021 0.015
0.50 0.006 0.006 0.015 0.015
Discussion

FTIR/Raman and '3C{'H} CP MAS NMR data indicate that the organic components of these
hybrid materials have a high polymerization degree, since only traces of unreacted monomer and weak
signals at 1300 and 1320 cm-! arising from C=C units conjugated with the ester group*! are observed.
Similarly, 3C{'H} CP MAS-NMR could not detect C=C signals (located at 126 and 136 ppm) due to
their low concentration. Strong magnetic dipole-dipole couplings detected by 'H-'H EXSY MAS NMR
offer additional information about the proximity of protons. At short mixing times (0.01 to 0.5 ms) only
correlations between the closest protons are expected, as the magnetic dipole-dipole coupling
strengths (and hence spin diffusion rates) are the greatest in this case, and the results we obtain in this
regime are in good agreement with the molecular structure (see Figure 27). (H8 - H2,3,4) and (H8 -
H9,5) correlations are the only cross peaks observed at 0.01 ms, and (H2,3,4-H9,5) correlations were
observed at 0.05 ms. Considering intramolecular distances, (H8 - H9,5) correlations should not be
observed at 0.01 ms. We conclude that the (H8 - H9,5) cross-peaks have an intermolecular nature,

bringing the corresponding protons into proximity due to molecular packing. With long mixing time (100

88



ms), correlations between C=CH> unreacted monomer to CH3 from MAEAA (H5 unpolymerized-H3)
and the polymeric chain backbone (H5 unpolymerized - H9,5) are observed. Since the correlation (H5
unpolymerized - H9,5) must be intermolecular, we can assume that the (H5 unpolymerized - H8)
correlations are also intermolecular, indicating that unpolymerized MAEEA is only a minority

component.

These polymeric chains are covalently bonded to phosphate units through P-O-C bonds, as
shown by the 980 cm-* band in the FTIR spectra. On the other hand, chelating bonds from MAEAA are
only observed as a weak signal for samples with Al/(P+Al) ratios of 50% and 40%. In these samples,
the 27AI MAS NMR spectra show a shift in the downfield direction since not all MAEAA ligand is replaced
by phosphate species, resulting in 4- and 6-coordinated Al(MAEAA)x(POs)y units. Increasing the
Al((AlI+P) ratio results in a reduction of the concentration of free phosphate and favors phosphate
species with an increasing number of linkages to aluminum, as shown by 3'P MAS NMR. The 27Al MAS
and TQMAS spectra are consistent with the presence of two dominant Alé species characterized by
two and four Al-O-P linkages. The average number of such linkages is available from dipolar second
moments Moa.p) extracted via 27Al{3'P} REDOR experiments. These values indicate a decrease from
four to 2.5 linkages per Al species as the Al/(Al+P) ratio increases from 10% to 50%. These results
support the presence of multiple AI(MAEAA)x(PQs)y, species, with higher contribution of MAEAA ligands
as the aluminum concentration increases. These aluminum-phosphate units are covalently bonded to
the polymer backbone through phosphate groups, with a minor interaction of aluminate species for the
samples with x = 40% and 50%. The formed network is directly correlated with the Al/(Al+P) ratio. For
low aluminum concentrations (10% and 25%), the formation of Q% and Q%a units is favored and the
aluminate species are further bonded, on average, to 3 to 4 phosphate units. For high aluminum
concentrations (40% and 50%), the Q%a and Q%a species become dominant, and the aluminate
species are further bonded, on average, to 2 to 3 phosphate units. The phosphate groups incorporated
within these inorganic-like structures act as crosslinkers, resulting in a highly connected and interlocked
network of polymeric chains covalently bonded to an inorganic network. This highly polymerized
structure avoids phase segregation and concomitant fluctuations in refractive index, yielding a

transparent material.
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Conclusions

Clear photopolymerizable aluminum-phosphate hybrid sols suitable for stereolithography
technologies were presented. These sols are highly stable, presenting long shelf life at room
temperature. Upon photopolymerization, hybrid materials optically transparent within the 420 nm - 1100
nm range with low volumetric retraction for acrylates are formed. The materials present an
organic/inorganic nanocomposite structure described as poly (2-hydroxyethyl methacrylate) chains
with aluminum-phosphate groups covalently bonded to the polymeric backbone. These aluminum-
phosphate groups are formed by aluminate species connected, on average, to two up to four phosphate
groups, and these phosphate species are linked to 1 to 3 aluminate units. The connectivity of aluminate
and phosphate species depends on the Al/(Al+P) ratio as shown by a detailed NMR analysis. These
structures provide numerous crosslinkers, generating a highly interconnected and interlocked
inorganic/organic structure. These hybrid materials are considered promising candidates for the
development of new optical devices and biomedical materials through stereolithography technologies,
limited till now to alkoxysilane components. A wide range of new compositions can be explored and

developed based on these new hybrid materials.
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Abstract

In this paper, we report the synthesis and structural characterization of transparent and
photopolymerizable aluminum-phosphate-silicate hybrid materials obtained via sol-gel route, with
different aluminum:phosphate (Al:P) ratios. We explored the system Si¢1x) - (Al:P)x with x varying from
0.3 to 1, and atomic ratio Al:P = 1:3, 1:1 and 3:1. All compositions contain high inorganic mass content
(up to 40 wt.%). Furthermore, they are compatible with vat-photopolymerization platforms. The
structural evolution of the hybrid materials with the silicon concentration was investigated by SEM,
phase contrast AFM and Solid-State NMR techniques, using single and double resonance
experiments. The structure follows the build-up principle using aluminum-phosphate species and
alkoxysilane chains as fundamental building blocks. These aluminum-phosphate species were

identified as monomeric and dimeric chain structures by comparing different parameters obtained from
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NMR data to compound models. Monomeric and dimeric aluminum-phosphate chain structures were
predominant in 3:1 and 1:3 Al:P ratio samples, respectively, promoting and hindering the hetero-
condensation with the alkoxysilane precursor, respectively. The photopolymerization mechanism leads
to the percolation of the inorganic networks through a parallel PMMA network, resulting in a material

with structural heterogeneities on the range of 5 nm, evidenced by phase contrast AFM.
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Resumo

Neste artigo, relatamos a sintese e caracterizagdo estrutural de materiais hibridos
transparentes e fotopolimerizaveis baseados em aluminio-fosfato-silicato obtidos pela rota sol-gel,
com diferentes razdes de aluminio:fosfato (Al:P). Exploramos o sistema Si1.x - (Al:P)x) com x variando
de 0,3 a1, e razdo atbmica Al:P = 1:3, 1:1 e 3:1. Todas as composi¢Oes contém alta teor inorganico
(até 40% em peso). Além disso, esses materiais sdo compativeis com plataformas de impressao 3D
do tipo vat-photopolymerization. A evolugao estrutural dos materiais hibridos com a concentragéo de
silicio foi investigada por MEV, contraste de fase por AFM e técnicas de RMN de estado sélido, usando
experimentos de ressonancia mono- e binuclear. A estrutura segue o principio de construcédo build-up
usando espécies de fosfato de aluminio e cadeias de alcoxissilano como blocos estruturais
fundamentais. Essas espécies de fosfato de aluminio foram identificadas como estruturas de cadeias
monomeéricas e diméricas comparando diferentes parametros obtidos de dados de RMN com
compostos modelo. Estruturas monoméricas e diméricas de cadeias fosfato de aluminio foram
predominantes nas amostras com relagao Al:P 3:1 e 1:3, respectivamente, promovendo e dificultando
a heterocondensagdo com o precursor alcoxissilano, respectivamente. O mecanismo de
fotopolimerizagdo leva a percolagdo das redes inorganicas através de uma rede PMMA paralela,
resultando em um material com heterogeneidades estruturais na faixa de 5 nm, evidenciadas pelo

contraste de fase AFM.
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Résumeé

Dans cet article, nous rapportons la synthése et la caractérisation structurale de matériaux hybrides
aluminium-phosphate-silicate transparents et photopolymérisables obtenus par voie sol-gel, avec
différents rapports aluminium:phosphate (Al:P). Nous avons exploré le systeme Si(1-x) - (Al:P)(x) avec
x variant de 0,3 a 1, et rapport atomique Al:P = 1:3, 1:1 et 3:1. Toutes les compositions contiennent
une teneur élevée en masse inorganique (jusqu'a 40 % en poids). De plus, ils sont compatibles avec
les plateformes de photopolymérisation en cuve. L'évolution structurelle des matériaux hybrides avec
la concentration de silicium a été étudiée par SEM, contraste de phase AFM et techniques de RMN a
I'état solide, en utilisant des expériences de résonance simple et double. La structure suit le principe
d'accumulation en utilisant des espéces de phosphate d'aluminium et des chaines d'alcoxysilane
comme blocs de construction fondamentaux. Ces espéces de phosphate d'aluminium ont été
identifiées comme des structures de chaines monomeéres et dimeres en comparant différents
parameétres obtenus a partir des données RMN aux modéles composés. Les structures monomériques
et diméres des chaines de phosphate d'aluminium étaient prédominantes dans les échantillons de
rapport Al:P de 3:1 et 1:3, respectivement, favorisant et entravant I'hétéro-condensation avec le
précurseur d'alcoxysilane, respectivement. Le mécanisme de photopolymérisation conduit a la
percolation des réseaux inorganiques a travers un réseau parallele de PMMA, aboutissant a un
matériau présentant des hétérogénéités structurales de l'ordre de 5 nm, mises en évidence par

contraste de phase AFM.

Introduction

The hybrid sol-gel route is an attractive and widely explored method for synthesizing hybrid
materials due to its mild processing conditions and compatibility with polymer processing techniques,
including 3D printing platforms such as vat-photopolymerization (VPP) techniques.'? This class of
materials are commercially established products for scratch resistant and hydrophobic coatings under
the trademark of ORMOCERSs (organically modified ceramic),® but have been extensively investigated
in many fields such as anticorrosive coatings, hosting matrices for photonics, chemical sensing, and
medical applications, to cite a few.4> This chemical route is well-described in literature,8.” and is based
on reactants with a non-labile polymerizable group capable of undergoing condensation reactions,

resulting in an inorganic network with pendant organic groups able to polymerize and form a parallel
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organic network. The polymerization and condensation reactions can occur simultaneously or in
different orders depending on the synthesis protocol,® which have profound impact on the organic and

inorganic structure of the material and on its properties.®.10

Solid-state NMR spectroscopy is one of the most valuable and versatile techniques to elucidate
the organic and inorganic structures in these materials." However, most solid-state NMR studies are
focused on silicate-based materials'2-15 since the alkoxysilane chemistry is well-stablished and easy

to control.

Aluminum-phosphate hybrid sol-gel materials are promising candidates for the fabrication of
active optical components due to promptly complexation of lanthanide ions by phosphate species,
which is explored in numerous lanthanide phosphate synthesis.6.17 This feature offers the possibility
of immobilizing the rare earth ion in a low phonon energy chemical environment, improving its
luminescent properties in near-infrared regime8 without relying on high residue generating approaches
such as nanoparticles synthesis'®20 or expensive fluorinated ligands for organometallic complexes
synthesis.2! However these materials are little explored because of their poor gel forming ability and
tendency to precipitate.22-25 Such compositions are commonly used for the synthesis of metal-organic-
frameworks (MOFs), due to its fast hetero-condensation and limited homo-condensation (both Al-O-Al
and P-O-P)2%6.27_ yielding highly ordered structures. However, these materials are inappropriate for

optical applications since monolithic and transparent samples are not feasible.

In a previous paper, we reported aluminum-phosphate hybrid materials obtained through
photopolymerization of stable resins synthesized by the hybrid sol-gel route.26 The materials were
obtained by modifying an aluminum alkoxide with an acetylacetonate-based molecule to reduce its
reactivity and using a methacrylate functionalized acidic phosphate precursor in a solventless
approach. The presence of organic groups in the phosphate precursor promotes steric hindrance,
reduces hetero-condensation rate and prevents the inorganic network percolation. These factors
prevent gel formation, maintaining its liquid state despite the extensive formation of Al-O-P bonds in
absence of solvents. Monolithic and transparent solid materials are readily available by polymerization,
making these materials potential candidates for new rare-earth hosting matrices obtainable at low cost

and processable by VPP.

Here, we improved these matrices by introducing a common alkoxysilane reactant - 3-

(Trimethoxysilyl)propyl methacrylate (TMSPM)-, substituting the 2-hydroxyethyl methacrylate used as
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solvent/monomer, resulting in an aluminum-phosphate-silicate hybrid material. Such approach
increases the inorganic content (between 20 and 40% wt.) and improves the near-infrared
transmission. These materials are compatible with VPP technologies, resulting in transparent bulky
materials. Such compositions have been recently explored for the 3D printing of glasses, due to their
potential use in the fabrication of active optical components, 2230 however, the pristine hybrid materials
are unsuitable for optical applications due to porosity or phase separation, leading to an opaque aspect.
By contrast, our materials are synthesized under non-hydrolytic conditions, allowing a solventless route
and pore-free bulk materials.3! In this paper, we report the study of the Si-Al-P hybrid system formation
with different concentrations of Si, Al and P, and characterization by scanning electron microscopy
(SEM) and phase-contrast AFM to provide insights into the materials™ structure from molecular scale,
up to the microscopic scale. Because numerous parallel condensation reactions are accessible in sol-
gel chemistry, the relationship between the structure and synthesis is complex. To better understand
inorganic connectivity and organic-inorganic interactions in these materials, a series of 27Al, 31P, 13C,
29Si and 'H single- and double-resonance NMR experiments were conducted to obtain structural
insights into the speciation and distribution of silicon, phosphorus, aluminum, and organic components
as well as the organic-inorganic connectivity. It is highlighted the use of the 'H nuclei as a versatile
probe able to study both the organic and inorganic structure, which was only possible due to the fast

MAS employed in 'H detection (60kHz), allowing signals to be resolved and assigned.

Materials and methods

Synthesis. Aluminum-tri-sec-butoxide 97% (Sigma-Aldrich), hydroxyethyl methacrylate
phosphoric acid ester -HEMA-P- 90% (Sigma-Aldrich), 2-(Methacryloyloxy) ethyl acetoacetate-
MAEAA- 95% (Sigma-Aldrich), methanol P.A. (Synth), TMSPM 98% (Sigma-Aldrich) and diphenyl (2,
4, 6- trimethyl benzoyl) phosphine oxide -TPO- 97% (Sigma-Aldrich) were used as received. HEMA-P
is a mixture of phosphoric acid (32.5%), hydroxyethyl methacrylate phosphate (52.1%) and bis
(hydroxyethyl methacrylate) phosphate (15%), with a calculated 189.6 g.mol-* molar mass based on its
31P-NMR spectrum. MAEAA-modified aluminum-tri-sec-butoxide was synthesized by mixing aluminum-
tri-sec-butoxide and MAEAA compound at a 1:2 molar ratio under water-free atmosphere (N2
atmosphere, H20 < 100 ppm) for 24 hours, yielding a clear liquid named Al(MAEAA)2. HEMA-P was
solubilized in methanol at 1:2 mass ratio to reduce its viscosity. TMSPM was hydrolyzed with a HCI
solution (1 mol.L-") at 1:1 (H20:TMSPM) molar ratio and stirred until a clear solution was formed

(typically a few minutes) and was used within an interval of 30 min after preparation.

101



In this paper, we explored compositions with nominal formula 0 < x < 70% TMSPM+(100-
x)(1:3, 1:1 and 3:1 AL:P). Initially, HEMA-P and AI(MAEAA). reactants were mixed for 24 h in closed
vials yielding an aluminum-phosphate resin. Hydrolyzed TMSPM was added to the aluminum-
phosphate resin and the mixture was stirred for another 24h. To achieve better optical quality, methanol
and other solvents were removed under reduced pressure at room temperature. This step was
impossible in 0% and 10% TMSPM (1:3 Al:P) compositions due to gelation upon evaporation.
Compositions with 1:1 Al:P (shown in Figure 31) presented the best optical quality, stability, and
printability through mask projection (MP) VPP process (Prusa SL1S) using 1% wt. TPO as
photoinitiator. For optical characterization, monolithic samples were prepared through thermo-
polymerization. AIBN was dissolved in the samples at 0.5% wt., and the resin was polymerized in

plastic cuvettes at 75°C at 15 mmHg for 1 day using a vacuum oven.

(a)

Figure 31. Polished thermo-polymerized 30% TMSPM Al:P ratio of (a) 1:1, (b) 3:1, and (c) 1:3.
Thickness between 2 and 4 mm, width of 10 mm and length of 15 to 30 mm. (d) 3D printed Voroni
tower (5 cm height) with 0% TMSPM AI:P = 1:1 (1% wt. TPO) resin.

Absorption spectra for 30% TMSPM 1:1, 3:1 and 1:3 Al:P compositions are shown in Figure
$1 available in the Supporting Information in Annex B. These materials are transparent up to 1100 nm
with a slight greenish aspect due to absorption in the blue region of the spectra associated with MAEAA.
The observed absorption bands in the near-infrared region are assigned to overtones from C-H (1729
and 1176 nm), C=0 (1382 nm) and O-H (1439 nm) vibrational bands.®2 Thermogravimetric analysis
(TGA and DTG) for 1:3 and 3:1 Al:P compositions are presented in Figure S2 available in the
Supporting Information in Annex B. Thermal degradation in these materials occurs between 150°C and

700°C with inorganic content between 15 and 40% wt. depending on the composition.
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Physicochemical Characterization. Thermogravimetric analysis (TGA) was done in a SDT
Q600 (TA Instruments) equipment, with alumina crucible from 30°C up to 900°C at 10°C.min-! with
100 mL.min-! synthetic air dynamic atmosphere. Si, Al and P atomic contents were analyzed with an
electron probe microanalyzer (EPMA) SX-100, equipped with a wavelength dispersive spectroscopy
(WDS) with SiO2, hydroxyapatite, and Al,O3 standards. Eight representative points were collected for
each sample and the results were processed using PAP correction. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images were collected in a Quanta-3D-FEG (FEI) and
Veeco Dimension V SPM. UV/VIS/NIR absorbance spectra were collected using 3mm thick polished

samples in a Cary 5000 Spectrometer.

Solid State NMR: 3'P, 27Al, and 3C nuclei experiments were collected in a Bruker Avance I
HD 400WB using a Triple Resonance probe under spinning speed at 14kHz. 2’Al MAS (Magic Angle
Spinning) NMR spectra were recorded using short pulses of 1 s length and a relaxation delay of 3 s.
Chemical shifts are reported relative to a 1M Al(NO3)3 aqueous solution. 3'P MAS NMR spectra were
recorded using /2 pulses of 3.3 us length and a relaxation delay of 240 s, which is long enough to
ensure complete recovery of the equilibrium magnetization, yielding to quantitative 3'P spectra.
Chemical shifts were referenced against an external 85% H3POQ4 standard. 27Al{3'P} rotational echo
double resonance (REDOR) measurements were conducted under the same conditions, using ©
recoupling pulses on 3'P channel and acquisition of rotor-synchronized 27Al spin echoes (the T pulse
length was 4.5 ps in these experiments). The second moments Maaip) characterizing the average
dipolar coupling between the observed quadrupolar nuclei (27Al in this case) and the neighboring 3'P
nuclei (I = /2)33, were obtained by applying a parabolic fit to the REDOR data within the range AS/So <

0.2, corresponding to the expression34:

AS 4

S_ = ? (NTR)ZMZAZP
0

Mzaip) values from the samples were compared to REDOR data on the crystalline compound
model Al(POs)s (six Al-O-P linkages of 3.207 pm length) to estimate the average number of Al- O- P
linkages. The 2°Si{'H} CP-MAS and '3C{'H} CP-MAS spectra of samples were measured under
spinning speed of 10 kHz, using a 2.5 and 1.0 ms CP contact time, and 5 s relaxation delay,

respectively. All spectra were acquired with TPPM proton decoupling during data acquisition.35
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H MAS and 'H-X (X = 8C, 29Si, 3P, 27Al) double-resonance solid-state NMR spectra were
measured on a Bruker Avance Neo spectrometer operating at 14.1 T (600 MHz for 'H Larmor
frequency) equipped with a Bruker HX 1.3 mm probe. 'H MAS spectra were obtained with the EASY
(Elimination of Artifacts in NMR Spectroscopy) pulse sequence,3 which eliminates fast relaxing probe
background signal. Spinning speed for MAS was of 60 kHz and 11/2 pulse length of 1.0 us. The recycle
delays for the first and second blocks in the sequence were set to 2 s and 0.5 ms and 32 scans were
acquired. "H-X-H double cross polarization (double-CP) experiments were performed at 60 kHz MAS,
using the pulse sequence described by Baccile et al.,3” where polarization is first transferred from 'H
to X spin followed by a block where X magnetization is stored on the z-axis while "H magnetization is
saturated by a train of ten (10) /2 pulses [21]. Finally, X magnetization is converted back to xy-plane
and polarization is transferred from X to nearby 'H and detected on 'H channel. Adiabatic tangentially
ramped contact pulses® on 'H channel and squared pulses on X channel were used to achieve 'TH>X
and X->'H polarization transfer. No decoupling was employed in X-channel during 'H acquisition.
Typical T1/2 pulse lengths for 'H were 1.2 ps. For X = 13C and 3'P the first contact pulse was fixed at 2
ms, while the second pulse was fixed at 500 ps to selectively excite the 'H species in the local
environment of 13C/31P species. For X = 29Sj the contact pulses were set to 4 and 1 ms respectively.
For X = 27Al short contact times of 500 us were applied for both contact blocks. Typical 1/2 pulse
lengths for 13C, 29Gi, 3'P and 27Al were adjusted, respectively, to 2.0, 2.0, 1.6 and 1.0 ps. Typical
nutation frequencies for the Hartman-Hahn matching condition were calibrated by fixing the "H power
in 100 kHz and varying the X-channel power until a maximum was observed. Indirectly detected 2D
"H-X heteronuclear correlation (HETCOR) spectra where also acquired with 'H detection, using a
modification of the double-CP sequence described above, after the first polarization transfer the X
coherences are allowed to evolve during time ¢, while 'H decoupling was achieved by a single 2.4 us
™ pulse applied in the middle of the t; period, as described by Wiench et al.3® The performance of
HETCOR experiments with 'H-detection and fast MAS rates provides an enhancement in sensitivity
when compared to the conventional CP-HETCOR, where the low-y nucleus is detected.4 2D 'H-'H
double-quantum - single-quantum (DQ-SQ) correlation NMR experiments were performed at 60.8 kHz
MAS, using R143 symmetry-based homonuclear recoupling scheme and no homonuclear decoupling
during DQ evolution.#! Excitation and reconversion times were of 65.8 us (four rotor cycles) and the
increment interval in the indirect dimension was set to 16.4 ps (rotor period); 256 t1 increments were
acquired, with 16 scans of accumulations for each t1 increment and 2 s recycle delay. 3C and 'H

chemical shifts are reported relative to tetramethylsilane (TMS) using a-glycine as secondary
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reference, 13C-0c=0) = 176.5 ppm and "H-8nH3) = 8.5 ppm.4243 29Gj chemical shifts were referenced

using kaolinite as a secondary standard (-91.5 ppm relative to tetramethylsilane) 44.

Results and discussion

Microstructure

The Si:Al:P atomic ratios of the hybrid materials were assessed using WDS to confirm the
chemical composition. The data are presented in Table S1 in the Supporting Information in Annex B
and show good agreement with nominal compositions. SEM images are presented in Figure 32 (a)
and (b), showing a smooth and homogenous surface. Porosity associated with volatile components,
such as residual methanol, was observed in 1:3 Al:P compositions and decreased as TMSPM
concentration increased. As stated in the preparation, 0 and 10% TMSPM (1:3 Al:P) were not prepared
with good optical quality due to premature gelation upon further evaporation of solvents, leaving
methanol content between 10 - 20% wt. responsible for the porosity observed in the same samples’
SEM images. Backscattered electron (BSE) images in Figure 32 (c) do not show chemical contrast,
indicating chemical homogeneity at the micrometric scale. Signs of chemical inhomogeneity were
observed for the 70% TMSPM (1:3 Al:P), where BSE images revealed some circular structures ranging
between 5 and 10 pym scattered on the materials’ surface, as shown in Figure S3 in the Supporting

Information in Annex B.
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Figure 32. SEM and BSE imaging of 0% and 70% TMSPM 3:1 (a) and 1:3 Al:P (b) hybrid materials.
(c) SE and BSE images of a 30% TMSPM 1:3 Al:P.

The microstructure was investigated at the nanometric scale using phase contrast AFM. This
is an amplitude modulated technique in which the cantilever is driven by a fixed amplitude sinusoidal
signal.4> Conservative and non-conservative tip-surface interactions cause a phase shift, which reflects
local changes in chemical and mechanical properties*6-48 allowing the study of polymers,49.50

conjugated materialss'52 and sol-gel hybrid materials.'253

A representative phase and topography map from a 0% TMSPM (1:3 Al:P) composition is
presented in Figure 33 (a) and (b), respectively. The phase-contrast maps show nanometric domains
with negative phase shift (¢ < -20°) with an average equivalent radius of 5 nm embedded in the
materials matrix (¢ > 0°). The presence of these two domains is evident as two phase-shift distributions
are observed in the distribution density plots presented in Figure 33 (c). Relation plots between phase
shift and topography maps presented in Figure 33 (d) show that these two distributions are
microstructural heterogeneities since they are unrelated to topographic features, that is, these domains
are randomly distributed on the sample surface.5* Previous works in TMSPM-derived hybrid sol-gel
materials have identified similar structures as inorganic domains arising from sol-gel condensation. 2
We lack information to confidently address the source of such heterogeneities in these materials.
Phase-contrast and topography maps, and relation plots for the remaining 3:1 and 1:3 Al:P samples
with 0%, 30%, and 70% TMSPM are presented in Figure S4 and Figure S5, respectively, available in

the Supporting Information in Annex B with similar results.
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Figure 33. 0% TMSPM (1:3 Al:P) topography and phase map of a 500 nm square and phase-
topography relation plot for the same sample.

3P MAS-NMR

3P MAS NMR spectra presented in Figure 34 showed four 3'P chemical sites with
characteristic chemical shift at 0, -5, -12, and -20 ppm. The spectra were deconvoluted according to
the parameters presented in Table S2 in the Supporting Information in Annex B and the structural
evolution as function of TMSPM concentration is presented on Figure 35. Such species were identified
as Q"maiisiphosphate sites where n, m and / respectively indicate the number of phosphates, aluminate
and silicate structures bonded to the phosphate tetrahedron. The spectral lines observed for the sample
with 0% TMSPM (3:1 Al:P) can be assigned based on previous studies on aluminum-phosphate sol-
gel materials derived from aluminum-lactate.®556 The chemical shifts at -5.2, -11.6 and -19.9 are
assigned respectively to Q%a;0si, Q%a10si and QI3a;0si Species,’>%¢ while the chemical shift at 0 ppm

corresponds to isolated Q%aes; units in HEMA-P.

Samples with low TMSPM content show preferential formation of Qi esi units for both Al:P
ratios studied. Increasing TMSPM concentration increases the concentration of species with higher
inorganic connectivity such as Q%ajesi and Q0ai1si (in general we may define these units as Q%) at the
expense of QO 0si and QOa1si units (which we define as Q% units). The weak sidebands indicate an
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isotropic 3'P chemical environment with low P=0 character as indicated by the fraction of Q% species
around -20 ppm. The theoretical fraction of Q0% species was calculated to further understand the
participation of P=0 bond on the aluminum-phosphate connectivity under the assumption that P=0
bonds do not participate in the condensation reaction. Each P-O-C bond in the HEMA-P reactant
hinders one phosphate site for the condensation reaction, since the P-O-C bond is very stable toward
hydrolysis, 2257 meaning that only the phosphoric acid (32% according to 3'P NMR analysis on the
reactant) units present in the HEMA-P can form Q0 species, while the hydroxyethyl methacrylate
phosphate (52%) and bis (hydroxyethyl methacrylate) phosphate (15%) units can form only Q% and
Q0O species, respectively. For both Al:P ratios studied, the concentration of Q% species is superior to
32% for TMSPM concentrations higher than 30%, which is only possible if the P=0 bond participates

in the condensation reaction.

QDZA\ 0si > Q01AI,1S\
a) QD1AI,DS\ QDZA‘,DS' b) QOMI,OS\
1:3 AIP L

TMSPM

QDBA\,DS\ _)QUZAIJS\ 3:1 AIP

° TMSPM
0%

0
Q oaL0sil
|

10%

0 0 -10 20 -30 40 10 O ~-10 20 -30 -40
31
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Figure 34. 3'P-MAS-NMR spectra from TMSPM 1:3 (a) and 3:1 (b) Al:P compositions. Experimental

data is represented by black curves, and deconvolutions are presented in colored lines. The
deconvolution envelope is presented by red curves.
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Figure 35. 31P sites evolution in function of TMSPM concentration extracted from 3'P-MAS spectra for
(a) 3:1 and (b) 1:3 Al:P ratios.

The 3P peak positions for the high phosphate content (1:3 Al:P) compositions are independent
of TMSPM concentration, indicating the absence of P-O-Si bonds. Low phosphate compositions (3:1
Al:P) show a monotonic upshift of Q% and Q% species with increasing TMSPM content for the 3:1 Al:P
system. The most noticeable change is observed for the Q%3 3'P species, shifting from -18 ppm to -22
ppm when TMSPM concentration increases from 0% to 70% TMSPM. This trend indicates that silicate
species are gradually introduced into the first and/or second coordination sphere of phosphate sites.

The formation of Si-O-P bonds in sol-gel chemistry is unlikely due to the susceptibility of the chemical



bound to hydrolysis,23.24.58 while the formation of Al-O-Sibonds is favored.*® Thus, it should be expected
that the observed changes in the chemical environment of phosphate arise from modifications in the
second coordination sphere through the formation of Si-O-Al bonds. Nonetheless, the observed
chemical shift variation is comparable to phosphate species observed on silicate-phosphate and
aluminum-phosphate systems23.60 and by chemical shielding calculations in Q%naissi Systems, with m,n
=0, 1, 2, 3, 4,51 suggesting that the substitution of P-O-Al by P-O-Si is possible, i.e., the conversion of

Q04,0 units into Q%44;,1si units and Q%34 gs; units into Q%24 1s; units.
27Al MAS-NMR and Z7Al{3'P} REDOR

27AI MAS NMR spectra for 3:1 and 1:3 Al:P compositions with different TMSPM concentrations
are shown in Figure 36 (a), and (b), respectively. A representative 27Al TQMAS spectra for 70%
TMSPM 1:3 and 3:1 AP compositions are presented in Figure S6 available in the Supporting
Information in Annex B. Samples with 3:1 and 1:3 Al:P ratios showed 27Al sites with peaks centered at
around 0 ppm and -13 ppm, respectively. Such species are assigned to hexacoordinated (Al)
aluminum-phosphate units and the signal upshift is associated to the number of phosphate species
around (Alf) species,% indicating a higher coordination of phosphate sites around the Al site in
phosphate rich samples. 2’Al TQMAS show only one Alf site in 1:3 Al:P compositions, while for 3:1 Al:P

compositions at least two distinct Al sites are observed.

Further information about P-O-Al connectivity is provided by 2’Al{3'P} REDOR experiments.
The REDOR pulse sequence recovers the 27Al-31P dipole-dipole coupling, allowing the measurement
of the dipolar second moment (Mza.p), which is related to the average number and distance of
phosphate species coordinated to the aluminum site.33 From the analysis of the 27Al{3'P} REDOR
lineshapes for 3:1 Al:P compositions (Figure S7 in Supporting Information in Annex B), it is not possible
to differentiate the REDOR dephasing for both Alf sites, due to the very low-concentration of the site
at higher field. Therefore, the reported Moy values correspond to the average taken from the
integrated contribution of all Al® sites. The REDOR dephasing curves are shown in Figures S8 and S9,
available in the Supporting Information in Annex B. Table 8 summarizes the dipolar second moments
extracted from the parabolic analysis of the REDOR curves. By considering the measured second
moment on the Al(POs)s crystal, the average number of P in the coordination environment of Al® can

be estimated, giving average values around 0.7 and 4 for the 3:1 Al:P and 1:3 AP systems,
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respectively. There is no noticeable variation in the average number of Al-O-P linkages [(Al¢)-(O-P)n]

as a function of the TMSPM concentration.

(a)

3:1 Al:P

: 0%
100 80 60 40 20 0 -20 -40 -60 -80
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Figure 36. 27AI-MAS-NMR spectra from TMSPM 3:1 (a) and 1:3 (b) Al:P compositions.
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Table 8. Integrate area obtained from 27Al MAS NMR spectra and M: values calculated from
ZTAI{3'P} REDOR curves and estimated average number of phosphates bonded to each
hexacoordinate aluminum in 1:3 and 3:1 Al:P compositions with different concentrations of TMSPM.

31 AP 1:3 Al:P
Ma Mz
% Al-(O- Al*and Al Al-(O- Al4and Als Al
(x108 (x108
TMSPM P)n Al5(%area) (%area) P)n (%area) (%area)
rad2s2) rad2s2)
0 0.60 0.58 17 83
10 0.71 0.67 17 83 4.0 3.9 28 72
20 0.75 0.73 25 75 4.2 4.0 30 70
30 0.66 0.64 34 66 44 4.3 22 78
40 0.63 0.61 33 67 35 34 25 75
50 0.78 0.75 34 66 35 34 43 57
60 0.72 0.71 44 56 3.6 35 34 66
70 0.79 0.76 48 52 44 4.3 42 58
Al(PO3)s 5.8 6

27Al sites spawning from 100 to 0 ppm are observed and correspond to tetracoordinate (Al4)
and pentacoordinate (Al%) species assigned to Al[(-O-P), (-O-Al)m(-O-Si)] (n+m+| = 4 or 5) sites. Al4-
(O-P)n and Al*-(O-Al)m species show typical chemical shift between 0 and 45 ppm and between 60 and
100 ppm, respectively, while Al*-(O-Si); is found around 50 ppm.62 The formation of Al-O-Al bonds is
energetically unfavorable as stated by the Lowenstein’s rule,5%63 and the Al4-(O-Al), sites show a broad
and weak signal suggesting a variety of different 27Al sites in small quantity that are not observable in
2TAl TQMAS experiment.

Structural changes with the addition of TMSPM in the composition are observed only in 3:1
Al:P samples, with the appearance of 27Al sites with characteristic chemical shift at 54 ppm, assigned
to tetracoordinate aluminum-silicate species.8* Previous studies on similar system have showed 27Al
lines at 45 ppm assigned to Al*-(O-P), units, 28 in clear distinction to the signals observed here. An
upshift of 2 ppm is also observed at the Al® site for the same set of samples. These observations
indicate that a small fraction of TMSPM bonds to Al6 sites in 3:1 Al:P samples, resulting in [(Al#)(O-Si)4]
aluminum-silicate species,5465 in addition to the Al site. Little interaction with Alf sites is observed,
indicating that the [(Al6)(O-Si)] are not favorable. In opposition, 27Al sites in 1:3 Al:P samples have poor

reactivity with TMSPM, and the difference of phosphate coordination around the Al6 site revealed by
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2TAI{3'P} REDOR analysis suggests that phosphate groups bonded to the Al6 sites promote steric

hindrance and limits the formation of Al-O-Si bond.

NMR is a versatile and robust technique, but structural elucidation is limited up to the second
or third coordination sphere, meaning that network connectivity at long range is not directly accessible
through NMR. Nonetheless, short range connectivity can still elucidate the materials’ structure if prior
information on the studied system is available. Fortunately, it is well-know that the inorganic network in
aluminum-phosphate hybrid materials is formed through hetero-condensation process,® since Al-O-Al
bond and P-O-P bonds are rarely formed due to Lowenstein rule3%63 and the poor homo-condensation
of phosphate species.2266 Furthermore, the NMR data presented here indicates that the build-up
principle®” is valid for such system since 3'P and 2’Al NMR data do not indicate appreciable
substitution of Al-O-P bonds in favor of Al-O-Si or P-O-Si bonds. Thus, the formation of the inorganic
network in these aluminum-phosphate-silicate hybrid materials can be understood in terms of
aluminum-phosphate building blocks formed during the hetero-condensation of the aluminum alkoxides
and phosphate precursor in the first step, followed by structural modifications in an additive way by the
hydrolyzed TMSPM.

Further insight into the structure of these aluminum-phosphate building blocks for the two Al:P
ratios studied was provided by comparing the data obtained through solid-state NMR data with the
structure of the compound models presented in the Figure 37. The selected compound models were
linear (1D) aluminum-phosphate structures, since they have been widely reported in literature during
the synthesis of metal-phosphonate compounds employing similar experimental conditions found here
(room temperature, and aluminum and phosphate reactants).6? These units are known to self-assembly
to form 2D (sheet-like) and 3D (cluster-like) networks by increasing the connectivity of the phosphate
sites, forming Q%4 (2D) and Q% (3D) in addition to the Q2 units present in the linear structures.63
Particular attention was paid to the 1D units due to the abundance of Q% phosphate units compared
to QO as evidenced by NMR data. Furthermore, the organic group bonded to the phosphate unit
hinders at least one site from forming bridging bonds. Thus, the formation of three-dimensional and
bidimensional networks are unlikely since both hydroxyethyl methacrylate phosphate (52%) and bis
(hydroxyethyl methacrylate) phosphate (15%) units hinder the formation of highly branched structures.
Al(PO3); and AIPO4 crystalline structures were also considered to highlight the discrepancies in the

local coordination of phosphate and aluminate structures compared to the studied compounds.
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Figure 37. Linear aluminum-phosphate compound models for calculating the average number of
phosphate and aluminate structures coordinated to each other and the distribution of Q, phosphate
and the coordination of the Al sites units.

The parameters employed for comparison were the distribution of Qs 3'P species, the
coordination of the Al sites, and the average P-O-Al linkage (aluminum around the phosphate (PQO4)3
(-AIB*)) as well the average Al-O-P linkage (phosphate around the aluminate (AlOg)%(-P5*)7) on the
unmodified aluminum-phosphate inorganic network. The distribution of the observed Q. phosphate
units Q01410si, Q%a10siand QY34;0si bonded to Al units is readily accessible from solid-state NMR data.
The average number of aluminate bonded to phosphate sites ((PO4)3(-Al**)m) can be calculated using
Equation 1 with the 3P MAS-NMR deconvolutions. The average number of phosphate bonded to
aluminate species ((AlOg)%(-P5*)7) requires additional information from 27Al{3'P} REDOR data and can

be calculated using Equation 2,
(P03 — (fi + 2f, + 3f3). A3 Equation 1
(Al0g)~° — (f(AI®) ). P>* Equation 2

where f1, f2, and f3 are the fraction of Q14;0si, Q%a41,0siand QY34 0si units observed at -5, -12, and
-20 ppm in 3'P MAS-NMR respectively, f(AIf) is the Al sites fraction, and n is the average number of
phosphate units bonded to Al° sites calculated from M2 obtained from 27Al{3'P} REDOR experiment. It
is assumed that all phosphate is bonded to Al® sites, which is a reasonable assumption since no
appreciable Al* or AP sites were detected for the 0% and 10% TMSPM samples in both Al:P ratios.
The calculated ((POs)3(-Al¥*)m) and ((AlOe)%(-P5*)s) ratios based on Equation 1 and 2 for samples
without TMSPM are presented in Table 9. For the compound models, these parameters are readily

accessible in the literature for Al(PO3)3%8 and AIPO4% crystalline structures. For the molecular, linear,
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dimeric and trimeric aluminum-phosphate structures, structural models were drawn based on
literature,837071 as presented in Figure 37. The ((PO4)3-(-AR*)m) and ((AlOg)%(-P>*)) ratios were
calculated by counting the number of Al-O-P bonds and dividing by the number of phosphorus and
aluminum atoms within a molecule with n repeating units. These linear structures are composed only
by Q02 31P species, with hexacoordinate Al sites.

For 3:1 Al:P samples, Table 9 indicates that the aluminum-phosphate network is composed
by aluminum-phosphate structures with the general formula (Al)-(POs-(Al)),, with n=1 and n>1
corresponding to molecular units and aluminum-phosphate chains. The average fraction of P5* to AlOg
in 0% TMSPM 3:1 Al:P sample ((AlOg)%(-P5*)0.5) below one indicates the presence of aluminate species
that are not bonded to any phosphate species, and the two different Al® sites revealed by 2’Al TQMAS
suggest that they correspond to unreacted aluminum alkoxide and the terminal aluminate group present
in the aluminum-phosphate molecular structure. The Q%a units in 3'P MAS spectrum indicates that
branched aluminum-phosphate chains are present but are less abundant than the molecular units. On
the other hand, 1:3 Al:P compositions show an aluminum-phosphate inorganic network composed by
dimeric and trimeric chain structures, and the presence of QU species suggests the formation of
sheet-like structures through the percolation of these dimeric and trimeric chains. Such dimer and trimer
structures have been observed in similar aluminum-phosphate materials with 1:3 Al:P stoichiometry
synthesized from organic phosphates and aluminum alkoxide.”071 27Al TQMAS data showed only one
Al® site, indicating a similar chemical environment for all 27Al species, which agrees with the

dimer/trimer structure proposed.

Table 9. The average number of aluminum atoms bonded to phosphate and phosphorus bonded to
aluminate according to 3'P and 2’Al MAS spectra for 3:1 and 1:3 Al:P samples.

Compound (PO4)>-(AR*)w | (AlOg)®(-P5*)x Q. 3P AlicN)
3:1 Al:P (0% TMSPM) 2 0.5 Qs and Q2 Al®)
Phosphate-complexed aluminum
(Molecular Structure) n=4 1 @ Al)and Al®)
Aluminum Phosphate chain 2 1-2 Q
Aluminum Phosphate Dimer 2 2-4 Q
1:3 Al:P (10% TMSPM) 2 3 Q Al®)
Aluminum Phosphate chain 1-2 2 Q2 Al® and Al®
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Aluminum Phosphate Dimer 1-2 4 Q

Aluminum Phosphate Trimer 1-2 6 Q Al®)
Aluminum Metaphosphate (Al(POs3)s) 2 6 Qa4 Al®

Aluminum Phosphate (AIPO4) 4 4 Q4 Al4)

298i{1H} CP-MAS-NMR

Figure 38 shows 29Si{'H} CPMAS NMR spectra for the studied compounds. The CPMAS
spectral intensities depend not only on the concentration of resonating species, but also on the
efficiency of the 'H-2°Si polarization transfer. Therefore, this experiment is not quantitative.
Nevertheless, semiquantitative information about differences in the distribution of silicate species can
be obtained. The spectra in Figure 38 are composed of three main peaks, with maxima around of -50,
-58, and -67 ppm. Resonances in this range can be assigned to trifunctional silicate T units [RSi(OH)s.
a(O-P)n(O-Al)m(O-Si) where n+tm+l = a < 3 and R is the organic groups] resulting from TMSPM
condensation.'®72 Unambiguous attribution for each 22Si peak is not straightforward, since concurrent
effects must be taken in account. Substitution of Si-O-Si linkages by Si-O-Al in T" units causes a 2°Si
downfield shift of up to ~10 ppm,” while connectivity to P species causes an upfield variation in the
29Gij chemical shifts.” Nevertheless, 3'P and 27Al NMR has demonstrated that changes in the inorganic
connectivity are observed only for samples with small amounts of P species and high concentrations
of TMSPM. We can therefore assume that there is a preference for homo-condensation of the Si units
and attribute the observed 29Si chemical shifts of -50, -58, and -67 ppm to assigned to T1, T2, and T3

units, respectively.

Based on the suggested 29Si assignments, the 1:3 Al:P series experienced an increase in T*
and T2 units compared to T3 units with higher TMSPM concentration, which correlates with an increase
of the concentration of phosphorus Q% units (as revealed by 3'P NMR) without any changes in the Z7Al
NMR spectra. These observations suggest a preferential homo-condensation mechanism in
phosphate-rich samples, resulting in T' and T2 structures corresponding to chain and terminal silicate
groups, with minor hetero-condensation with phosphate, evidenced by the increase in Q% 3'P sites. In
contrast, 2Si{'"H} CPMAS spectra for 3:1 Al:P compositions do not experience significant changes in
the relative intensities with the addition of TMSPM. On the other hand, the spectral linewidth is slightly
larger for samples with low TMSPM concentration, which is an indication of a more heterogeneous

environment, which may agree with the presence of a very minor amount of hetero-condensed Si-O-Al
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and Si-O-P linkages. This assumption agrees with 27Al and 3'P data, which also indicate the presence
of these hetero-linkages. Nevertheless, the concentration of these species is small, as evidenced by
the fact that they only affect the NMR spectra of the observed nuclei for very high relative concentration

of the hetero-species.

1:3 AP T2 3:1 AlP T?

TMSPM T
70% i

40 80 60 70 80 -40 50 60 -70 -80
293i-8/ppm 298i-8/ppm

Figure 38. 29Si{'H} CP-MAS spectra from TMSPM 1:3 and 3:1 Al:P compositions as a function of
TMSPM concentration. The spectra are normalized by the maximum intensity.

Altogether, the observed changes in 3'P and Al MAS spectra suggest TMSPM condensation
in 1:3 Al:P compositions result in alkoxysilane chains with limited interaction/bonding to aluminum-
phosphate structures. On the other hand, 3:1 Al:P samples exhibit aluminum-phosphate and TMSPM
interactions to some extent, suggesting that the hetero-condensation and homo-condensation
mechanism compete, and shorter silicate chains must be formed. These NMR experiments showed
that TMSPM is prone towards hetero-condensation with aluminum in both Al:P ratios studied is
hindered by steric effects introduced by the phosphate species coordination around the AlS site. In
opposition, hetero-condensation with phosphate is little expressive in both Al:P ratios studied, and is
possibly associated to the weakness of the Si-O-P chemical bonds, which readily undergo
hydrolysis.2357.58 For the synthesis of this samples, water is only present in trace amounts during
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TMSPM hydrolysis, and residual water is removed from the medium, since the aluminum-phosphate
precursor itself act as a drying agent. Despite the introduced synthesis conditions, the formation of Si-
O-P bonds is little expressive and TMSPM mostly undergoes homo-condensation. Based on these
considerations, the aluminum-phosphate-silicate inorganic structure is defined by the building blocks
formed during the aluminum and phosphate hetero-condensation. In 3:1 Al:P samples, the
hexacoordinate aluminum-phosphate building blocks consist in molecular and chain (Al)-(PO4-(Al))n
structures (n = 1) and unreacted aluminum alkoxide. The aluminum sites are less hindered by
phosphate groups and readily interact with the hydrolyzed TMSPM, resulting in competing alkoxysilane
homo-condensation and hetero-condensation mechanism, which should lead to short silicate chains
crosslinking the aluminum phosphate building blocks. In comparison, 1:3 Al:P compositions result in
aluminum-phosphate dimeric/trimeric chain structures, and the aluminum coordination is saturated by
phosphate species. The TMSPM shows little interaction with the aluminum-phosphate building blocks
and the homo-condensation mechanism predominates, resulting in silicate chains. There are no
microstructural differences between the 3:1 and 1:3 Al:P samples, despite their structure being
fundamentally different, which suggests that the polymerization of the sol through the methacrylate
groups promotes the anchoring and formation of an interpenetrating network of the aluminum-

phosphate building blocks and silicate chains.
'H MAS and *3C['H] CP-MAS NMR

The organic functionalities present in the hybrid materials were characterized with high speed
'H NMR MAS (60kHz) and '3C{'H} CP-MAS NMR experiments. A representative '3C{'H} CP-MAS
NMR spectra and the signal assignment are presented in Figure 39 and Table 10. These assignments
were based on literature data’#.157275-85 and on 1D and 2D 'H{'3C}, 'H{2°Si} and 'H{3'P} double-CP
HETCOR experiments discussed on the sections below. All 3C signals were assigned to the
polymethylmethacrylate (PMMA) structure with a functional group according to the reactants used
(propyl silyl from TMSPM, ethyl acetyl acetonate from MAEAA and ethyl phosphate from HEMA-P).
The 13C assignments in Figure 39 show two tautomer configurations for the MAEAA reactant in its keto
(C3, C4, C5, and C6, with peaks at 168, 50, 202, and 30 ppm respectively) and enol form (C3', C4’,
C%, and C6', with peaks at 175, 85, 190, and 26 ppm respectively). The enol tautomer chelates the
aluminum alkoxide and is observed only in the 3:1 Al:P compositions, indicating the presence of
unreacted aluminum sites.’® The relative intensity of the enol tautomer compared to the keto tautomer

decreases with higher TMSPM concentration. This observation is coherent with the appearance of Al4
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sites assigned to aluminum-silicate species in 27Al MAS-NMR spectra, indicating the formation of Si-

O-Al bonds with elimination of MAEAA from the aluminum coordination.
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Figure 39. 3C{'H} CPMAS spectra of hybrid samples (right). The numbers correspond to line
attributions based on the C-labels shown in the scheme on the right.

Table 10. Assignments of 3C NMR lines observed in this work and 'H chemical shifts of the H-13C
cross peaks observed in 'H{*3C} CP HETCOR spectra. Values in brackets correspond to the 'H second
neighbors to the highlighted 3C site according to the cross peaks at H{'3C} CP HETCOR spectra.

Assignment 13C-Biso (1 ppm) 1H-Biso (£0.5 ppm) Reference
1,2 (OCHzCH:0)'2 64 4.1 75,78,79,83
3 (OCOCHg)23 168 (4.1)
4 (COCH,CO)2? 50 3.5
5 (CH2COCHa)22 202 (4.1) (2.6) (1.3)
6 (COCHz)23 30 2.1(43)
3" (OCOCH)23 175 (5.0) (1.8) 7580818384
4" (COCHCO)23 85 5.1
5' (CHCOCHs)23 190 (5.0) (1.8)
6' (CHCOCHs)23 26 1.7 (41)
7 (OCH2CH2CHSi) 22 1.2
8 (CH2CH:Si) 10 0.6 14,15,72,76,77,82
9 (CH2CH0)' 67 4.1
10 (OC(0)C(CHs)=CHy)' 178 (12)
11 (OC(0)C(CHs)=CHy)’ 137 (5.8) (1.7)
12 (OC(O)C(CHs)=CHo)' 125 5.5/6.1 14.15,78,86
13 (OC(0)C(CHs)=CHy)’ 18 17(32)
14 (OC(0)C(CHs)(CH2))* 1792 (1.3)(3.2) 85,87,88
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15 (OC(0)C(CHs)(CHa))* 56 1.72
16 (OC(O)C(CHs)(CH2))* 20 1.0
a Expected chemical shift values for sites not observed due to overlapping signals.

Figure 40 shows the "H NMR spectra under fast MAS (60 kHz) for both series of samples (1:3
and 3:1 Al:P). Peak assignment in 'H spectra was based on one- and two-dimensional "H{X} double-
CP experiments (X = 29Sj, 13C, 2’Al and 3'P) and 'H single-quantum/double-quantum (SQ/DQ)
correlation experiments detailed below. The peaks that can be resolved were assigned as presented
in Figure 40 and compiled in Table 10, using the same numerical labels as in Figure 39 for '3C nuclei.
Similar to 3C NMR results, 'H peaks assigned to the enol and keto tautomer of MAEAA are clearly
observed in the samples. The H6 line at 2.1 ppm from the keto form is evident in 1:3 Al:P compositions,
while the 1.9 and 4.9 ppm lines (H6’ and H4’ respectively) assigned to the enol tautomer are visible in
the 3:1 Al:P composition. The increase in TMSPM concentration for both Al:P ratios studied showed a
decrease in MAEAA concentration observed by the simultaneous reduction of H4, H6", and H6 sites,

while the 1 ppm line increases with higher abundance of H7 and H8 sites from TMSPM.

The 'H signal at 1.9 ppm is an overlap between the resonance of H6’ (from MAEAA), H13
(unpolymerized methacrylate), and H15 (polymerized methacrylate). Unpolymerized methacrylate
groups are observed as 'H peaks at 6.0 and 5.5 ppm assigned to the non-equivalent C=CH, protons
(H12 in Figure 39). The 1.9 ppm signal is sensitive to the polymerization degree because the H13 (a-
methyl of unpolymerized methacrylate) and H15 (CH2 polymer backbone) have similar chemical shift
but differ by one proton. The 1:3 Al:P samples show an increase at the H13 and the H12 (relative to
the C=C) species as TMSPM concentration increases, suggesting a higher fraction of unpolymerized
methacrylate groups in these samples. In opposition, the 3:1 Al:P compositions show a constant
relative intensity of H12 species compared to the 1.9 ppm band intensity, indicating that the overall
decrease of 1.9 ppm signal arises from the reduction of MAEAA species, while the concentration of
unreacted C=C bonds throughout this series of samples remains constant. These assignments are in

complete agreement with 'H DQ-SQ NMR measurements shown in Figure $10.
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Figure 40. '"H MAS spectra for the investigated hybrid compounds and attributions based on C-labels
in Figure 39.

TH{"3C} and 'H{?°Si} double-CP HETCOR

The bonding between inorganic and organic moieties in these series of hybrid materials was
studied with two-dimensional 'H{X} double-CP experiments (X=13C or 29Si). These experiments recover
X-H dipolar coupling and reveal the spatial correlation between the studied nuclei. Figure 41 shows
H{"3C} and "H{2%Si} double-CP HETCOR spectra measured at 60 kHz MAS with 'H detection for
samples with 50% TMSPM from 1:3 and 3:1 Al:P series. The experiments were performed using long
contact times to probe second neighbors’ connectivity. The 'H{Z°Si} 2D spectra show correlations of
T', T2 and T3 2°Si species with CH2 protons covalently attached to Si (H8 in the scheme of Figure 39,
0-'H = 0.6) and weaker correlations with the second neighbor CH. (H7, 8-'H = 1.2). Additional
correlations with 'H site around 4 ppm are observed and are assigned to the third CH2 neighbor (H9 8-
'H = 4.1) or protons H1 from HEMA-P. The H9/H1 correlation is more evident in 1:3 Al:P samples
compared to 3:1 Al:P, supporting that the Si-O-P hetero-condensation mechanism has a higher

contribution in these series of samples.
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Figure 41. 'H{13C} (right) and "H{2°Si} (left) double-CP HETCOR spectra measured at 60 kHz MAS
with 'H detection (see experimental section for details). 2D spectra are show for representative
samples, 50% MTMS for both, 1:3 (top) and 3:1 (bottom) Al:P systems. The dashed lines extending
over the 'H{2°Si} spectra show correlation with 'H species dipolar coupled to both, 2°Si and 13C nuclei.
The dashed lines on the H{'3C} spectra call the attention to the chemical shift difference for protons in
CHs from keto (C6) and enol (C6’) species belonging to MAEAA moieties.

The "H{"3C} HETCOR spectra confirm the 'H and 3C assignments presented on Table 10.

The cross-peaks between keto (C6) and enol (C6’) tautomer of the acetoacetate group with the CH3

groups at H6 and H6’ are clearly identified in agreement with 'H chemical shifts assignments in the

work of Yamada et al.8%. The cross-peaks H12 — C12 further confirm their assignment to non-

polymerized methacrylate species.

"H{X} double CP-MAS-NMR - X = 13C, 31P, 2§ij and 27Al
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Unidimensional "H{X} double CP experiments (X = 3C, 3'P, 29Sj and 2’Al) probe 'H sites
through a '"H — X — 'H cross-polarization pathway and reveals proton sites spatially close to the X
nucleus. Thus, the proton assignments from 'H MAS NMR spectra can be employed to elucidate
inorganic connectivity through organic-inorganic interactions. Figure 42 shows a 'H{X} double CP
spectra for representative samples (50% TMSPM) for 1:3 and 3:1 Al:P compositions. "H MAS NMR
spectra are also displayed for comparison. The double-CP spectra in Figure 42 show line-broadening
compared to 'H single-pulse representatives, caused by the selective excitation of 'H with restricted
mobility, due to the more efficient '3C—>1H polarization transfer. The spectra show four regions of
interest, comprehending the lines centered at 7, 4, 2 and 1 ppm. The signal at 7 ppm is assigned to P-
OH groups, in agreement with 3'P-MAS results indicating the presence of QImaissi units, with m+n < 3.
The signal around 4 ppm corresponds to OCH> species (H1, H2, and H9) from the ethyl groups. The
proton sites around 2 ppm (H6, H6’, H13, and H15) are associated to CH3 sites from MAEAA, and the
CH> unit from the polymeric backbone. The 1 ppm region is assigned to protons (H8, H7, H16) from
the propyl group (TMSPM) and CHs from the polymeric backbone.

The "H{3'P} double-CP spectra show resonances in all four regions, confirming the stability of
P-O-C bonds and the direct bonding between the polymeric and inorganic networks. Both 'H{2°Si} and
H{"3C} double-CP spectra have similar shape, showing resonance with the regions at 4, 2 and 1 ppm.
Particularly, the lack of resonance for the 'H{#Si} double-CP spectra at 7 ppm indicates non-
preferential Si-O-P hetero-condensation, in agreement with the results obtained in a previous study.28
The same spectra show strong resonance in the 1 ppm region, suggesting that homo-condensation is
a dominant process. Lastly, the "H{2’Al} double CP-spectrum shows distinct behaviors for 1:3 and 3:1
Al:P compositions. The phosphate rich samples (1:3 Al:P) show resonance with 7 ppm species,
indicating a phosphate rich coordination around the 2Al sites, as confirmed by REDOR data. In
opposition, the 3:1 Al:P series show resonance in the region of 4, 2 and 1 ppm, suggesting expressive
Al-O-Si hetero-condensation, which is in good agreement with the appearance of tetracoordinated

aluminum-silicate species in 27Al MAS NMR spectra.
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Figure 42. (a) "H{X} double CP MAS of 50% TMSPM 1:3 and 3:1 Al:P hybrids. The '"H MAS spectra
obtained with direct excitation are also shown for the sake of comparison.

Conclusions

Aluminum-phosphate-silicate hybrid materials in the system Si(1x- (Al:P) ) with x varying from
0.3 to 1, and atomic ratio Al:P = 1:3, 1:1 and 3:1 were synthesized using a hybrid sol-gel approach,
resulting in photopolymerizable solutions. These solutions are compatible with VPP technologies,
resulting in transparent hybrid materials with high inorganic mass content. The structural evolution with
Si concentration for polymerized samples with different Al:P ratios was investigated by means of solid-
state NMR, combined with SEM and phase contrast AFM imaging. It is highlighted the use of the 'H
nucleus as a probe to analyze both the organic and inorganic structure, as well their interaction, due to
high MAS (60 kHz) experiments. Structural heterogeneities were observed only at nanoscale (< 5 nm)
using phase-contrast AFM, and the NMR analysis shows that these materials structure follow the build-
up principle with aluminum-phosphate species and alkoxysilane chains acting as fundamental building
blocks. The Al:P ratio dictates the hetero-condensation of aluminum and phosphate precursors,
resulting in linear aluminum-phosphate units. Insight into these aluminum-phosphate species was
possible by analyzing certain structural features of these species and comparing to compound models.
The features analyzed were the distribution of 3'P sites, the coordination of the hexacoordinate 27Al

sites, and the average (PO4)3(-AR*)irand (AlOg)*(-P5*)xlinkage, which were obtained from 27Al and
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1P MAS, 27Al TQ-MAS and Z7Al{3'P} REDOR-MAS experiments. These results suggest that
monomeric chains are formed for 3:1 Al:P ratio, and dimeric chains are formed for 1:3 Al:P ratio with
one and two phosphate units bridging the hexacoordinate aluminum (Al6) sites, respectively. TH{27Al}
and "H{3'P} double-CP and 2’Al MAS-NMR data show that monomeric aluminum-phosphate chains,
compared to the dimeric one, are more prone to hetero-condensation with the alkoxysilane chains since
Al-O-Si hetero-condensation is more expressive than P-O-Si hetero-condensation. This suggests that
the steric hindrance around the hexacoordinate aluminum site controls how the alkoxysilane
participates in the materials inorganic structure. The dimeric chains in 1:3 Al:P samples show Al8 sites
strongly hindered by phosphate tetrahedrons, and the alkoxysilane undergoes homo-condensation,
resulting in separate silicate and aluminum-phosphate inorganic networks. In contrast, the 3:1 Al:P
samples show Al6 sites readily available to react with the alkoxysilane, and the hetero-condensation
Al-O-Si competes with the homo-condensation, resulting in an inorganic network composed by
aluminum-phosphate units interconnected by silicate chains. In both cases, the alkoxysilane homo-
condensation predominates, as evidenced by 2°Si{H} CP-MAS experiments. Furthermore, the Al sites
are converted to Al* sites during Al-O-Si hetero-condensation in 3:1 Al:P samples. Despite their
structural differences, the polymerization of the organic group results in numerous organic crosslinks,
immobilizing the inorganic network and hindering phase separation, with the parallel formation of a
PMMA polymeric network according to 'H high-speed MAS, 13C{'H} CP-MAS, 'H DQ-SQ, 'H{?Al} and
'H{3'P} double CP-MAS, and 'H-3C{'H} and 'H-2°Si{'H} double CP-HETCOR-MAS experiments.
These structural features present these materials as potential candidates to immobilize lanthanide ions

for developing active optical components.
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Abstract

Process modeling is an important tool in additive manufacturing (AM) because it elucidates the
relationship between processing parameters and material properties. Ultraviolet laser scanning vat-
photopolymerization (VPP-UVL) is a common additive manufacturing technique, with a strong physical
modeling based on the Jacobs work curve framework. The work curve model was developed for
continuous UV exposure (CE) systems, however most VPP-UVL systems to date operate under
intermittent exposure (IE) conditions due to the wide adoption of solid-state pulsed-laser sources.
Despite their fundamental differences, the Jacobs work curve model is still successfully employed in
IE systems under high overlap conditions between pulses, however there are few investigations
regarding the limiting conditions for the applicability of the Jacobs work curve model to describe the
total exposure profile in intermittent exposure (IE) setups. To address this issue, a model describing a
VPP-UVL-IE process was developed. The VPP-UVL-IE model presented here has the same

logarithmic dependence as the Jacobs work curve model, but with the addition of a multiplying factor
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carrying information on the spatial distribution of energy, that is, the overlap of individual pulses. The
model is adaptable for non-gaussian beam profiles and can be solved for bidimensional analysis
representing layer fabrication. To test the model, a custom-built VPP-UVL-IE additive manufacturing
system was used, and structures were printed and characterized using SEM and stylus profilometry.
The model's reliability was investigated under constant overlap and exposure conditions. The model is
very robust under constant overlap conditions, with good agreement between experimental data and
simulation. For constant exposure, there is good qualitative agreement, but discrepancies occur due
to insufficient modeling of the spatial distribution of energy. The 3D printing of complex structures is
demonstrated, and the model indicates that VPP-UVL-IE can offer, theoretically, faster printing
compared to VPP-UVL-CE for large beam radius (>275 pm), under the assumption of Gaussian beam
profile, constant irradiance during the pulses, and dwell time longer than beam travel time. Conversely,
same levels of exposure can be achieved at higher scan speed using CW laser sources instead of

pulsed sources for small beam radius (<275 pm).

Resumo

A modelagem de processo é uma ferramenta importante na manufatura aditiva (AM) porque
elucida a relagdo entre os parametros de processamento e as propriedades do material. A
fotopolimerizagao por varredura a laser ultravioleta (VPP-UVL) é uma técnica de manufatura aditiva
muito comum, com uma forte modelagem fisica baseada na curva de trabalho de Jacobs. O modelo
de curva de trabalho foi desenvolvido para sistemas de exposicdo UV continua (CE), no entanto, a
maioria dos sistemas VPP-UVL opera sob condigdes de exposi¢ao intermitente (IE) devido a ampla
adocdo de fontes de laser pulsado de estado sdlido. Apesar de suas diferengas fundamentais, o
modelo de curva de trabalho de Jacobs ainda é empregado com sucesso em sistemas IE sob
condi¢bes de elevada sobreposi¢do entre pulsos, porém existem poucas investigagdes sobre as
condicdes limitantes para a aplicabilidade do modelo de curva de trabalho de Jacobs para descrever
o perfil de exposicao total em regime de exposicao intermitente (IE). Para explorar esse problema, um
modelo que descreve um processo VPP-UVL-IE foi desenvolvido. O modelo VPP-UVL-IE aqui
apresentado tem a mesma dependéncia logaritmica do modelo da curva de trabalho de Jacobs, mas
com a adi¢do de um fator multiplicador que carrega informagdes sobre a distribuigdo espacial da
energia, ou seja, a sobreposigado de pulsos individuais. O modelo é adaptavel para perfis de feixe ndo
gaussianos e pode ser resolvido para analises bidimensionais representando a fabricagdo de

camadas. Para testar o modelo, foi usado um sistema de manufatura aditiva VPP-UVL-IE customizado,
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e as estruturas foram impressas e caracterizadas usando SEM e perfilometria. A confiabilidade do
modelo foi investigada sob condi¢des de sobreposigéo e exposi¢do constantes. O modelo é bastante
robusto sob condigdes de sobreposi¢do constante, com boa concordancia entre os dados
experimentais e simulados. Para exposicdo constante, ha boa concordancia qualitativa, mas
discrepancias ocorrem devido a modelagem insuficiente da distribuicdo espacial de energia. A
impressao 3D de estruturas complexas é demonstrada, e o modelo indica que VPP-UVL-IE pode
oferecer, teoricamente, impressdo mais rapida em comparagéo com VPP-UVL-CE para grandes raios
de feixe (>275 pm), sob a hipétese de perfil de feixe gaussiano , irradiancia constante durante os
pulsos e tempo de permanéncia maior que o tempo de viagem do feixe. Por outro lado, os mesmos
niveis de exposicdo podem ser alcangados em velocidade de varredura mais alta usando fontes de

laser CW em vez de fontes pulsadas para raio de feixe pequeno (<275 um).

Résumé

La modélisation des processus est un outil important dans la fabrication additive (FA) car elle
élucide la relation entre les parametres de traitement et les propriétés des matériaux. La
photopolymérisation en cuve a balayage laser ultraviolet (VPP-UVL) est une technique de fabrication
additive courante, avec une modélisation physique solide basée sur le cadre de la courbe de travail de
Jacobs. Le modéle de courbe de travail a été développé pour les systemes d'exposition continue aux
UV (CE), mais la plupart des systemes VPP-UVL fonctionnent a ce jour dans des conditions
d'exposition intermittente (IE) en raison de la large adoption de sources laser pulsées a semi-
conducteurs. Malgré leurs différences fondamentales, le modéle de courbe de travail de Jacobs est
toujours utilise avec succes dans les systémes IE dans des conditions de chevauchement élevé entre
les impulsions, mais il existe peu d'études concernant les conditions limitantes de I'applicabilité du
modéle de courbe de travail de Jacobs pour décrire le profil d'exposition totale en intermittent.
configurations d'exposition (IE). Pour résoudre ce probléme, un modéle décrivant un processus VPP-
UVL-IE a été développé. Le modele VPP-UVL-IE présenté ici a la méme dépendance logarithmique
que le modéle de courbe de travail de Jacobs, mais avec I'ajout d'un facteur multiplicateur portant des
informations sur la distribution spatiale de I'énergie, c'est-a-dire le chevauchement des impulsions
individuelles. Le modéle est adaptable pour des profils de faisceau non gaussiens et peut étre résolu
pour une analyse bidimensionnelle représentant la fabrication de couches. Pour tester le modéle, un
systéme de fabrication additive VPP-UVL-IE sur mesure a été utilisé, et les structures ont été

imprimées et caractérisées a l'aide de la profilométrie SEM et du stylet. La fiabilité du modéle a été
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étudiée dans des conditions de chevauchement et d'exposition constants. Le modéle est trés robuste
dans des conditions de chevauchement constant, avec un bon accord entre les données
expérimentales et la simulation. Pour une exposition constante, il y a un bon accord qualitatif, mais des
écarts se produisent en raison d'une modélisation insuffisante de la distribution spatiale de I'énergie.
L'impression 3D de structures complexes est démontrée et le modéle indique que VPP-UVL-IE peut
offrir, en théorie, une impression plus rapide par rapport a VPP-UVL-CE pour un rayon de faisceau
important (> 275 um), sous I'hypothése d'un profil de faisceau gaussien , irradiance constante pendant
les impulsions et temps de séjour supérieur au temps de parcours du faisceau. Inversement, les
mémes niveaux d'exposition peuvent étre obtenus a une vitesse de balayage plus élevée en utilisant

des sources laser CW au lieu de sources pulsées pour un petit rayon de faisceau (<275 pym).

Introduction

VPP-UVL was one of the first AM techniques developed and offers high resolution, fast printing
times and excellent surface quality compared to other AM technologies 2. Most VPP-UVL setups
employed continuous exposure (CE) conditions in the early years of the technique by scanning a
photopolymerizable resin at a constant speed using a continuous wave (CW) UV laser as illustrated in
Figure 43 3. Process modeling offers a reference framework to understand the influence of different
experimental parameters into the final product dimensions and properties, which is essential to produce
high-quality parts 4. The pioneer work of Jacob can successfully describe the VPP-UVL-CE process,
resulting in a simple yet robust model capable of predicting the cured layer thickness as function of the
energy dose 356, The model shows some limitations in addressing the lateral resolution of printed
features and can be imprecise when dynamical and photochemical 78 factors play a major role into the
polymerization reaction, because the applied energy dose is not enough to describe the entire
polymerization reaction. Nonetheless, Jacob’s model is still used as the foundation for more precise
VPP-UVL-CE models encompassing factors, such as reaction rate dependence on light intensity ¢,
scattering centers 10-14_ diffusion 516, photobleaching '7, oxygen inhibition 618, heat diffusion 19, and

self-focusing effects 20.
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Figure 43. Exposure profile outputted by a VPP-UVL process under continuous exposure (CE), and
intermittent exposure (IE) conditions. Profiles calculated using a 250 ym beam radius with 1W power
output. Dwell time of 1 s and inter-pulse distance of 250 um were employed for |E process and scan
speed of 250 um.s-! for CE process.

An intermittent exposure (IE) process is a variant of VPP-UVL in which single laser pulses
overlap to result in a homogenous exposure profile, as illustrated in Figure 43. The overlap between
pulses depends on the inter-pulse distance, which is directly linked to the laser repetition rate and the
laser scan speed. VPP-UVL-IE process has been typically represented by multiphoton-polymerization
(MPP) setups 2! as well single-photon processes using pulsed lamp sources 22-24, However, |E process
has been commercially dominant 25 due to the superior lifetime and efficiency of frequency-multiplied
solid-state lasers compared to traditional CW gas lasers used in CE systems 2226, The distinction
between CE and IE processes is often overlooked despite their fundamental differences, and process
modeling in VPP-IE has been mostly focused on MPP setups, with emphasis on photopolymerization
kinetics 2" and lateral resolution 28-30, Physical models for VPP-UVL-IE are far less prevalent in

literature compared to CE process.

Recent studies simulating on VPP-UVL-IE have indicated higher lateral resolution compared
to VPP-UVL-CE if the dwell time is less than the time scale of molecular species diffusion (10-% s for
1,6 Hexanediol diacrylate monomer) 31, allowing polymerization to occur strictly within the exposed
area. Nonetheless, any technological developments on VPP-UVL-IE requires a process model capable
of predicting: (1) the polymerized layer thickness as a function of the energy dose, and (2) under which
conditions a homogenous energy dose profile is delivered to fabricate continuous structures.

Experimentally, it has been verified that the work curve equation can be used for addressing (1),
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however the Jacobs work curve model (CW laser scanning at constant speed) is inappropriate to model
the spatial distribution of exposure introduced by the pulsed regime observed in VPP-UVL-IE systems
since it does not acquaint for the overlap between subsequent pulses. Concerning (2), published
literature 22-24 typically employ high overlap conditions between laser pulses to achieve conditions
similar to continuous exposure, however the limiting conditions to achieve homogeneous exposure are

still little explored.

This work presents and validates a VPP-UVL-IE process model with experimental results from
a custom-built additive manufacturing system. The model employ the same boundary conditions of the
Jacobs work curve model, but approximates the total exposure by a summation of the exposure
function of individual laser pulses as if they occurred simultaneously, which is similar to a recent
approach employed for another CE process using a VPP-UVM (mask projection) system 32,
Photochemical and dynamical factors, such as self-focusing, scattering and photobleaching are not
considered, and polymerization is solely determined by the levels of exposure. The derived VPP-UVL-
IE model describes the total exposure as two separable contributions associated with the energy dose
of a single pulse and the overlap from adjacent pulses. The model was tested experimentally by
fabricating and characterizing line structures under constant overlap and constant single-pulse
exposure conditions. The model highlights the limitations of using the Jacob's work curve to predict (1)
and offers a reference framework to select the printing parameters to achieve a homogenous energy
dose profile (2). Furthermore, the printing speed between VPP-UVL-IE and -CE process is compared

from a theoretical point of view and the -IE process can be faster depending on the laser beam radius.
Materials and Methods

IE-SLA printer

The custom-made VPP-UVL-IE additive manufacturing system employed in this work is
equipped with a CW-diode laser (Laserglow Technology, model LRS-0360-WFO) operating at 360 nm.
The laser beam is corrected by a lens (=100 mm) to achieve a gaussian-like profile. A x-y
galvanometric mirror (Dual-Axis Galvo Scan Head Systems, Thorlabs) with fast response (250 ps for
AB=0.4°) guides the laser beam from spot to spot during the printing process. Typical dwell time at
each spot is between 10 ms and 100 ms (with 10 ms temporal resolution), with an estimated 125 us
travel time between spots (100 um displacement between spots with the galvanometric mirror at 30 cm
from the platform). The dwell time is at least 3 orders of magnitude slower than the travel time, and the
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process can be approximated as VPP-UVL-IE process with constant irradiance during the laser pulses,
as evidenced by the results presented below. Laser irradiance is adjusted using a series of ND filters
located at the exit of the laser, achieving a variable laser power between 30 pyW and 20 mW. The
resulting beam diameter (1/e2) at the printing platform is 550 £ 10 um. Printing platform vertical
movement is achieved using a high-resolution linear stage. The hardware is controlled through a
MATLAB software that reads G-Code files and send the instructions through a National Instruments
multifunction data acquisition unit (USB-6009) connected to the computer’s universal serial bus. Inter-
pulse distance, dwell time, and platform vertical displacement between layers are user-defined
parameters inputted through the software. The collection of individual exposures allowing the
fabrication of continuous structures is demonstrated in Video S1 available in supplementary
information. The VPP-UVL-IE setup’s printing capability is demonstrated in Figure 44, showing

different complex and intricate scaffold structures.

Figure 44. (a) Pictures of different geometries printed using 0.73 wt.% [PETA/BAPO]-[MPTMS-HAD]
resin, (b) the side view of the 3D printed scaffold (10 mm cube), (c) the scaffold compressive strength
response in the perpendicular direction of the printed structure, (d), SEM image of 3D printed scaffold
wall. Printing parameters were 100 mW.cm-2, dwell time between 50 to 70 ms and 100 ym inter-pulse
distance.

Resin Preparation

Resins for VPP-UVL were prepared according to literature 33. Pentaerythritol tetraacrylate-
PETA (Sigma-Aldrich), 1, 6-hexanediol diacrylate-HDA (Sigma-Aldrich), 3-(trimethoxysilyl)propyl
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methacrylate-MPTMS (Sigma-Aldrich), and phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide-BAPO
(Sigma-Aldrich 97%) were used as received. BAPO was dissolved in PETA at 0.73 w.t. %
concentration. The container was wrapped in aluminum foil to reduce premature polymerization under
ambient light and the mixture was stirred for 90 min. MPTMS was hydrolyzed with a HCI solution
(0.1 mol.L") using a 1:2 (H20:MPTMS) molar ratio for 1 h, and hydrolysis byproducts were eliminated
under low pressure conditions for 40 min (25 mbar at 30 °C). Lastly, pre-hydrolyzed MPTMS and HAD
were added to the BAPO solution at [HDA]/[PETA]=0.13 and [MPTMS]/[PETA]=0.25 molar ratio and

the mixture was stirred for another 30 min.
Linear structures fabrication and characterization

Lines were printed in a glass slide substrate using a vat structure as presented in Figure 45
(a). For constant overlap experiments, inter-pulse distance (h) was kept constant and laser irradiance
and dwell time were varied. For constant energy experiments (Ese), laser irradiance and dwell time
were kept constant and different inter-pulse distances were tested. Once printed, residual resin was
removed from the structures using lens tissue resulting in the lines presented in Figure 45 (b). The
height profile was measured using a surface stylus profilometer equipped with a 45° and 3um curvature
radius stylus (Form Taylorsurf PGI Optics). SEM images were collected using a Quanta 3D FEG (FEI)

at 3 keV to avoid surface damage.
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(a) Laser Beam
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Resin Polymerized Volume

Figure 45. (a) lllustration of the vat setup used to fabricate line structures using VPP-UVL-IE process.
(b) The resulting line structures fabricated with different exposure conditions.

Intermittent exposure modeling - VPP-UVL-IE

The developed model for the VPP-UVL-IE process is based on the main steps and
assumptions present in the Jacob's work curve model, which is well-described in literature 356,
According to Beer-Lambert law, when light passes through an absorbing medium, its irradiance H
(mW.cm-2) and exposure E (mJ.cm2) decay exponentially with distance until it reaches 1/e of its original
value at a characteristic penetration depth (Dp), as shown in Equation 1. A resin for VPP is a
photoreactive medium, and the extent of the polymerization reaction is directly associated to the total
exposure. These resins are composed by multifunctional monomers, and a percolated network, or gel
structure, is formed when the exposure exceeds a critical exposure value (E>E;). The surface of the
polymerized volume is described by Equation 1 when the boundary condition E(x,y,Cq)=E. is
introduced, resulting in Equation 2a, where Cy is the cure depth, or the layer thickness. The vertical
platform movement is a process parameter directly correlated to the cure depth, and Equation 2a can

be reorganized as Equation 2b. Based on such considerations, any VPP process can be modeled if
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the exposure can be adequately described. Jacobs work curve model corresponds to the solution of
Equation 2b using a gaussian beam laser with W, (um) beam radius (1/e2 of peak exposure) moving

at constant speed Vce (um.s') and with P; output power (mW), resulting in Equation 2c.

ftioH(x'Y)-e_Z/D” .dt = E(x,y,z) = E(x,y).e~%/Pr Equation 1

E, = E(x,y).e Ca®)/Dp Equation 2a
_ E(x.y) :
Ca(x,y) = Dp * lnE— Equation 2b
C;=Dpxln |24 Equation 2c
d P nwWé VegEc

In the case of VPP-UVL-IE, the simplest approximation for calculating the total exposure is to
sum the exposure of all individual pulses assuming they occur simultaneously. Assuming that the
printing process occurs by scanning a pulsed laser along the X direction, followed by translation along
the Y axis for bidimensional fabrication, in such a way that all individual pulses are aligned to each

other, the total exposure assumes the form of Equation 3.

2

E(x,y) =P.t

D) exp(=20x = nhy)? /W) . exp(=2(y = mhy) /W)

m=0n=0
Equation 3

Here, h2 (m) is the hatch distance (spacing in the Y axis between two), h1 (m) is the inter-pulse
distance in the X axis, Pi (W) is the laser power, and t (s) is the dwell time of each pulse. Such
description assumes that the exposure is spatially confined to the pulse spot, that is, the laser beam is
stationary during the pulse. The spatial coordinate along the x and y axis (um) are represented by x
and y, respectively. The parameters n and m refer to the nth individual exposure at the mth line. The
overlap of parallel lines has been studied in literature, thus only the exposure profile from a line scan
is of interest in such analysis. Studying the peak exposure profile (y=0) of a single line scan (m=0)

results in Equation 4.
E(X) = neo En(x) = Pt o Bnmo exp(=2(x — nhy)?/W7)  Equation 4

Dwell time and laser power are parameters inputted by the user, and the total exposure is more

conveniently expressed as Equation 5a:
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E(x,h,W,) = Esz(P,,t). EOF (x, h, W) Equation 5a

2
w2

Esg(P,t) = Pt Equation 5b

EOF (x,h,W,) = Y- exp(—2(x — nhy)?/W}?) Equation 5¢

where Ese represent the peak exposure value associated to a single exposure as defined by
Equation 5b, and EOF(x,h,W,) is an Exposure Overlap Factor carrying the information on the spatial
profile of exposure as defined by Equation 5¢. The model for the VPP-UVL-IE process is identical to
that of VPP-UVL-CE, with the addition of a factor describing the spatial distribution of exposure. It is
highlighted that the critical exposure hypothesis and the summation of individual exposures overlook
the complexity of the laser-resin interaction. Literature indicates that the critical exposure hypothesis is
quite robust 34, but that is not the case for the summation hypothesis 5, and many factors such as
photobleaching, and self-focusing effects, can hinder an accurate description of EOF. Because of
insufficient EOF modeling, calculating critical exposure values for various overlap conditions can be
unreliable as will be shown in the following sections. However, the VPP-UVL-IE model present EOF
and Ese as separable factors that can be tested independently. Such separation is not limited to the
gaussian beam case but can be observed for any beam profile as long as Ese can be expressed as a

normalizing factor.

A simulation of EOF profile is presented in Figure 46 (a). A 7 mm line scan with different inter-
pulse distances using the same beam diameter (=550 ym) employed in the experimental part was
calculated by numerically solving Equation 5¢ for discrete points spaced 2 um along the scan line.
EOF values fluctuate along the scan line and the inter-pulse distance determines its periodicity and
magnitude. Decreasing inter-pulse distance increases the overlap between subsequent exposures,
resulting in more homogenous and higher values for the EOF profile along the scan line. These findings
point to a minimum inter-pulse distance, depending on the beam diameter, in which EOF fluctuations
are minimized and a homogenous energy dose profile is delivered. To evaluate such hypothesis, the
coefficient of variation for EOF values was calculated for different inter-pulse distances using average
(Meor) and standard deviation (oeor) values according to Equation 6. These values were calculated by
performing a discrete statistical analysis over the EOF values calculated using Equation 5¢ of a 7 mm

line scan simulation. Only the central 5 mm of the scan line were used for the discrete statistical analysis
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to avoid deviations introduced by the low overlap conditions found at the beginning and end of the line

scan.

. . o -
EOF Coef.of variation = —2£&hWo) Equation 6
KEOF(x,h,W o)

The simulations were done for different beam diameters (500 ym < @ <700 ym) and the
calculated EOF coefficient of variation is presented in Figure 46 (b) as a function of h/W, ratio to allow
a direct comparison between the overlap conditions of laser beams with different diameters. According
to these simulations, homogenous exposure is achievable at longer inter-pulse distances using larger
beam radius. Using the 1% coefficient of variation as an arbitrary threshold for exposure homogeneity,
it can be seen that the corresponding inter-pulse distance shifts from h/W,=0.91 at W,=250 um to
h/Wo=1.28 at W,=350 um. However, a larger beam radius compromises the achievable lateral
resolution as demonstrated by simulating the EOF profile (values were normalized by the maximum
EOF for direct comparison) at the start of a line scan for different beam radius at constant inter-pulse
distance, as presented in Figure 46 (c). It can be seen that exposure builds up over hundreds of
micrometers until it becomes stable. Nonetheless, the final lateral resolution will depend on the Esg/Ece

ratios because the critical exposure act as an energy cutoff to form structures.
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Figure 46. (a) EOF values along a 7 mm scan line using a W,=275 ym gaussian laser beam with
different inter-pulse distances, (b) EOF coefficient of variation calculated over a 5 mm long scan line
with different inter-pulse distances, and (c) normalized values of EOF at the beginning of a line scan
using different beam diameters with fixed inter-pulse distance (0.5 = h/W,).

The VPP-UVL-IE model derived is similar to the Jacobs work curve describing -CE process,
allowing a direct comparison between the printing speed of -IE and -CE process. Assuming the same
laser beam parameters (W, and P)), and that beam speed in VPP-UVL-IE (Vie) can be approximated
by h/t (i.e. dwell time is about two to three orders of magnitude longer than the beam travel time
between spots), Equation 2¢ and 5a describing the peak exposure can be equaled resulting in

Equation 7.
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P, , 2 2
Ecp = Vop |7z = Pz-thoz EOF (x, h, W,) = Ejg(x, h, W,)

Vig = h/t

T Wo .
Vee = VIE\/;—EOF(x,h,WO).h Equation 7

Thus, the difference in scan speed between -CE and -IE process is a function of EOF. The
dependence of EOF with beam radius and inter-pulse distance was evaluated by calculating average
EOF values for gaussian beams with different diameters (500 ym < @ < 700 pym) as function of h/W,
ratio. The data was fitted using an allometric equation (R2=1), as shown in Figure 47 (a). The coefficient
of the allometric fitting was plotted as function of the beam radius and fitted using a linear equation
(R2=1), yielding Equation 8a which express EOF as a function of beam radius and inter-pulse distance
as shown in Figure 47 (b). Introducing the fitting into Equation 7 shows that VPP-UVL-IE could
theoretically offer faster printing compared to -CE process when the beam radius is larger than 275 pm
under same laser intensity conditions with constant power output during the pulses of a gaussian beam,
where the laser beam is stationary during the pulse and the dwell time is much longer than the travel
time between two spots, as indicated by Equation 8b. Interestingly, the difference in scan speed
between -CE and -IE process does not depend on dwell time and inter-pulse distance, thus the inter-
pulse distance can be freely modulated to achieve homogenous exposure levels along the scan line.
Such counter-intuitive conclusion indicates that the faster scan speed of -IE process is a direct result
of the higher coverage area and pulse overlap provided by wide laser beams. Conversely, this result
also suggests that higher scan speeds are achievable using -CE process for most commercial VPP
platforms, which employ pulsed laser sources with beam diameter between 100 and 200 um with typical
pulse duration of dozens of nanoseconds, while the pulse interval is on the order of microseconds 2.
It is worth highlighting that increasing the laser beam diameter also results in decreased lateral

resolution, especially at the edges, the ending and beginning of scan lines.
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Figure 47. (a) Average EOF value for a gaussian beam with different radius (250, 275, 300, 325, and
350 um) at different inter-pulse distances. Fitting in red line with an allometric equation y=ax-! (R2=1).
The values of a parameter are plotted in (b) and fitted with a linear equation a=0.00456W, (R2=1).

Heor (h,Wy) = 0.00456 " im™ 250 jm < W, < 350 ym  Equation 8a

Veg = ZWLSVIE.um Equation 8b
The model applicability depends on its robustness since the EOF profile can present
insufficient modeling. The impact of such deviations will mostly depend on the exposure conditions
used (Ese/Ec ratios). This is evident in Equation 9 obtained by combining Equation 5a and 2b,
showing that an accurate EOF modeling has greater importance under low exposure conditions (In

Ese/Ec = In EOF) compared to high exposure conditions (In Ese/Ece > In EOF).
Ca(x) = Dy (INZE + In EOF (x, b, W) Equation 9

Cc

All the above presented analysis is done for a line scan; however, the model can be expanded
for bidimensional (layer fabrication) analysis by solving Equation 3 in y axis. Simulations for the plane
fabrication are presented in Figure S1 available on the Supporting Information in Annex C and the
same conclusions can be drawn. Itis highlighted that EOF values are different in bidimensional analysis

due to overlap in y axis.
Results and discussion

IE-SLA model at constant EOF
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Unidimensional (lines) structures were printed at a constant inter-pulse distance of 100 ym.
Dwell time ranging from 10 ms up to 100 ms and laser power output from 0.1 mW up to 1.4 mW
(irradiance between 42-589 m\Wcm-2) were used. Exposure and cure depth data is presented in Figure
48. The data show good adjustment with Equation 9 (R2=0.994), with critical exposure (E./EOF)
estimated in 2.3 mJ.cm2 (simulated EOF=3.4) and penetration depth of 401 um. The data at different
irradiances can be satisfactorily fitted with a single curve, suggesting that dynamical factors associated
to photopolymerization such as oxygen inhibition and reaction rate dependence on light intensity have
little effect over the VPP-UVL-IE for these resins. If these factors have an appreciable contribution, the

work curves should shift for higher energy as the irradiance increases °.
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Figure 48. Cure depth (Cq) as a function of exposure for the 0.73 wt.% [PETA/BAPO]-[MPTMS-HAD]
resin.

According to Equation 7, the VPP-UVL-IE model assumes the same form of Jacobs work
curve when inter-pulse distance and beam diameter are fixed, resulting in constant EOF values. This
prediction is in excellent agreement with the presented data, and explains why the Jacobs work curve
model can be used to model cure depth and exposure data from pulsed laser VPP experiments 2224,
These observations have been confirmed with a series of other photopolymerizable resins explored by
the authors research group and confirm the non-dependence between Ese and EOF factors (data to

be published in future works).
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IE-SLA model at constant Esg

Linear structures were fabricated under constant laser irradiance and dwell time while the inter-
pulse distance was varied from 1 mm to 0.1 mm. Two sets of samples were fabricated under low
(Ese=Ec) and high (Ese=~8Ec) exposure conditions. The lines were characterized by SEM and stylus
profilometry, and experimental data was compared to the simulated VPP-UVL-IE model under the
same experimental parameters using Ec and D, calculated from work curves obtained with 0.1 mm

inter-pulse distance.

SEM images and the VPP-UVL-IE model simulation for the high exposure samples is
presented in Figure 49. The simulated and experimental height profile is consistent, and the model
correctly describes the evolution from single and spaced exposures to continuous structures
associated to the higher overlap. The spacing between each exposure spot shows good agreement
with experimental data and the width of resulting structures at long inter-pulse distance (h/W,=3.63)
are comparable (~500um). The height profile becomes homogenous for h/W,<0.91, which is consistent
with the calculated 1% EOF coefficient of variation threshold at h/Wo<1. The model overestimates
height oscillations on the h/W,=1.82 sample, suggesting that the overlap between individual exposures

are higher compared to the model prediction, and real EOF values are superior to simulated ones.

Topography maps obtained from profilometry data presented in Figure S2 available on the
Supporting Information in Annex C reveal further discrepancies. The model overestimates the lines
absolute height by about 20%, except the h/W,=0.36 sample whose values are consistent with the
model and corresponds to the inter-pulse distance used to calculate the work curve parameters. These
inconsistencies indicate real EOF values differ from calculated ones, which is reasonable since the
model was simulated for a gaussian beam, and the laser employed in this work is not gaussian (M2 <
2). As noted in the h/W,=1.82 sample, EOF values are higher compared to calculation, leading to
underestimation of critical exposure. Ultimately, a systematic error is introduced and the height profile
at different inter-pulse distances is overestimated by the model. Nonetheless, the VPP-UVL-IE model
offers good insight into the evolution of the exposure and height profile obtained at high exposure

conditions.
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Figure 49. (a) SEM image of a line scan at different inter-pulse distances using 0.73 wt%
[PETA/BAPO]J-[MPTMS-HAD] resin with a 360 nm laser (#=550+10 pm) 800 pyW (336.7 mW.cm-2)
laser and 100 ms of dwell time. Bar scale of 1 mm; (b) Topography profile according to VPP-UVL-IE
model using the same experimental parameters.
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Experimental data and simulation for low exposure sample is presented in Figure 50. There
are discrepancies in the height profile for long inter-pulse distance (h/W,>0.87) samples. The
h/W,=3.63 and 1.82 samples show wider and taller structures, and h/W,=1.21 and 0.91 samples show
significant height oscillations compared to the simulation. Topography maps presented in Figure S3
available in the Supporting Information in Annex C indicate significant differences in height values,
which are underestimated for all samples, except the h/W,=0.36 sample. It can be noted that the error
increases as h/W, departs from 0.36, and the predicted height deviates about 10% for h/W,=0.73 and
are higher than 100% at h/W,=1.21. According to Equation 7, EOF values have a large influence in
the height profile under low exposure conditions, meaning that the observed deviations are associated
with inadequate modeling of total exposure. Thus, the dynamical aspects of photopolymerization, such
as self-focusing, scattering and photobleaching phenomena cannot be overlooked when describing the
VPP-UVL-IE process at low exposure conditions. In such cases, it is recommended that critical energy
and penetration depth must be experimentally determined under the specific overlap conditions

employed.
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Figure 50. (a) SEM image of a line scan at different inter-pulse distances using 0.73 wt%
[PETA/BAPO]-[MPTMS-HAD] resin with a 360 nm 100uW (42.1 mW.cm-2) laser and 100 ms of dwell
time. Bar scale of 1 mm; (b) Topography profile according to VPP-UVL-IE model using the same
experimental parameters.
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In addition to the model's reliability, high exposure conditions offer better surface quality
compared to low exposure conditions, as observed in the SEM images of line structures printed with
different exposure conditions with fixed inter-pulse distance (h/W,=0.35) presented in Figure 51. At
low exposure, as showed by Figure 51 (a-b), the surface is irregular and shows many printing defects,
however it becomes smoother as exposure increases, as indicated by Figure 51 (e-f). These findings
can be analyzed in the scope of Equation 7, since fluctuations in the beam profile and local

heterogeneities in the resin will affect EOF values, which are more critical when E/E ratio is small.

Figure 51. Top (a), (c), and (e) and side view (b), (d), and (f) SEM images of 3D-printed lines prepared
from [PETA/BAPQ] -[MPTMS-HAD] printed with 10, 30 and 100 ms of dwell time, respectively. Laser
irradiance was fixed at 336.7 mW.cm2 and inter-pulse distance of 100 um was used. Total exposure
values of 11.4, 34.3 and 114 mJ.cm-2 were calculated based on estimated EOF values (EOF = 3.4).
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Conclusion

A VPP-UVL-IE process was modeled and tested using a custom-built printer. The model does
not consider dynamical aspects of the photopolymerization process such as reaction kinetics,
photobleaching, diffusion and self-focus effects, and the total exposure is described as a summation
of individual exposures. The model has the same logarithmic dependence of Jacobs work curve, and
the total exposure separates in the exposure of a single pulse and the overlap from adjacent pulses.
The model describes with good precision experimental data when the printing parameters related to
the spatial distribution of energy are fixed. When fixed exposure conditions are used, only good
qualitative agreement is found, and a more robust exposure overlap model is needed to accurately
simulate the complexity of the laser-resin interaction. Nonetheless, good agreement with experimental
data is still possible under high (Ese=8Ec) exposure conditions since the single exposure contribution
becomes more important than the overlap one. The VPP-UVL-IE model is less reliable at low exposure
(Ese=Ec) conditions. Insufficient modelling on EOF is eliminated by experimentally determining the
critical energy and penetration depth of the resin under fixed overlap conditions, which in most
commercial platforms would mean using same scan speed and pulse frequency. These findings
highlight intrinsic limitations of the Jacobs work curve model in describing the VPP-UVL-IE process
because critical energy values cannot be compared without taking into consideration the overlapping
factor between pulse, which are dictated by pulse frequency and scan speed. Lastly, the model
indicates that VPP-UVL-IE can, in theory, offer faster printing compared to -CE process for wide laser
beam radius (<275 pm) with gaussian profile, considering constant laser output between pulses with
dwell time much larger than travel time. Conversely, the model points out that commercial system

where laser beam radius is typically inferior than 275 um could be faster using CW laser sources.
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Abstract

The photopolymerization of aluminum-phosphate-silicate resins obtained from the hybrid sol-
gel route for Vat Photopolymerization (VPP) process was investigated. The printing parameters derived
from Jacob’s work curve model, critical energy (Ec) and penetration depth (D), were determined as a
function of laser power and MPTMS (silicate) concentration for materials with stoichiometry Siy- (Al+P)
(1), 0 =x<0.7. The kinetics of photopolymerization were further explored using steady- and unsteady-
state photo-DSC experiments. The oxygen inhibition, and primary termination had similar contributions
to the polymerization process for all compositions, while the propagation and bimolecular termination
constants increased with MPTMS concentration. These experimental results were used to test the

validity of the E, (ktl/ z / k,) and D,, « € relationship derived from a photochemical model for VPP

assuming steady-state kinetics. Both E,. o« (ktl/ z / k,) and D,, o< € may be used to predict critical
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energy and penetration values for an arbitrary resin without calculating its work curve function,

according to our study.
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Resumo

Neste trabalho foi investigado a fotopolimerizagdo de resinas a base de aluminio-fosfato-
silicato obtidas a partir da rota sol-gel para impressao 3D via fotopolimerizagdo em cuba (VPP). Os
parametros de impressao energia critica (Ec) e profundidade de penetracéo (Dp), derivados do modelo
de curva de trabalho de Jacob, foram determinados em fungéo da poténcia do laser e da concentragéo
de MPTMS (silicato) para materiais com estequiometria Six- (A+P) 1x, 0 < x < 0.7.
Complementarmente, foi estudado a cinética da fotopolimerizagao através de experimentos de foto-
DSC utilizando modelos cinéticos de polimerizagdo em estado estacionario € nao-estacionario. Os
resultados obtidos indicaram que a inibigao por oxigénio e a terminagéo primaria tiveram contribuicdes
similares para o processo de polimerizagdo em todas as composi¢oes, enquanto as constantes de

propagacao e terminacao bimolecular aumentaram com a concentragdo de MPTMS. Esses resultados
experimentais foram utilizados para validar as relagdes E, (ktl/ 2 / k,) e D, x € obtidas a partir
de um modelo fotoquimico para VPP assumindo cinética polimerizagcdo em estado estacionario.
Ambos E, « (ktl/ 2 / k,) e D, o € podem ser usados para prever valores de energia critica e de

profundida de penetragao, dispensando a necessidade de construir a curva de trabalho do material.
Résumé

La photopolymérisation des résines d'aluminium-phosphate-silicate obtenues a partir de la
voie sol-gel pour le processus de photopolymérisation en cuve (VPP) a été étudiée. Les paramétres
d'impression dérivés du modéle de courbe de travail de Jacob, énergie critique (Ec) et profondeur de

pénétration (Dp), ont été déterminés en fonction de la puissance du laser et de la concentration de
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MPTMS (silicate) pour les matériaux de stoechiométrie Six)- (Al+P) (1, 0 < x < 0.7. La cinétique de la
photopolymérisation a été explorée a l'aide d'expériences de photo-DSC en utilisant des modelés
cinétiques de polymérisation avec d’approximation des états quasi stationnaires e non stationnaires.
L'inhibition de I'oxygéne et la terminaison primaire avaient des contributions similaires au processus
de polymérisation pour toutes les compositions, tandis que les constantes de propagation et de

terminaison bimoléculaire augmentaient avec la concentration de MPTMS. Ces résultats
expérimentaux ont été utilisés pour tester la validité de la relation E,. o« (ktl/ 2 / k,)etD, o e dérivée
d'un modéle photochimique pour VPP en supposant une cinétique a I'état d'équilibre. Selon notre
étude, E, « (ktl/ 2 / k,) et D,, o< e peuvent étre utilisés pour predire I'énergie critique et les valeurs

de pénétration pour une résine arbitraire sans calculer sa fonction de courbe de travail.

Introduction

Laser scanning vat photopolymerization (VPP-UV), also known as stereolithography (SLA), is
a well-established additive manufacturing (AM) technique based on the selective photopolymerization
of a resin using a laser source . VPP presents one of the greatest printing resolutions and best surface
quality among other AM techniques, making it a suitable microfabrication technology for applications
in photonics 23 and microfluidics 4°. The lack of a wide variety of processable materials is one of the
main factors hindering the extensive application of VPP techniques 7, since only acrylate, epoxy and
thiol-ene organic functions can react through the photopolymerization mechanism 8. Recently,
numerous studies have been conducted to expand the range of materials that can be processed by
VPP, with a focus on ceramics and inorganic glasses. One of the most promising methods is the hybrid
sol-gel process to achieve a photopolymerizable resin, resulting in a hybrid material 1914, which can be
further heat treated to remove the organic components, and form a ceramic material >-'7 or an

inorganic glass 18-23,

Modeling the laser-resin interaction is a crucial aspect for developing new materials for VPP
technologies, as it enables the selection of optimal exposure conditions (processing parameters) to
produce the desired 3D printed objects 24. Consequently, a model describing the VPP process must
consider the physics and chemistry of light penetration and polymerization kinetics. This is not a simple

task since many factors must be considered to create accurate models, such as the numerous parallel
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reactions leading to polymerization 2526, the dependence of kinetic constants on light intensity 27,
presence of scattering centers 28-32, diffusion of active centers and monomers 3334, photobleaching of
photoinitiator fragments 35 oxygen inhibition 343, heat diffusion 37, self-focusing effects 38,
polymerization shrinkage and cyclization reaction 3%41, and the gel effect 25264243, The most relevant

factors affecting the laser-resin interaction are summarized in Figure 52.
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Figure 52. The main factors determining the laser-resin interaction during the photopolymerization
process in vat-photopolymerization techniques.

Jacob deduced the work curve model in the early 1960, when the VPP process was in its
infancy 4445. The model describes the light penetration of a Gaussian beam using the Lambert-Beer
law, and it assumes the existence of a critical exposure (Ec) required for the resin to reach the gel point,
i.e., the formation of a percolated network 14445 as well a characteristic penetration depth (Dp) related
to the absorption properties of the resin. The Jacobs work curve model is shown in Equation 1, and
the model is successful in fitting layer thickness (Cq) vs energy dose (E) data straightforwardly. It is
important to highlight that the E¢ and D, obtained can only be applied under the irradiation conditions
studied.

Ca =D, lnE (D
E.
Constructing the Jacobs work curve has become the most popular procedure for characterizing

a new photocurable resin for VPP, nevertheless the critical exposure hypothesis oversimplifies the
complexity and dynamic nature of the photopolymerization phenomenon. For instance, the kinetics of
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photopolymerization, and the resulting polymer properties do not scale linearly with the applied energy
dose, that is, reciprocity law is not respected in most cases 46 because the photoscission is the primary
reaction while the photopolymerization is a secondary process. In the case of VPP, it means that E.
and D, values of different materials can only be compared if they are measured at the same light
intensity 2747, The Trommsdorff-Norrish effect (gel effect) increases the complexity of the
photopolymerization because the percolation of the polymeric network greatly affects the kinetics of
the photopolymerization process 4849, Traditional methods to model the gel effect such as Flory-
Stockmayer theory for polycondensation systems and statistical methods do not consider the evolution
of the polymerization kinetics and cannot address the laser-resin interaction 25.To date, there is no

reliable approach for modeling the gel effect.

The most robust photopolymerization models encompassing all these factors can be divided
into phenomenological and mechanistic approaches. Phenomenological methods describe the
photopolymerization process as a single reaction, which facilitates its implementation in engineering
processes %, at the expense of information on the numerous parallel reactions occurring during the
photopolymerization process '. In contrast, mechanistic models try to capture all the reactions
associated with the polymerization process, but still require a significant number of assumptions and
simplifications 51 due to the complexity of the photopolymerization reaction. Nonetheless, mechanistic
models are the most interesting approaches to understand the correlation between
photopolymerization kinetics and the printing parameters of VPP. The most robust mechanistic models
available require experimental data to fit a free-volume factor describing the network percolation and
the reduced mobility of chemical species, i.e., the gel effect 52. Furthermore, there are few works in the
literature concerning the photopolymerization process under high initiation rates with high crosslink
density, which is the case for VPP-UV techniques 4953-55, Consequently, most descriptions of the
photochemistry of VPP resins presented in the literature fail to grasp the significant primary termination,
recombination, and cyclization reactions 95657, as well the gel effect at C=C conversion as low as 5%

present in the photopolymerization of these materials.

Few works have been published in the literature concerning the photochemistry of VPP, and
they rely on simulations employing mechanistic %60 or phenomenological models 5061-63, |t is important
to highlight, however, that none of these studies were developed in the same framework of the work
curve model. Consequently, there is no connection between the work curve model parameters (critical

energy and penetration depth), and the physico-chemical properties of a resin for VPP-UV (such as
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photopolymerization kinetic constants, structure, crosslinking density, viscosity, concentration of
reactive groups, and polymerization shrinkage). Such a gap in the literature results in time-consuming
and tedious experiments to acquire energy dose vs cure depth data for each material under specific
exposure conditions since there is no reliable method of estimating these values for an arbitrary resin.
In this sense, the work of Lee et al. 8 is the only one in the literature addressing such issue, where the
authors applied a steady-state approach toward the polymerization kinetics to derive the same work
curve relationship deduced by Jacobs. In particular, the authors have derived Equation 2 and 3 that
express the dependence of the critical energy and penetration depth on polymerization kinetic
constants for bimolecular termination and propagation (k: and kp respectively), critical conversion (pc),
photoinitiator concentration [PI], and absorption coefficient (€). However, the experimental validity of

this relationship has not been further explored.

1 2|klnl—p.]?
E, « TEE ’ a2 (2)

2
P 2.303¢[PI]

D 3)

In this study, we characterized the critical energy and penetration depth parameters for a set
of resins obtained through the hybrid sol-gel method. These materials comprehend silicate-aluminum-
phosphate hybrids described in a prior work 10 with nominal composition Siy)- (Al+P) (1.x) where x ranges
from 0 to 0.7. The parameters of the work curve were measured at various irradiance intensities and
as a function of the MPTMS (silicate) content. Steady-state and unsteady-state photo-DSC
experiments were conducted to further follow the evolution of the photopolymerization kinetic constants
with irradiance and MPTMS concentration. Additionally, its UV-VIS absorption, and polymerization
shrinkage were assessed. We analyzed the evolution of the Jacobs work curve parameters based on
the photopolymerization kinetics of initiation, propagation, and termination with MPTMS content and
light intensity to verify the validity of Equation (2) and (3).

Materials and methods

Materials synthesis. The photopolymerizable aluminum-phosphate-silicate organic-inorganic

hybrid resins were prepared by sol-gel method using a procedure described in detail elsewhere 10.11,

167



Aluminum-tri-sec-butoxide 97% (Sigma-Aldrich), hydroxyethyl methacrylate phosphoric acid ester -
HEMA-P-90% (Sigma-Aldrich), 2-(Methacryloyloxy) ethyl acetoacetate-MAEAA- 95% (Sigma-Aldrich),
methanol P.A. (Synth), [3-(Methacryloyloxoxy)propyl]trimethoxisilane — MPTMS - 98% (Sigma-Aldrich)
and diphenyl (2, 4, 6- trimethyl benzoyl) phosphine oxide -TPO- 97% (Sigma-Aldrich) was used as
received. In short, appropriate quantities of a modified aluminum alkoxide and a methanol solution of
HEMA-P were mixed at a 1:1 molar ratio for 24 h, followed by the addition of pre-hydrolyzed MPTMS.
The mixture was stirred another 24 h to allow the condensation reaction to occur. The solvents were
evaporated under reduced pressure, resulting in a yellowish liquid. The photoinitiator TPO was
dissolved at 1w.t. % and the solutions were stored in closed vessels. The resins do not undergo gelation

when stored in closed vials, and can be photopolymerized after at least four years of storage.

Characterizations. The resins UV/VIS absorption spectra were collected using a Cary 5000
with quartz cuvettes of 10 mm optical path. Resin density (p,-.sir) Was determined using a microscale
and a transfer pipette by weighing different volumes of resin and fitting the data through linear
regression. Polymerized hybrid materials’ density (0,,01mer) Was measured with a helium pycnometer
(Quantachrome Ultrapyc 1200e). The polymerization volumetric retraction was determined using

Archimedes'’s principle.

1 1 1
AV = — X X 100%
Presin ppolymer ppolymer

Solid State NMR 29Si nuclei were obtained on a Bruker Avance Il HD 400WB spectrometer equipped

with @ 4 mm probe. The samples were measured under v, = 10.0 kHz. 2°Si single pulse NMR spectra
were acquired using an excitation /2 single pulse (3.5 ps length) under TPPM proton decoupling
during data acquisition, and relaxation time of 400 s. The 2°Si NMR spectra were referenced externally
to tetramethyl silane (TMS).

Additive manufacturing. Critical energy and penetration depth of the resins were
characterized using a procedure and custom-made VPP-UV setup described elsewhere 7. In short,
lines were printed in microscope slides using a vat structure with different energy doses and light
intensities. The glass slide was removed from the vat structure and washed with anhydrous ethanol to
remove residual resin, and the line height was measured using a stylus profilometer (Dektak 150,
Veeco) equipped with a 45-angle cone, and 9 um curvature radius stylus. For this work, lines were

printed using laser intensities ranging from 30 yW up to 1 mW.
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Photo DSC. The photopolymerization was studied by photo-DSC using a Mettler Toledo (DSC
822e) equipped with a Hamamatsu LC5 Spot Light Source L8333-02, operating with a mercury-xenon
lamp coupled to a quartz waveguide. The full spectrum of the lamp was used in the study. The
photopolymerization was carried out under a dynamic N2 atmosphere (50 mL.min-") with an uncovered
aluminum pan and 10 mm of distance between the sample and the waveguide. Between 1 and 2 mg
of sample was spread in the aluminum pan to achieve thin film polymerization conditions, with an
estimated thickness of 10 um. Steady state experiments were employed to measure the lumped kinetic
constant at three different light intensities of 0.5, 2.5, and 25 mW c¢m-2. Unsteady- and steady-state
experiments with 0.1 mW cm-2 light intensity were explored to evaluate the KoKt ratios between the
compositions. The heat flow curves were normalized by the samples mass, and the polymerization rate
was calculated assuming a polymerization heat of 14.1 kcal.mol' per methacrylate group

(corresponding to the polymerization of ethyl methacrylate ).

Results and discussion

Work Curve Measurements

Representative work curves of 0% and 70% MPTMS resin measured at different laser
intensities are presented in Figure 53 (a) and (b), respectively. The experimental data show good fitting
quality with the work curve equation with R2>0.98. Critical energy and penetration depth values are
compiled in Figure 53 (c) and (d), indicating a systematic increase in the average critical energy and
penetration depth with MPTMS concentration. For instance, the average critical energy increases about
four times, from 3.3 pJ to 12.0 pJ from 0 to 70% MPTMS concentration. This trend is contradictory with
the increase in the average penetration depth, from 234 to 370 um, since more photons can penetrate
the resin, resulting in higher initiation rates. Furthermore, it can be seen that critical energy values are
shifted towards higher energy as the laser intensity increases for all compositions. The trend is similar
for all laser intensities studied, except for the measurements at low laser power, in which case the 70%
MPTMS sample shows a smaller increase in critical energy compared to the ones observed at higher
laser power, indicating a higher dependency of the photopolymerization kinetics with light intensity for
the 70% sample compared to other compositions. Conversely, it can be seen that the increase of light
penetration with MPTMS concentration follows different trends with the laser intensity employed. For
instance, the increase in penetration depth with MPTMS concentration observed for measurements
with 0.13 and 0.34 mW of laser power show a higher increase compared to the ones collected at 1.09
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and 0.73 mW. The fitted values of critical energy and penetration depth are shown in Table S1 available

in the Supporting Information in Annex D.
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Figure 53. Work curve fitting of cure depth by energy dose for 0% (a) and 70% (b) MPTMS resins
measured at average laser powers of 1.09, 0.73, 0.34, 0.13, and 0.05 mW. Critical energy and
penetration depth values according to MPTMS concentration are compiled in (c) and (d), respectively.

Average penetration depth evolution with MPTMS concentration

Penetration depth is directly associated with resin’s absorption properties at the irradiation
wavelength according to Equation 3. The resins’ absorption coefficient was estimated from the
photoinitiator absorption and the resins’ intrinsic absorption. Figure 54 (a) shows the photoinitiator
absorption coefficients measured at different concentrations. The data were fitted using Lambert-Beer
law and extrapolated to the photoinitiator concentration employed in this work (1 w.t. %), revealing an

absorption coefficient of 15 cm-'. Figure 54 (b) presents the UV/Vis absorption spectra of the resins
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without photoinitiator with different MPTMS concentrations, showing a characteristic absorption band
between 330 and 380 nm assigned to the modified aluminum alkoxide. The evolution of penetration
depth with MPTMS concentration is coherent with the UV/Vis absorption spectra of the resins.
Penetration depth values were calculated using Equation 3 based on the absorption values measured
using UV/Vis absorption data. A comparison with experimental data is presented in Figure 54 (c). It
can be seen that the penetration depth values measured at low laser intensity agree with the calculated
values. Deviations were observed for the measurements at higher laser intensity, suggesting the

presence of other phenomena such as photobleaching.
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Figure 54. (a) Absorption coefficient spectra of TPO dispersed in ethanol at different concentrations
fitted with Lambert-Beer law. The dotted line indicates the equivalent molar concentration to 1 w.t.%
used in this study. (b) Absorption coefficient spectra of resins with 0%, 30%, 50%, and 70% MPTMS
concentrations without photoinitiator. (c) Penetration depth values extracted from the work curve data
collected at 0.05 mW laser power, and calculated penetration depth values based on Equation 3 64,
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Penetration depth evolution with light intensity

Penetration depth evolution with laser power for all compositions was investigated, and the
values are presented in Figure 55. All samples with MPTMS concentrations below 30% showed an
increase in penetration depth with laser power. The increase in light penetration with laser power
suggests the presence of the photobleaching effect, which would explain why only penetration depth
values obtained at low laser power follow the photochemical model, as seen in Figure 54 (c). In
contrast, the penetration depth of samples with MPTMS concentrations higher than 50% decreased
with laser power for laser intensities higher than 50 uW, suggesting the presence of light scattering.
Light scattering is a well-known phenomenon in laser photopolymerization, however its modeling has
been an object of investigation in many published works without a general accepted approach of
modeling 6. The main mechanisms responsible for light scattering during photopolymerization of
homogeneous photopolymer system are Rayleigh scattering and phase separation” due to the micro
heterogenous nature of the photopolymerization process?®. Solid-state NMR studies in these materials
have revealed that their structure is composed by fundamental building blocks of aluminum-phosphate
and alkoxysilane branched chains of high molecular weight, with low interaction with each other!".

These alkoxysilane units could act as scattering centers, resulting in appreciable light scattering.

The contribution of light scattering and photobleaching with higher laser power introduces
deviations in the observed trends of penetration depth versus MPTMS concentration according to the
laser power employed as shown in Figure 53. For instance, it can be seen that the increase of
penetration depth with MPTMS concentration is higher for the measurements at 0.13, and 0.34 mW,
compared to those at 1.09, and 0.73 mW. As showed in Figure 55, photobleaching is more evident in
the 0, 10 and 30% MPTMS concentration, while the light scattering has a stronger effect in the 50%
and 70% samples. The light penetration increases and decreases with photobleaching and scattering,
respectively, which would explain the differences observed in the penetration depth evolution for
measurements at different laser powers. Both photobleaching and light scattering are not phenomena
considered in Lee’s photochemical model, consequently Equation 3 is unable to model the
dependence of penetration depth with light intensity. Nonetheless, Equation 3 is valid when these

factors are mitigated using low laser power.
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Figure 55. The evolution of penetration depth values extracted from work curve data collected at
different laser intensities for resins with 0% (a), 10% (b), 30% (c), 50% (d), and 70% (e) MPTMS
concentration.

Photopolymerization kinetics evolution with MPTMS concentration

The photopolymerization kinetics of the samples was studied by photo-DSC under three
irradiation intensities (0.25, 2.5 and 25 mW.cm-2). Photo-DSC curves measured under the irradiance
of 25, 2.5, and 0.25 mW.cm-2 are presented in Figure 56 (a), (b), and (c), respectively. These materials
show typical sigmoidal curves with auto-acceleration and auto-deacceleration behavior and induction
time in the order of 1 second. The induction period is caused by oxygen inhibition, because dissolved
molecular oxygen scavenges radical centers or quenches the excited photoinitiator molecules’ triplet
state, depending on the type of photoinitiator 8. The kinetic constant for inhibition is orders of
magnitude higher than other reactions, and it is often assumed that no significant polymerization occurs
until the dissolved oxygen concentration is below a certain threshold, usually representing a reduction

by three to four orders of magnitude in dissolved oxygen according to Decker and Jenkins 9.
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The induction time increases monotonically with the light intensity, with the average inhibition
regime lasting 1.00 s, 1.30 s, and 1.60 s under irradiation of 25, 2.5, and 0.5 mW.cm-2, respectively.
There is no correlation between MPTMS concentration and the induction period, despite the
concentration of stabilizing agents (MEHQ/TBH) decreasing with MPTMS concentration since the
manufacturer adds these compounds in the aluminum and the phosphate precursors. These stabilizing
agents are polymerization retardants, since they are only effective in inhibiting the polymerization in
the presence of oxygen 7071, which suggests similar concentrations of dissolved oxygen in all samples
studied. Thus, compositional differences in these resins has little influence over the oxygen inhibition
mechanics, despite the high oxygen permeability typically shown by alkoxysilane species formed
during MPTMS condensation 72,
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mW.cm-2,
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The calorimetric data were analyzed using pseudo-steady-state mechanics with bimolecular
termination, according to Equation (4), which describes the polymerization rate (Rp) as a function of
the lumped kinetic constant, which is a combination of the initiation (ki), propagation (kp), and

termination (k) rates.

1/2
ﬁ — kpki (4)
[M] Y2

t

The evolution of the lumped kinetic constant with irradiation time for samples with different
MPTMS concentrations measured at 25 mW.cm-2 is presented in Figure 57 (a). It can be seen that the
kinetic constant increases with the MPTMS concentration, under the assumption of a constant initiation
rate between compositions. Such assumption is plausible since the efficiency of the photoinitiator, the
absorption coefficient, and the light intensity determine the kinetics of initiation. The final two criteria
are believed to be constant across samples because the analysis was conducted using a small sample
mass (1.5 mg) to ensure thin film conditions and comparable exposure levels across the sample. The
efficiency of photoinitiators depends on the monomer's reactivity towards the produced radical species
7314, Different polymerizable functional groups show discernible changes in initiation rates, but these

differences have been reported to be rather minor in the case of methacrylate-based monomers.

The lumped kinetic constant was plotted as a function of C=C conversion, as presented in
Figure 57 (b). It can be seen that auto deacceleration behavior occurs at higher C=C conversion for
high MPTMS compositions, shifting from 0.2 to 0.3 C=C conversion at 0% and 70% MPTMS
concentration, respectively. These results suggest a shift in the gel point toward higher C=C-
conversion, delaying the onset in which the propagation reaction becomes diffusion limited as the
MPTMS concentration increases. Ultimate conversion values shown in Figure 57 (c) exhibit the same
trend, which agrees with the increase in the polymerization rate. The dependence of ultimate
conversion with polymerization rate is related to the higher heating rate in the polymerization spot,
promoting the mobility of propagating species and shifting the materials vitrification towards higher
ultimate conversion 4652, The phenomenon is related to the gel effect since both are diffusion-
dependent. The same conclusions can be extracted from measurements performed at 2.5 and 0.5

mW.cm presented in Figure S1 available in the Supporting Information in Annex D.
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intensity of 25 mW.cm-2. In (c), C=C conversion vs irradiation time for the same compositions.
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To further comprehend the photo-curing of these materials, 70% and 0% MPTMS were studied
using unsteady-state photo-DSC experiments. These experiments were conducted by shutting off the
irradiation at different stages of polymerization and following the dark cure reaction. The measurements
were performed under irradiation of 0.1 mW.cm-2 for 70% and 0% MPTMS resins, and the results for
the 70% MPTMS samples are presented in Figure 58 (a). The heat flow curves were analyzed using
Equation (5) over a short dark cure period (less than 2% of C=C conversion), yielding average Ki/Kp
ratios at different C=C-conversion degrees for 70% and 0% MPTMS resins, as presented in Figure 58
(b). The steady state photo-DSC curves for the same light intensity for 70% and 0% MPTMS resins

are presented in Figure 58 (c).

ke _ [M](2o)

l 10
k, 2(1:—1:0) Ry(t)  R,(to)

(5)

As can be seen in Figure 58 (b), the Ky/K, ratio evolution with C=C conversion follows the
same behavior for 70% and 0% MPTMS compositions. The rapid decrease of Ky/K; at low conversions
is coherent with the polymerization of highly cross-linked systems, because the bimolecular termination
mechanism is diffusion-controlled 75, and the gel effect occurs at very low C=C conversions. It can be
seen that KK, reaches its minimum at C=C conversion of 6%, indicating that the propagation reaction
becomes diffusion controlled at a low conversion. These observations agree with the onset of auto-
deacceleration observed in steady-state measurements presented in Figure 58 (c). Then KK, ratio
reaches a plateau because molecular mobility occurs in the space between gel particles, meaning that
micro-viscosity becomes more important than macroviscosity 25. While Ky/K, are constant for both
MPTMS concentration samples according to unsteady state experiments, the Ky/Ky0-5 ratio is higher in
70% MPTMS sample. These results indicate that both propagation and bimolecular termination
constants are higher for 70% MPTMS compositions in comparison to 0% MPTMS, although the

bimolecular termination constant does not increase in the same proportion as the propagation one.
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Photopolymerization kinetics evolution with light intensity
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The dependence of the peak lumped kinect constant, and ultimate conversion, and C=C
conversion at the maximum polymerization rate as a function of light intensity for samples with different
MPTMS concentrations are presented in Figure 59 (a), (b) and (c), respectively. The curves were fitted
using a power law, and the fitting parameters are presented in Table S2 available in the Supporting
Information in Annex D. The power law fitting of the peak lumped kinetic constant versus light intensity
presented in Figure 59 (a) shows a constant exponential factor of 0.37 for all MPTMS concentrations.
The exponential factor below 0.5 suggests that the primary radical termination has an important
contribution to the photopolymerization process. The primary termination is an alternative reaction
pathway where the reactive centers of growing polymeric chains react with free-radical species,
interrupting the polymeric chain growth 76. Primary termination introduces deviations from pseudo-
steady state assumption, and the polymerization rate scales to the light intensity by an exponential
factor inferior to half 467677, In opposition, an exponential factor close to unit suggests important
contribution of oxygen inhibition towards the polymerization, which is not supported by the short
inhibition periods measured in steady state photo-DSC measurements . The similar values of
exponential factor between all compositions reveal that the propagation, primary termination, oxygen
inhibition and bimolecular termination reactions have similar dependence on the light intensity in all
MPTMS concentration samples. Furthermore, it indicates that the MPTMS concentration has little
influence on the contribution of primary termination, which is especially important for VPP since primary
termination does not contribute toward network percolation, ultimately affecting the critical energy
values of a given resins. Unfortunately, there are few investigations concerning such process,
especially in the case of highly crosslinked systems such as resins for VPP-UV; however, these findings
suggest that primary termination is not responsible for the variation of critical energy (Ec) with light

intensity and MPTMS concentration in these materials.
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(square) MPTMS concentrations as functions of light intensity.

182



The power law fitting of the ultimate conversion versus light intensity in Figure 59 (b) ) showed
an increase in the exponential factor value from 0.039 to 0.056 from 0 to 70% MPTMS samples. Thus,
the molecular mobility during the polymerization process has a higher dependency with light intensity
as the MPTMS concentration increases. As prior discussed, the polymerization rate is one of the main
factors determining the molecular mobility due to the localized heating within the polymerization spot.
Based on this, it would be expected that a similar dependence of the peak lumped kinetic constant with
light intensity between all compositions, as shown in Figure 59 (a), should be followed by similar
dependence of ultimate conversion with light intensity between all compositions. These observations
indicate the presence of other factors that must increase the molecular mobility during the
polymerization, besides the heating due to the polymerization reaction. Further support is found by
inspecting the C=C conversion at the maximum polymerization rate with higher MPTMS concentration,
as presented in Figure 59 (c). Similar to ultimate conversion data, the exponential factor values
increase from 0.15 to 0.19 from 0 to 70% MPTMS samples, indicating that the gel point shift toward
higher C=C conversion with light intensity is more intense in high MPTMS concentration samples
compared to low MPTMS concentration. These results may indicate the increase of cyclization during

the polymerization of high MPTMS concentration samples.
Contribution of cyclization

Cyclization refers to a special type of propagation reaction where the reactive center in a
growing polymeric chain reacts with a pendant group present in the same chain, forming a loop 3978,
These loops do not contribute toward network percolation and the restriction of molecular mobility,
delaying the gel point toward higher C=C conversions 25. The participation of the cyclization reaction in
the polymerization of such systems is often neglected but has an important effect on the dynamics of
network connectivity. Studying cyclization is still a challenge, with most research on literature relying
on models and comparison with experimental data on the overall polymerization process, since
cyclization itself cannot be directly measured or evaluated 7879, Cyclization is more prone to occur
under low conversion, with long polymeric chains 3¢ and under high initiation rates 80. The molecular
structure also plays an important role, since polymeric backbones with high rotational freedom are
more prone towards cyclization, as shown by Elliot et al.#0, where the authors modeled the
polymerization of two different monomers (TEGDMA and bis-GMA), and they have found that the
molecular stiffness caused by the aromatic ring between the two polymerizable groups hinders the

primary cyclization reaction.
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In a previous work, the structure of these resins was studied by solid-state NMR technique
1011 The results showed that these materials are composed of fundamental building blocks of dimeric
aluminum-phosphate chains and linear alkoxysilane chains. Both chains show little interaction with
each other, although both react through the polymerization of methacrylate groups. The dimeric nature
of the aluminum-phosphate chains results in a stiff linear structure, while the alkoxysilane chains are
free to rotate around the Si-O-Si bound. To better understand these alkoxysilane chain’s structure, 2°Si
MAS experiments were conducted and are presented in Figure 60 (a). The spectra are composed of
three main signals, with maxima centered at -50, -58, and -67 ppm, comprehending T" units (where n
represents the number of other silicate tetrahedrons bonded to the Tn unit) 8182, The broad line
observed in 110 ppm correspond to the background probe signal, due to the low 2°Si concentration in
the resin’s composition. According to these results, T2 units are predominant (70%) while the terminal
T' units acquaint for only 17%, suggesting that these alkoxysilane chains are roughly composed of 7
T2 units, where these chains can easily bend. The presence of T2 units (13%) suggests that some

chains are branched, which should further contribute to cyclization.

Further evidence for cyclization is found in the polymerization volumetric retraction data
presented in Figure 60 (b). Shrinkage always follows the photopolymerization process due to changes
in the functional group structure. The magnitude of such shrinkage depends on the type of monomer,
and for acrylates is typically in the range of 15 to 20% . One-important aspect of polymerization
shrinkage is that it is directly correlated to the polymerization degree 83. It can be seen that the high
MPTMS concentration samples show smaller shrinkage values, despite the higher overall conversion.
Cyclization is reported in literature to not contribute appreciably to polymerization shrinkage due to pre-
orientation of segmental chains leading to cyclic structures of similar-volume 418485 which would
explain the observed trend. Thus, the data indicate that MPTMS rich compositions are more prone to
cyclization compared low MPTMS ones. These results indicate that cyclization is a plausible hypothesis
to explain why the lumped kinetic constant dependence with light intensity is similar for all compositions,
while the ultimate conversion and gel point dependence with light intensity increase with higher MPTMS

concentration.
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Figure 60. (a) 2Si -MAS spectra of 70% and 30% MPTMS Deconvolutions are shown in the gray line
and the envelope in the red line. (b) Polymerization shrinkage as a function of MPTMS concentration
for photopolymerized samples.

Critical energy evolution with light intensity

Critical energy versus light intensity for resins with different MPTMS concentrations are
presented in Figure 61. It can be seen that critical energy increases with light intensity due to the higher
polymerization rates achieved, leading to higher local heating and molecular mobility, delaying the
vitrification onset. Our results contradict some reports in the literature where the critical energy
decreases with irradiance due to oxygen diffusion 887, In these works, the polymerization proceeds
slowly at low light intensity, and molecular oxygen is constantly replenished in the exposed areas,
resulting in inefficient conversion and higher critical energy values. At high irradiance, the
polymerization is fast enough so that dissolved oxygen cannot diffuse to the exposed area, and
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saturation is observed with critical energy remaining constant 72. Particularly, oxygen diffusion is an
additional factor for long exposures (higher than 5 ms in the monomeric system studied by the Decker
etal. 89). Nonetheless, our results show an expressive increase in critical energy, indicating that oxygen

inhibition has little influence on the photopolymerization of these resins in the VPP process.
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Figure 61. The evolution of critical energy values extracted from work curve data collected at different
laser intensities for resins with 0% (a), 10% (b), 30% (c), 50% (d), and 70% (e) MPTMS concentration.

To test the validity of Equation 2, critical energy values Ec(l1) acquired at l1 light intensity were
extrapolated to other light intensity values (In) for the same MPTMS concentration. The extrapolation
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used the direct proportionality between the lumped kinetic constant and the critical energy according
to Lee's model, as presented in Equation 2. By introducing the dependence of the lumped kinetic
constant with light intensity approximated using the power law fitting (k"?/kp=a.IP) presented in Figure
59, Equation 2 can be restated as Equation 6. Thus, the extrapolation can be done by calculating the
proportional increase in the lumped kinetic constant from |1 to I, light intensities, resulting in Equation
7. The a and b fitting parameters are the same (constant MPTMS concentration), and Equation 7 is
simplified into Equation 8. Based on this procedure, the critical energy values for each light intensity
were extrapolated to all other light intensities, as presented in Table S3 available in the Supporting
Information in Annex D. The averaged extrapolated values were compared to experimental data and
are presented in Figure 61. These calculations assume that the critical conversion remains constant

through all ranges of laser power employed for samples with the same MPTMS concentration.
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It can be seen that Equation 8 matches experimental data satisfactorily for 0%, 10%, and 30%
MPTMS samples, as shown in Figure 61 (a), (b), and (c), respectively. The extrapolated values well
match the experimental points acquired until 0.38 mW of laser power for the 50% MPTMS samples but
does not satisfactorily fits the 70% MPTMS one. Furthermore, it can be seen that standard deviation
values for 50% and 70% MPTMS samples are higher compared to the other samples, as shown in
Figure 61 (d), and (e), respectively. These samples exhibited higher dependency of ultimate
conversion with the light intensity as shown in Figure 59 (b), suggesting that they are more prone
toward cyclization reaction, which shifts the gel point, and are more affected by light scattering as
shown in Figure 55 (d) and (e), which are factors not considered by Lee’s model. The results for the
0%, 10% and 30% MPTMS samples support the validity of Equation 6, however it seems that the
presence of the cyclization reaction and light scattering can render Equation 6 imprecise. These results

demonstrate that pseudo-steady-state models can still be used to describe the dependency of critical
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energy with kinetic constants, despite clear evidence that the high initiation conditions found in the
photopolymerization of these resins result in deviations of pseudo-steady-state behavior, i.e.,
expressive primary termination. Recent attempts to model the critical energy evolution with light
intensity have relied on the use of a power-law to describe the critical energy on the basis of reciprocity
law (Ec o< In) 27, however we highlight that Wydra et al.46 have demonstrated that the main hypothesis
supporting their modified model is not accurate because of the bimolecular termination mechanism.
Nonetheless, the power law model could still fit experimental data to some success, which is

reasonable given the similarity between Equation 6 and the power law model derived in 27,

Lastly, we would like to highlight one of the comments raised by peer-reviewers regarding the
correlation between the exposure conditions in the photo-DSC and 3D printing process. The photo-
DSC measurements at high light intensity (25 mW.cm-2) are comparable to 3D printing results obtained
at the lowest laser power (30 yW = 15 mW.cm-2). Furthermore, we employed the full spectrum of a
xenon-mercury lamp, which should induce higher initiation rates since the photoinitiator (TPO)
employed in this study has a higher absorption cross-section below 365 nm (the wavelength used in
the VPP setup). Thus, while the measurements using the 3D printing system employ initiation rates
much higher than the photo-DSC measurements, there is still an overlap between the experimental
conditions of both experiments. Nonetheless, our conclusions are not drawn based on the absolute
values of initiation rate and other photopolymerization kinetic constants, but on the dependence of the
kikp ratio with light intensity, which were analyzed under light intensity ranges that, although not the
same, are overlapping. Furthermore, the photo-DSC experiments employed the full spectrum of the
xenon-mercury lamp, which could introduce deviations in the measurements due to an inner filter effect.
However, we ensured thin film conditions during the experiment, mitigating light penetration issues in

the sample in order to achieve homogenous photopolymerization in the sample’s volume.
Critical energy evolution with MPTMS concentration

The validity of Equation 2 was further assessed by extrapolating critical energy values from
one MPTMS concentration to other concentrations under the same light intensity using Equation 7.
The averaged extrapolated values were compared to experimental data and are presented in Figure
62. Critical energy values for each MPTMS concentration under the same light intensity are presented
in Table S4 available in the Supporting Information in Annex D. The photochemical model shows good

agreement with experimental data at low MPTMS concentration but deviates for 50% and 70% MPTMS

188



samples. These results indicate that the light scattering and the different dependence of critical
conversion with light intensity between different MPTMS concentration samples result in significant
deviations from the photochemical model. We highlight that 0%, 10%, and 30% MPTMS concentration
samples have similar evolution of ultimate conversion and C=C conversion at the maximum
polymerization rate with the composition, as presented in Figure 59 (b) and (c), consequently, their
critical conversion values should also be similar as well. These findings further support the validity of
the direct proportionality between the lumped kinetic constant and critical energy stated by Equation
6, as long as light scattering has little influence over the resins photopolymerization and the critical

conversion between remains fairly constant. Further study must validate if E,. o In p, holds true as

well.
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Figure 62. Average and predicted critical energy values as functions of MPTMS concentrations for 0%,
10%, 30%, 50%, and 70% MPTMS concentration.

One of the main problems with testing the dependence of the gel point and the critical energy
is that there is no standard method to measure the gel point. Various techniques are reported in the
literature, such as DMA 8 or DSC 43 analysis, however it is uncertain if the gel point measured by these
techniques is the same as the one measured in the work curves. Furthermore, the most robust models
for the study of gel formation are kinetics models based on the balance of populations 25,7989 that are
hard to implement, without a direct connection between the kinetic parameters and the critical

conversion. In the last years, simulation studies have been employed to better understand the
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polymerization process in such systems, however it is still difficult to stablish a correlation between the

kinetic constants and the critical energy values measured in such systems.

Conclusions

The photopolymerization of aluminum-phosphate-silicate resins obtained from the hybrid sol-
gel route for the VPP process with stoichiometry Siy1x- (Al+P) x, 0 <x < 0.7 and 1 w.t. % of TPO as
photoinitiator was studied. Critical energy and penetration depth were measured as a function of laser
power in the range of 50 uW up to 1.2 mW, and of MPTMS (silicate) concentration for samples. The
photopolymerization kinetics evolution with light intensity and MPTMS concentration were studied by
steady- and unsteady-state photo-DSC measurements. The experimental data were used to validate

a photochemical model published in the literature describing the VPP process. The model predicts that
E. x (ktl/z/kp) Inp. and D,, o €, where k, k,, p., and € are the kinetic constant of bimolecular

termination, kinetic constant of propagation, critical conversion, and absorption coefficient at the laser

wavelength, respectively.

Photo-DSC measurements showed little difference in the oxygen inhibition dynamics between

compositions with different MPTMS concentrations. The evolution of the lumped kinetic constants

k¢/k, and ktl/ 2 / k,, with composition indicated higher propagation and bimolecular termination rates

as the MPTMS concentration increased. The dependence of peak ktl/ z / k,, ultimate conversion, and
C=C conversion at the maximum polymerization rate with light intensity was fitted using a power law.
These results showed a similar and significant contribution of primary termination for all samples, as
well a shift of the gel point with MPTMS concentration. According to our hypothesis, this shift is
associated with the cyclization reaction, which was supported by the polymerization shrinkage

measurements, and structural data from 29Si MAS-NMR coupled to a previous structural study.

The critical energy values were predicted based on the ktl/ z / k,, evolution with light intensity
and MPTMS concentration. Predicted values agreed with experimental values for low MPTMS
concentration samples, while a substantial deviation was found for higher MPTMS samples. These
results indicated a significant difference of critical conversion between the high and low MPTMS
concentration samples due to the cyclization. The D,, « € relationship adequately described the
evolution of penetration depth with MPTMS concentration, however photobleaching and light scattering
can result in a substantial deviation from the model, which are more evident at high laser power. Our
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study reveals that both E,. o (k.'/*/k,) and D, « e relationships can be used to predict critical
energy and penetration depth values for an arbitrary resin without the need of constructing a work curve
function, as long as critical conversion values are similar. Further study must validate the entire model,
particularly to elucidate if E. o< In p, holds true as well. Nonetheless, our findings indicate a solid link
between the critical energy and the kinetic constants describing the polymerization process of a given

material.
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Abstract

The use of vat-photopolymerization (VPP) for photonic applications represents growing interest
since it may solve the major disadvantages of traditional manufacturing methods for photonics, which
have impeded the development of integrated optical and electro-optical devices. There are few
investigations dedicated to the optical properties of 3D printed parts via VPP, such as the formation of
optical anisotropy and refractive index homogeneity. In this work, we have investigated the optical
properties of the fundamental structure obtained by using VPP method, i.e., a line, using an organic-
inorganic hybrid material obtained by sol-gel method. The printed line was investigated using polarized
and unpolarized micro-Raman spectroscopy, quantitative phase imaging, and confocal microscopy.
Our results demonstrate the presence of a gradient of polymerization degree associated to the spatial
distribution of light intensity. Nonetheless, the lines are optically homogeneous with no refractive index
differences above 104. However, polarimetric images have revealed optical anisotropy in these lines,
and polarized micro-Raman spectroscopy indicates that they arise from the shear stress formed due

to the influx of monomers to the center of the polymerization spot.
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Resumo

O uso da fotopolimerizagdo em cuba (VPP) para aplicagdes fotdnicas tem recebido crescente
interesse, pois pode contornar as principais limitagdes dos métodos tradicionais de fabricagao fotonica,
que tém impedido o desenvolvimento de dispositivos opticos e eletro-Opticos integrados. Existem
poucas investigagOes dedicadas as propriedades opticas de pegas impressas em 3D via VPP, como
a formagdo de anisotropia optica e homogeneidade do indice de refracdo. Neste trabalho,
investigamos as propriedades oOpticas da estrutura fundamental produzida pelo processo VPP, isto €,
uma linha, usando um material hibrido organico-inorganico obtido pelo método sol-gel. A linha
impressa foi investigada usando espectroscopia micro-Raman polarizada e n&o polarizada,
imageamento de fase quantitativo e microscopia confocal. Nossos resultados demonstraram a
presenca de um gradiente de grau de polimerizagédo associado a distribui¢do espacial da intensidade
luminosa. No entanto, as linhas s&o opticamente homogéneas sem diferengas de indice de refragao
acima de 104, Entretanto, imagens polarimétricas revelaram anisotropia 6ptica nessas linhas, e 0s
resultados da espectroscopia micro-Raman polarizada sugere que elas surgem da tensdo de

cisalhamento formada devido ao influxo de monémeros para o centro do ponto de polimerizag&o.

Résumeé

L'utilisation de la photopolymérisation en cuve (VPP) pour les applications photoniques
représente un intérét croissant car elle peut résoudre les principaux inconvénients des méthodes de
fabrication traditionnelles pour la photonique, qui ont entravé le développement de dispositifs optiques
et électro-optiques intégrés. Il existe peu d'études consacrées aux propriétés optiques des piéces
imprimées en 3D via VPP, telles que la formation d'anisotropie optique et 'homogénéité de l'indice de
réfraction. Dans ce travail, nous avons étudié les propriétés optiques de la structure fondamentale
obtenue en utilisant la méthode VPP, c'est-a-dire une ligne, en utilisant un matériau hybride organique-
inorganique obtenu par la méthode sol-gel. La ligne imprimée a été étudiée a I'aide de la spectroscopie
micro-Raman polarisée et non polarisée, de l'imagerie de phase quantitative et de la microscopie
confocale. Nos résultats démontrent la présence d'un gradient de degré de polymérisation associé a
la distribution spatiale de l'intensité lumineuse. Néanmoins, les lignes sont optiquement homogénes
sans différences d'indice de réfraction supérieures a 104. Cependant, les images polarimétriques ont

révéelé une anisotropie optique dans ces lignes, et la spectroscopie micro-Raman polarisée indique
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qu'elles proviennent de la contrainte de cisaillement formée en raison de I'afflux de monomeres au

centre de la tache de polymérisation.

Introduction

Additive manufacturing (AM) refers to a family of different manufacturing techniques sharing the
same layer-by-layer approach for fabricating objects. AM technologies allow the fabrication of complex
structures with reduced time and cost, with a simplified process planning, being ideal to manufacture
highly customizable products on small-scale !. There are extensive reviews in the scientific literature

about how promising AM technologies for a wide range of applications are 2-4.

Traditional manufacturing methods for photonic devices are costly, have low customizability, and
are usually restricted to bidimensional construction, making difficult the integration with other optical
components 56, These factors are the main challenges to overcome in order to achieve a new
generation of integrated photonic circuits 78, three-dimensional lenses and waveguides at
microscale/nanoscale 910. AM is considered a promising manufacturing technique for photonics 511
since it addresses all the above-mentioned issues. To be applied in photonics, AM must have relatively
high resolution (<10 um) and high surface finishing quality °. These requirements are met by a few AM
techniques, such as, ultraviolet laser scanning vat-photopolymerization (VPP-UV). Vat
photopolymerization refers to a family of AM technologies that are based on the selective
photopolymerization of a resin, such as localized UV laser exposure in the case of VPP-UV 1213, These
techniques excel in spatial resolution, printing time, and surface finishing compared to other AM

technologies, allowing the fabrication of objects with numerous fine features/structures 415,

Additive manufactured parts are intrinsically anisotropic due to its layer-by-layer fabrication
method 6. The vast majority of AM parts are designed for structural applications, and there is intensive
research on the anisotropy of mechanical properties between the Z axis (plane adhesion direction) and
the X and Y axes (plane of fabrication) '7.18, However, studies, addressing optical anisotropies in VPP-
UV-produced parts, are scarce and have been limited to evaluating the potential of VPP-UV in
fabricating photoelastic models for stress analysis 1920, These works have identified the presence of
birefringence in the core and edges of printed parts, but they have not determined its magnitude.
Further post-processing with thermal treatment could remove the optical anisotropies in the core of the

printed parts, but it was ineffective in eliminating them on the edges.
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Additionally, the laser sources employed in VPP-UV have a characteristic irradiance profile
across the beam. Thus, the photopolymerization process is initiated by different light intensity values
depending on the region of the beam profile. At the same time, it is well-known that the
photopolymerization kinetics is strongly dependent on the light intensity value, meaning that the
polymerization rate will vary with light intensity. It is well-stablished also that the ultimate conversion
(final degree of polymerization) increase with the irradiance because of higher initiation rates achieved,
and therefore polymerization rates, result in higher localized heating, increasing the molecular mobility
and shifting the vitrification point to higher C=C conversion values 2'. Particularly, the ultimate
conversion is a major factor responsible for the material’s refractive index changes from a resin to a
solid, since the polymerization reaction is followed by shrinkage due to the formation of covalent bonds
between monomers, resulting in smaller distance between the species, densifying and increasing the
materials refractive index 22. Thus, it is expected that the VPP-UV process should create a distribution
of refractive index values within the polymerized regions. There have been some investigations in the
past concerning the variation of C=C conversion during photopolymerization using diffraction mask and
laser, but these works have relied on simulations using a phenomenological photopolymerization
models, which fail to grasp the dependence between light intensity and ultimate polymerization 23-25.
Nonetheless, these works have estimated refractive index differences on the order of 10-3 to 10+

between the edges and the center of irradiation23-27.

To date, there is little investigation on the optical anisotropy and refractive index distribution of
VPP-produced parts. Nonetheless, it has been reported the presence of chords in the final object,
which are sometimes referred as plane fabrication or line effects 26-30, as shown in Figure 63 (c) and
(d). The lack of any systematic approach to observe, measure, and control the optical anisotropy and
heterogeneities in 3D printed parts is a challenge that must be overcome to enable the use of AM

technologies in photonics.

In this work, we studied the refractive index distribution and optical anisotropy in the fundamental
structure, produced by VPP-UV equipment, i.e., a line, as shown in Figure 63 (a) and (b). We employed
polarimetry imaging to study the optical anisotropy in these materials. Micro-Raman was used to map
the distribution of polymerization degree, and a combination of quantitative phase imaging (QPI) and

confocal microscopy allowed the mapping of refractive index distribution in the fabricated line.
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(b) t Z Layer stacking

Y

Figure 63. (a) 3D printed lines with a 50% MPTMS (1:1 AL:P) resin, and (b) the coordinates system for
the line printing used in this work. (c) polarimetry image of polished 3D printed cube in the XZ plane.
(d) polarimetry image of polished 3D printed cube in the XY plane.

Materials and methods

Material synthesis and sample preparation. The photopolymerizable resin was prepared by
sol-gel method according to the synthesis procedure described in detail elsewhere 3132, Here, we
synthesized the composition corresponding to the nominal formula 10% TMSPM+90% (1:1 AL:P)
described in 32, The reactants aluminum-tri-sec-butoxide 97% (Sigma-Aldrich), hydroxyethyl
methacrylate phosphoric acid ester 90% (Sigma-Aldrich), 2-(Methacryloyloxy) ethyl acetoacetate 95%
(Sigma-Aldrich), methanol P.A. (Synth), and trimethylsilyl propyl metachrylate 98% (Sigma-Aldrich))
were used as received. The photoinititor diphenyl (2, 4, 6- trimethyl benzoyl) phosphine oxide 97%
(Sigma-Aldrich) was added to the resin in a concentration of 5% w.t.. Samples were prepared by
printing line structures on top of a glass slide using a vat structure in a custom-made SLA platform
equipped with a 360 nm CW-diode laser (Laserglow Technology, model LRS-0360-WFQ) with a beam
diameter of 500 ym. The details of this device are described elsewhere 33. For this work, lines were
printed using laser intensities of 70 yW and exposure time of 50 ms. Once printed, the glass slide was

washed with anhydrous ethanol to remove the residual resin.

Optical Characterizations. QPI images were acquired using quadriwave lateral shearing

interferometry (QWLSI) approach with a Phasics SID4 Bio camera, coupled to a microscope.
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Polarimetry images were obtained using the microscope in transmission mode with an external crossed
polarizer and analyzer setup. The sample was immersed in a refractive index matching oil (n=1.5064,
Cargille Series E) using a glass-slide as a slipcover and positioned parallel to the substrate by the aid
of spacers for QWLSI and polarimetry images. The use of the index matching oil serves two purposes:
(1) it removes lensing effects for the polarimetry measurement and (2) it reduces optical path difference
(OPD) values to allow the measurements of QWLSI technique. Photos for polarimetry were taken with
the sample along the X axis (scan direction) at different angles to the polarizer and analyzer direction.
The camera gain, shutter time, and white balance were manually adjusted to remain constant during

the whole experiment.

Confocal images were obtained using a Leica SP8 with a 405 nm laser excitation source and
by observing the fluorescence of the photoinitiator. Micro-Raman scattering spectra were collected in
the backscattering geometry using a 633 nm laser excitation source in a Renishaw inVia equipment
coupled to a Leica DM2700 microscope. Micro-Raman analysis was employed to analyze the line’s
cross-section by griding and polishing the printed line with a cylinder in order to expose the cross-
section in a tilted angle so that the material can be probed at different depths, as shown in Figure 64
(a) and (b).

(@) Tilted Cross-Section

(b) Top View

|
- 600 um

Figure 64. Schematic drawing of the 3D printed line with its tilted cross-section in (a) and the top view
of a 3D printed line with an exposed tilted cross-section in (b).
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Detection limits of QWLSI. QWLSI is a wavefront analyzer technique using a modified Shack-
Hartmann mask. The mask introduces a destructive interference to the zeroth-order diffracted
components, preserving only the first-order, resulting in an interferogram carrying information on the
distortion introduced to the wavefront 34. A robust mathematical treatment on the interferogram allows
the mapping of OPD in the analyzed image, which is the difference of optical path length (OPL) between
two pixels. The OPL is the product of refractive index (n) by distance (L), as shown in Equation 1. The
OPD, measured using QWLSI is the difference between OPL from two pixels. For an irregular surface,
such as the one depicted in Figure 65, the OPD can be deducted to yield Equation 2, where Ah is the
materials height difference between the two pixels, An is material’s refractive index difference between
the two pixels, n is the index matching oil refractive index, and n(x1) is the material’s refractive index at
the x4 pixel. As a consequence of Equation 2, if the refractive index is constant along the sample, the
OPD and the topography profile should match perfectly. Furthermore, the refractive index information

is available as long as reliable topography information is obtainable.

OPL(x,) OPL(X,)

*
h; Coverslip
J<b) n
5
L
_zs_m Ah
o hf----
T nix;) [n(x,)
X1 X5 ]
Position

Figure 65. Schematic OPL from two different positions in a sample with arbitrary height profile and
non-homogeneous refractive index.

OPL = fOL n(z).dz Equation 1

OPD = OPL(x,) — OPL(x,) = Ah.n(x;) + h,.An — Ah.n Equation
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A fundamental limitation of any QPI method is that the phase shift between two pixels must be
inferior to . For an irregular surface, such as the one presented in Figure 65 (b), the phase shift is
directly associated to the variation of the refractive index (An) of the material between two pixels and
height from one pixel to the other (Ah), as shown in Equation 3. The distance between two pixels for
the equipment, described in the section below (calibrated at 530 nm ~10-7 m), is between 2.7 ym and
0.4 um, corresponding to a Ah of 10-"m and hz of 10 m. The estimated (n(x)-n) difference is at the
order of 10-3 or below, which sets a maximum detectable (by the technique) An between pixels of 10-3.
Variation of An between pixels higher than 10-3 will result in unstable measurements, which is easily
observed during analysis. Furthermore, the equipment sensitivity is on the order of OPD=10 nm,
meaning the technique can detect variations of refractive index down to 104, setting the lower detection

limit of the technique.
> 27” OPD Equation 3

0.532
— 1077 > Ah.(n(xy) —n) + h,.An

Results and Discussion

Polymerization degree mapping

Raman scattering spectroscopy is a standard technique for measuring the polymerization
degree of a polymer. The Raman spectra of these materials have been previously studied, and their
vibrational spectrum are similar to polymethylmethacrylate (PMMA) 3132, For methacrylate-based
polymers, the polymerization degree can be measured by calculating the ratio between the vibrational
bands assigned to the stretching of the C=C and C=0 bond, with characteristic Raman shifts around
1630 and 1720 cm, respectively. Micro-Raman scattering maps were collected on the cleaved
surface, presented in Figure 64, and the data were deconvoluted to measure the ratio between the
relative areas of the C=C and C=0 bands. The map scan in Figure 66 a and b highlights the C=C
conversion profile as function of the laser penetration depth. The map scan in Figure 66 ¢ and d
highlights the C=C conversion profile across the laser beam from the center to the edges of the

irradiation center..
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Figure 66. Micro-Raman scattering mapping of the tilted cross-section of a line. The ratio between the
integrated areas of the vibrational bands at 1630 and 1720 cm-' assigned to the stretching of the C=C
and C=0 bonds, respectively, were monitored: (a) the microscope image of the scanned area, (b) the
corresponding map, (c) the microscope image of the scanned area and (d) the corresponding map with
indications of the center and edges of irradiation.

It can be seen that the polymerization degree decreases with the penetration depth and with
the distance from the beam center, as shown in Figure 66 a and b, and in Figure 66 ¢ and d,
respectively. These observations are coherent with the exposure profile introduced by the laser beam
profile, and the exponential decrease of irradiance with the penetration depth caused by the
photoinitiators absorption in the resin. When the profile of C=C conversion is plotted as a function of
the Y coordinate (penetration depth) for each X coordinate in Figure 66 b, it can be seen that Ac=c/Ac-0
ratio starting values are 0.35 and 0.44 for the -53 and 46 um X position, decreasing until they reach a
plateau. The ratios for each plateau also increase as it gets farther away from the center of the
irradiation. Similarly, the profile of C=C conversion as a function of the penetration depth for each Y
coordinate in Figure 66 b shows a similar trend when evaluated from the center to the edge of the
irradiation. These results clearly indicate the formation of a C=C conversion profile, thus it is expected

that a refractive index profile should be present in the materials.
Refractive index distribution

Mapping the refractive index of curved surfaces is challenging since most refractive index
measuring methods rely on coupling the surface of the sample with a reference material. This means
that the sample must be prepared (cut, ground and polished) and flat in most cases, which is not
convenient for these 3D printed lines. Here, we employed a combination of QWLSI and confocal

microscopy to evaluate the average refractive index distribution of the 3D printed lines along the cross-
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section. The OPD mapping of the 3D printed line is presented in Figure 67 a, and the average OPD
profile of the cross-section is shown in Figure 67 b. The height profile image of a cross-section obtained
from confocal microscopy is presented in Figure 67 ¢, and the extracted values are presented in Figure
67 b. It can be seen that both the OPD and the height profile of the lines cross-section are identical,
indicating that the average refractive index of the material along the cross-section remains constant,
despite the C=C conversion profile observed in the Raman scattering maps. According to calculations
using Equation 3, the method should be able to detect refractive differences between 10-3 and 104,
indicating that the refractive index in these 3D printed lines is homogenous up to 104 despite the

presence of a C=C conversion profile.
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Figure 67. (a) QWLSI image of an additive manufactured line. In (b) the OPD and height profile of an
additive manufactured line extracted from QWLSI and confocal microscopy images. (c) the height
profile of a cross section obtained by confocal microscopy.

Optical anisotropies
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Polarimetry images of the 3D printed lines are presented in Figure 74. No image is observed
when the line is positioned parallel to either the polarizer or the analyzer in crossed configuration,
however, a bright strip is observed when the line is tilted by 45 degrees to either the polarizer or
analyzer. The images obtained at 45 and -45 degrees are symmetrical. These observations indicate
that these lines are birefringent with their optical axis aligned or perpendicular to the laser scan
direction, suggesting a biaxial refractive index distribution 336, Kobayashi et al. studied the
photopolymerization of oxetane-based monomers using a scanning light source 37, and the author have
found a preferential alignment of the monomers with the scan direction, resulting in birefringence. In
another investigation by the same group 38, the authors employed structured light instead of a scanning
light source, and have identified the presence of optical anisotropies as well. The authors assigned
their findings to the polymerization gradient introduced by the localized light source, inducing the
diffusion of monomers to the irradiated area and creating shear stresses perpendicular to the scan
direction. These stresses are then frozen by the vitrification of the polymeric network, resulting in the

observed anisotropies.

In this work, we employed an intermittent exposure (IE) VPP setup under a high overlap
regime. Thus, a line scan consists of multiple stationary overlapping exposures as described in 33,
meaning that the printing process is a combination of both structured light and a scanning light source.
Based on this, both mechanisms, that are molecular orientation and shear stress, could explain the
birefringence in the 3D printed lines observed in this work. To further elucidate their origin, we employed
polarized micro-Raman experiments to verify the existence of preferential molecular alignments in

these lines.

Parallel to analyser

Parallel to polarizer
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Figure 68. Polarimetry images of 3D printed line immersed in refractive index matching oil. Photos
were taken with the line aligned parallel, +45, -45, and perpendicular to the polarizer.

Polarized micro-Raman mapping

Polarized Raman has been employed for evaluating the molecular orientation of PMMA %, by
analyzing the intensity of the 486, 562, 604, and 1732 cm-! vibrational bands as a function of the
polarizer/analyzer orientations. Detailed information on the direction and degree of molecular alignment
can be acquired by comparing to tensor models describing the Raman scattering, however this
approach is particularly challenging for complex systems where vibrational bands with different
symmetries overlap. Here, we used a simplified analysis by comparing the polarized Raman spectra
with different polarizer/analyzer orientations to identify the presence of preferential alignment of

segments associated to the organic structure.

The surface shown in Figure 64 was mapped using polarized micro-Raman acquired in the
HH (horizontally aligned polarizer and analyzer)and VV (vertically aligned polarizer and analyzer)
configurations, as shown in the representative spectra presented in Figure 69. The vibrational bands
located at 1744 and 1719 cm-! are assigned to the stretching of the C=0 bond. The stretching of the
C=C bonds from unreacted monomer is observed at 1639 cm-!- The stretching of the C-O and C-C
bond from the chelating ring of MAEAA can be observed at 1610 and 1530 cm-". The stretching of the
P=0 can be seen at 1242 cm-'. Lastly, the bands are 1454, 1410, 1375, and 1181 cm-! are assigned
to the wagging and rocking of CH2 and CHs groups. It can be seen that the spectrum acquired with HH
and VV polarizer/analyzer orientation match perfectly. Similar results were observed for all spectra
collected in the mapping. The spectra were deconvoluted and the ratio between each vibrational band
acquired in HH and VV configuration was calculated and plotted in Figure S1 available in the
supporting information in Annex E. These results indicate the absence of preferential alignment
between the organic groups, suggesting that the observed optical anisotropies arise due to shear

stresses created by the localized photopolymerization during the additive manufacturing process.
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Figure 69. Raman scattering spectra acquired in HH and VV configurations.

Summary and Conclusions

A 3D printed line of an aluminum-phosphate-silicate hybrid material was fabricated using VPP-
UV. This line was used to study the refractive index distribution and the presence of optical anisotropies
resulting from the laser scan during the VPP-UV process, by combining micro-Raman, quantitative
phase imaging, confocal microscopy and polarized micro-Raman techniques. Micro-Raman was used
to map the distribution of polymerization degrees across the cross-section of the line, and a
combination of quantitative phase imaging (QPI) and confocal microscopy allowed the mapping of
refractive index distribution in the fabricated line. Micro-Raman revealed different degrees of
polymerization in the line, where smaller C=C conversions were achieved as the light intensity
decreased (deeper light penetration and farther from the beam center). Despite this distribution of C=C
conversion, the combination of QPI and confocal microscopy did not reveal any refractive index
heterogeneities above 104. To the best of our knowledge, this is the first observation and mapping of
conversion profiles introduced by the VPP process. Polarimetry images revealed optical anisotropies
in these lines. Polarized micro-Raman showed that these anisotropies do not arise due to molecular
alignment, suggesting that the mechanism responsible for the birefringence is related to the localized
polymerization, which induces the diffusion of monomer to the polymerization spot, resulting in shear
stress perpendicular to the scan direction. These results demonstrate that further application of VPP
techniques to additive manufacturing of photonic materials is not straightforward, and must require

additional effort into elucidating the optical properties at microscale in these materials.
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CONCLUSION AND OUTLOOKS

In this project, we developed aluminum-phosphate-based hybrid materials using the sol-gel
route for additive manufacturing. We characterized in-depth the structure of these materials using solid-
state NMR. These materials are candidates for the fabrication of active and passive additive
manufactured photonic devices. For this project, we employed a custom-made VPP system operating
under intermittent exposure conditions. We developed a mathematical model describing the exposure
profile outputted by this custom-made VPP setup, since its operating principle greatly differs from
commercial platforms. Then, these new materials were 3D printed after characterizing their VPP
parameters and photopolymerization kinetics. Lastly, we examined the optical homogeneity and

anisotropy of additive manufactured elements from these materials.

Initially, we explored a series of reactants and synthesis protocols to achieve
photopolymerizable aluminum-phosphate sols suitable for VPP. The first series of materials obtained
were reported in Chapter 1, comprehending organic-inorganic hybrid (OIH) materials composed by
poly (2-hydroxyethyl methacrylate) chains with aluminum-phosphate groups covalently bonded to the
polymeric backbone, as revealed by solid-state NMR, and infrared spectroscopy. The connectivity
between aluminum and phosphate groups was investigated in-depth by solid-state NMR, showing
strong dependency to the aluminum to phosphorus ratio. Ultimately, these inorganic units provide
numerous crosslinkers, resulting in a highly interconnected and interlocked inorganic/organic structure.
The obtained materials are stable solutions that can be photopolymerized to yield OIH materials
optically transparent between the 420 nm - 1100 nm range with low volumetric retraction compared to
methacrylate polymers, making them ideal candidates for additive manufacturing via VPP. However,
these materials suffer from poor transmittance in the near-infrared region (NIR) due to the high organic

content of these matrices.

We addressed these issues by developing the materials presented in Chapter 2, where we
substituted the 2-hydroxyethyl methacrylate by a common alkoxysilane precursor, resulting in
aluminum-phosphate-silicate OIH materials. Similarly, we obtained photopolymerizable and stable
solutions compatible with VPP technologies, resulting in transparent hybrid materials with high
inorganic mass content and improved transmittance in the NIR. We investigated the structural evolution
with Si concentration for polymerized samples with different Al:P ratios by means of solid-state NMR,

219



SEM and phase contrast AFM imaging. An extensive solid-state NMR analysis showed that these
materials follow the build-up principle with aluminum-phosphate species and alkoxysilane chains acting
as fundamental building blocks. The Al:P ratio dictates the hetero-condensation of aluminum and
phosphate precursors, resulting in linear aluminum-phosphate units with monomeric or dimeric nature
depending on the Al:P ratio. The dimeric structure favors alkoxysilane homo-condensation, resulting in
separate silicate and aluminum-phosphate inorganic networks, while the monomeric structure allows
Al-O-Si hetero-condensation, resulting in an inorganic network composed by aluminum-phosphate
units interconnected by silicate chains. These structural features present these materials as potential

candidates to immobilize lanthanide ions for developing active optical components.

In Chapter 3, we tested a mathematical model describing the exposure profile outputted by
the custom-built printer employed in this work, allowing us to model the laser-resin interaction in this
equipment, and to correlate the printing parameters measured for our materials with those of
commercial AM setups. We observed that our proposed model has the same logarithmic dependence
of Jacobs work curve (laser-resin interaction model widely employed), with the addition of a factor
describing the overlap from adjacent pulses. This study led to two important observations: first, it is
possible to correlate the printing parameters measured for our resin in this equipment and recalculate
the values to other commercial setups; second, there are limits concerning the applicability of the
Jacobs work curve model in the new generation of VPP platforms. Furthermore, we identified that this
printing system can, theoretically, print faster compared to commercial platforms under specific

conditions of beam diameter and overlap between pulses.

In Chapter 4, we explored the additive manufacturing of the aluminum-phosphate-silicate
resins studied in Chapter 2. We studied the evolution of the 3D printing parameters of these materials
(critical energy and penetration depth), and of the photopolymerization kinetics with light intensity and
silicate concentration. Furthermore, we used our experimental data to validate a photochemical model
published in the literature describing the VPP process. The model predicts that E. «
(ktl/ 2 /kp) Inp. and D, o €, where k; k,, p;, and € are the kinetic constant of bimolecular
termination, kinetic constant of propagation, critical conversion, and absorption coefficient at the laser
wavelength, respectively. Our study reveals that both E, o (ktl/ 2 / k,) and D,, « € relationships

hold true and there is a link between the critical energy and the kinetic constants describing the

polymerization process of a given material.
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Lastly, in Chapter 5, we studied the refractive index distribution and the presence of optical
anisotropies in 3D printed lines (the fundamental structure fabricated by VPP) fabricated using one of
the aluminum-phosphate-silicate resins studied in Chapter 2. Micro-Raman mapping showed a
gradient of polymerization degree present in the lines, where smaller C=C conversions were achieved
as the light intensity decreased (deeper light penetration and farther from the beam center), however,
this gradient did not lead to significant variation of refractive index (<10-4). Further studies by
polarimetry, revealed the presence of optical anisotropies in these lines; however, these anisotropies
did not arise due to molecular alignment, as showed by polarized micro-Raman mapping, indicating
that the birefringence arises from the shear stress perpendicular to the scan direction due to the inflow
of monomer towards the polymerization spot. To the best of our knowledge, this is the first study on

the optical properties of 3D printed parts.

Overall, the results of this Ph.D. project present a myriad of prospects. For instance, we
explored the synthesis and characterization of sol-gel hybrid materials with exotic compositions, whose
synthesis is known to be challenging. Not surprisingly, we are the first to report these kinds of materials,
that is, stable photopolymerizable resins that result in transparent aluminum-phosphate OIH materials.
As prior mentioned, these materials could be interesting hosting matrices of lanthanide ions for the
development of active optical devices, however further study must be done address its feasibility.
Furthermore, these materials still have an organic nature, which has deleterious effects on transmission
properties at NIR and could prevent the application of these materials in photonics. There is still room

for improving the optical properties of these materials.

Concerning the additive manufacturing, we observed that further effort would be required to
better understand the relationship between photochemistry and VPP. The study of the 3D printing
parameters of our materials and their kinetics of photopolymerization provided insight into the link
between process modelling and the chemical reactions involved. This relationship is a fundamental
gap in the additive manufacturing area, which would ultimately lead to more precise models,
simulations and understanding of the relationship between properties and processing conditions in
VPP. Similarly, our mathematical model describing the exposure profile of our custom-made
intermittent exposure VPP setup addressed another major gap in the literature, since the Jacobs work
curve is still employed to model the laser-resin interaction, even thou its development assumed the use
of continuous laser sources that became totally obsolete in the last 30 years. The model that we

developed is very simplistic, and ignores a series of different dynamic effects associated to the
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photopolymerization that can deeply affect the additive manufacturing, requiring additional
investigations to include these factors.

Finally, we stablished a protocol to measure optical anisotropies and inhomogeneities in 3D
printed materials. So far, all published works concerning additive manufacturing for photonics did not
address the anisotropic nature of the additive manufacturing process, and our results demonstrate that
further application of VPP techniques for additive manufacturing of photonic materials requires
additional effort into elucidating the optical properties at microscale in these materials. Our work
provided insight into the nature of these optical heterogeneities and anisotropies. Nonetheless, further
understanding of its origins, improvements in the methods for quantification and mitigation strategies

must be studied.
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RESUMO EXPANDIDO

A MA ¢é uma tecnologia promissora para a area de fotonica, e tem recebido ampla atengéo na
ultima década como um método para contornar as limitagdes geométricas e de integragéo presentes
em métodos tradicionais de fabricagdo, o que poderia permitir uma nova geragao de dispositivos
dpticos integrados. As tecnologias MA para fotdnica devem ser capazes de fabricar objetos com alta
resolucao (<10 um) e elevada qualidade de acabamento de superficie, que s&o condigbes atendidas
por poucas tecnologias de MA. Neste quesito, a familia de técnicas de fotopolimerizagao em cuba (“vat
photopolymerization” VPP) é uma das poucas que atendem a tais requisitos e, embora existam
inumeros exemplos na literatura sobre o uso da VPP em fotdnica, existem poucas investigacdes
fundamentais sobre a qualidade optica das pegas produzidas, especialmente no que tange a

homogeneidade e anisotropia optica, visto que a MA é um processo fundamentalmente anisotrépico.

A disponibilidade de materiais compativeis com a VPP é um dos principais problemas
limitando ampla aplicagao dessa familia de técnicas no dominio da fotonica. A VPP constréi objetos
por meio da fotopolimerizagédo seletiva de uma resina, formando cada secgéo transversal do objeto.
Entretanto, o mecanismo de fotopolimerizagao € restrito a polimeros, o que limita a aplicagdo em 6ptica
de objetos fabricados por VPP as regides do visivel e de terahertz do espectro eletromagnético, uma
vez que 0S grupos organicos apresentam elevada absor¢do na regido do infravermelho proximo.
Dessa maneira, o desenvolvimento de novos materiais compativeis com a VPP para aplicagéo foténica
se transformou em um campo emergente e de grande relevancia. Nos Ultimos anos, tem havido
intensa pesquisa para permitir a MA de vidros inorganicos via VPP, que € um material classico no
desenvolvimento de dispositivos dpticos ativos e passivos. A principal desvantagem, no entanto, € que
todas as abordagens disponiveis requerem tratamento térmico a alta temperatura, dificultando a
construgédo de dispositivos eletro-6pticos integrados. Nesse contexto, 0 uso de materiais hibridos
organico-inorganicos (HOI) com VPP surgiu como uma alternativa aos materiais poliméricos e vidros
inorganicos, uma vez que suas propriedades 6pticas podem ser ajustadas para atender aos requisitos
de transmiss&o para dispositivos Opticos ativos e passivos que operam nas regides do espectro UV
(ultravioleta) ao NIR (infravermelho proximo) e ideais para estruturas fotnicas ativas e passivas

integradas, uma vez que ndo requerem tratamentos térmicos.
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A rota hibrida sol-gel surgiu nos ultimos 3 anos como uma rota quimica conveniente para obter
materiais transparentes de HOI processaveis através de VPP. Rotas de sintese alternativas para
materiais HOI ndo s&o inatamente compativeis para VPP como a rota hibrida sol-gel, e muitas vezes
sofrem de segregacdo de fase, produzindo materiais opacos. Essa rota de sintese permitiu a
impressédo de HOIs a base de silicato com boa qualidade 6ptica, que foram explorados na fabricagao
de estruturas opticas passivas, como guias de onda. No entanto, essas matrizes ndo séo boas
candidatas para o desenvolvimento de dispositivos 6pticos ativos, devido a sua baixa solubilidade de
ions lantanideos. Dessa maneira, ha a necessidade de materiais HOI que sejam inerentemente

compativeis com a quimica dos lantanideos para a fabricacdo de dispositivos dpticos ativos via VPP.

A este respeito, os materiais HOI a base de aluminio-fosfato (AIP) séo candidatos promissores
para a fabricagao de dispositivos dpticos ativos. Compostos baseados em aluminio-fosfato possuem
excelente solubilidade para os ions lantanideos, impedindo a formagao de clusters agrupamento e
reducdo da fotoluminescéncia. A quimica do sol-gel AIP é desafiadora em comparagao com a quimica
bem estabelecida do sol-gel de silicato, uma vez que os precursores de fosfato e de aluminio para a
rota sol-gel sdo muito reativos ou inertes. Até 0 momento, ha pouca informagao sobre a sintese de

materiais transparentes e fotopolimerizaveis de AP OIH.

O objetivo deste projeto de doutorado foi o desenvolvimento e caracterizagdo estrutural de
materiais hibridos a base de fosfato de aluminio obtidos a partir da rota sol-gel para a manufatura
aditiva via VPP, com potencial aplicacdo na fabricacdo de novos dispositivos fotnicos ativos e
passivos. Para tal, foi utilizado um sistema de VPP customizado operando sob condigdes de exposi¢ao
intermitente, cujo principio de funcionamento difere de plataformas comerciais. Foi desenvolvido um
modelo matematico que descreve o perfil de exposi¢do produzido pelo equipamento de VPP e os
parametros operacionais para impressao dos materiais sintetizados, bem como suas cinéticas de
fotopolimerizagao, foram estudados. Por fim, examinamos a homogeneidade Optica e a anisotropia de

elementos manufaturados aditivamente a partir desses materiais.

Inicialmente, exploramos uma série de reagentes e protocolos de sintese para obter sbis
fotopolimerizaveis a base de fosfato de aluminio adequados para VPP. A primeira série de materiais
obtidos foi relatada no Capitulo 1, compreendendo materiais HOI formado por cadeias poliméricas de
2-hidroxietil metacrilato ligadas covalentemente a espécies de fosfato de aluminio, conforme revelado
por RMN de estado solido e espectroscopia de infravermelho. A conectividade entre os grupos
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aluminio e fosfato foi investigada em profundidade por RMN de estado solido, e os resultados
demonstraram forte dependéncia com a rela¢do aluminio/fosforo. Estruturalmente, essas unidades
inorganicas atuam como ligagdes cruzadas, resultando em uma estrutura inorgénica/organica
altamente interconectada e interligada. Os materiais obtidos comegam como solugdes altamente
estaveis que podem ser fotopolimerizadas para produzir materiais hibridos opticamente transparentes
na faixa de 420 nm - 1100 nm, e com baixa retracdo volumétrica comparado a materiais do tipo
metacrilato, tornando-os candidatos ideais para manufatura aditiva via VPP. No entanto, esses
materiais apresentaram baixa transmitancia na regido do infravermelho préximo (NIR) devido ao alto

teor organico dessas matrizes.

Esses materiais tiverem suas propriedades de transmissdo melhoras atraves da substituicao
do 2-hidroxietil metacrilato por um precursor de alcoxissilano, resultando em materiais hibridos de
aluminio-fosfato-silicato, conforme reportado no Capitulo 2. De maneira similar, obtivemos solugdes
fotopolimerizaveis e estaveis, compativeis com as tecnologias de VPP, resultando em materiais
hibridos transparentes com alto teor de massa inorganica (até 40% em massa) e melhor transmitancia

no NIR, conforme ilustrado na Figure 70.
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Figure 70. Monolitos polidos obtidos a partir da termopolimerizacao dos materiais de composicdo 30%
TMSPM com razéo Al:P de (a) 1:1, (b) 3:1, e (c) 1:3. Espessura entre 2 e 4 mm, com largura de 10
mm e comprimento de 15 a 30 mm. (d) Torre de Voroni impressa 3D (5 ¢cm de altura) com o material
0% TMSPM Al:P = 1:1 (1% em massa de TPO).

A evolugao estrutural com a concentragéo de Si para amostras com diferentes razdes Al:P foi
investigada por meio de RMN de estado sdlido, microscopia eletronica de varredura (MEV), e
microscopia de forga atdmica com contraste de fase. Uma analise detalhada por meio de RMN de
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estado sélido mostrou que esses materiais seguem o principio de construgao build-up, com espécies
de fosfato de aluminio e cadeias de alcoxissilano atuando como blocos fundamentais. A razdo Al:P
determina a heterocondensacao dos precursores de aluminio e fosfato e a estrutura das unidades de
fosfato de aluminio resultantes. Essas estruturas se apresentaram como compostos lineares de fosfato
de aluminio com natureza monomérica ou dimérica, dependendo da razao Al:P, conforme ilustrado na
Figure 71. A estrutura dimérica favorece a homocondensagao do alcoxissilano, resultando em redes
inorganicas separadas de silicato e fosfato de aluminio, enquanto as estruturas monoméricas
permitem a heterocondensacédo Al-O-Si, resultando em uma rede inorganica composta por unidades
de fosfato de aluminio interligadas por cadeias de silicato. Estas caracteristicas estruturais apresentam
estes materiais como candidatos potenciais para imobilizar ions lantanideos para o desenvolvimento

de componentes dpticos ativos.
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Figure 71. Estruturas lineares de alumino-fosfato do tipo monomérica e dimérica identificadas como
bloco fundamentais compondo os materiais descritos no Capitulo 2.

No Capitulo 3, testamos um modelo matematico que descreve o perfil de exposic¢do produzido
pela impressora empregada neste trabalho, de maneira a permitir a correlacdo dos parametros de
impressdo medidos para nossos materiais com os de plataformas MA comerciais, conforme ilustrado
na Figure 72. Observamos que o modelo possui a mesma dependéncia logaritmica da curva de
trabalho de Jacobs (empregada em sistemas comerciais), com a adigdo de um fator que descreve a
sobreposicao de pulsos adjacentes, permitindo que os pardmetros de impressao medidos para nossas

resinas em nossa plataforma customizada sejam extrapolados para outros equipamentos comerciais.
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Figure 72. (a) Imagem de MEV de uma linha impressa 3D utilizando diferente distancias interpulso
com um material de composicdo 0.73 % em massa de fotoiniciador e [PETA/BAPO]-[MPTMS-HAD]
utilizando um laser de emiss@o em 360 nm (@=550+10 pm), poténcia de 800 yW (336.7 mW.cm-2), e
100 ms de tempo de exposigdo. Escala de 1 mm; (b) Perfil topografico de acordo com o modelo VPP-
UVL-IE calculado a partir dos mesmos parametros experimentais.
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No Capitulo 4, exploramos a manufatura aditiva das resinas de aluminio-fosfato-silicato
estudadas no Capitulo 2. A evolugdo dos pardmetros de impressao 3D desses materiais (energia
critica e profundidade de penetragdo) e da cinética de fotopolimerizagdo com intensidade de luz e
silicato concentragao foram estudados, conforme ilustrado na Figure 73. Além disso, usamos nossos

dados experimentais para validar um modelo fotoquimico publicado na literatura descrevendo o
processo VPP. O modelo prevé que E, (ktl/z/kp) Inp. and D,, < €, where k; k,,, p., and €
sdo a constante cinética de terminagdo bimolecular, constante cinética de propagacgéo, conversao
critica e coeficiente de absorgdo no comprimento de onda do laser, respectivamente. Nosso estudo
revela que tanto E, (ktl/ 2 / k,) and D, « € as relagdes sdo verdadeiras e existe uma ligagao

entre a energia critica e as constantes cinéticas que descrevem o processo de polimeriza¢éo de um

determinado material.
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Figure 73. Energia critica (a direita) e profundidade de penetracdo (a esquerda) em fungao da
concentragdo de MPTMS medidas com potencias de laser médio de 1.09, 0.73, 0.34,0.13, € 0.05 mW.

Por fim, no Capitulo 5, estudamos a distribuicdo do indice de refracdo e a presenca de
anisotropias opticas em linhas impressas em 3D fabricadas com uma das resinas de aluminio-fosfato-
silicato estudadas no Capitulo 2. O mapeamento micro-Raman mostrou um gradiente de grau de
polimerizagdo presente nas linhas, onde menores conversdes C=C foram alcangadas a medida que a
intensidade da luz diminuiu (penetragdo mais profunda da luz e mais distante do centro do feixe), no
entanto, esse gradiente ndo resultou em variagdes de indice de refracdo superiores ao limite de

deteccdo do nosso procedimento de medicdo ( <104). Imagens de polarimetria revelaram a presencga
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de anisotropias Opticas nessas linhas, conforme ilustrado na Figure 74; no entanto, essas anisotropias
ndo surgem devido ao alinhamento molecular, como mostrado pelo mapeamento micro-Raman
polarizado, indicando que a birrefringéncia surge da tenséo de cisalhamento perpendicular a dire¢éo
da varredura do laser durante a impressao 3D, resultando em influxo de monémero em dire¢éo ao

ponto de polimerizagéo.

Parallel to analyser

Parallel to polarizer

Figure 74. Imagens de polarimetria de uma linha impressa 3D e imersa éleo de mesmo indice de
refragdo. Fotos adquiridas com a linha alinhada paralela, +45, -45, e perpendicular ao polarizador.
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ANNEX A. SUPPORTING INFORMATION OF CHAPTER 1. PREPARATION AND

STRUCTURAL CHARACTERIZATION OF NEW PHOTOPOLYMERIZABLE

TRANSPARENT ALUMINUM-PHOSPHATE HYBRID MATERIALS AS RESINS FOR 3D

PRINTING

Table S11: Mass of reactants weighted for a 10 g batch of each composition. 0.1 g of TPO was added
afterwards.

Al/(AI+P) molar ratio (%) HEMA HEMA-P AI(MAEAA)2
(9) (9) (9)
0 5 5 0
10 5 3583 1.417
25 5 2.287 2.713
40 5 1.482 3514
50 5 1.097 3.903

Table S12: Concentration of reactants and Ethyl Methacrylate (EtM) groups for 10 g of each
composition.

Al/(Al+P) molar ratio HEMA HEMA-P AI(MAEAA)2 EtM groups
(%) (mol) (mol) (mol) (mol)
0 0.049 0.026 0 0.070
10 0.049 0.019 0.002 0.068
25 0.049 0.012 0.004 0.066
40 0.049 0.008 0.005 0.065
50 0.049 0.006 0.006 0.065

Number of EtM groups is calculated from reactants using the following stoichiometry: 1/1
(EtM/HEMA), 0.8/1(EtM/HEMA-P) and 2/1(EtM/AI(MAEAA).). EtM Molar Concentration in the samples
is calculated using the equation:
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Figure S1. '"H MAS NMR spectra and structural assignment for samples containing 25 and 50 %
Al/(P+Al) at 60 kHz.

The 'H MAS spectrum, on Figure , shows broad proton signals associated to unsaturated
carbons. Signal identification was assisted by 13C-'H CP-HETCOR spectra measured(moles Al)x he
on 25% Al/(Al+P) sample, shown in Figure S, with:150 ps and 500 ys contact times. Similar results
were obtained for samples with x = Al/(Al+P) = 50%, therefore they are not presented here. Based on
the cross-peaks, we can attribute the following proton signals: (I) 1 ppm: methyl groups from
polymerized methacrylate substructure (H9); (Il) 2 ppm: CH2 within the polymeric chain (H5); (Ill) 3.7
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and 4.0 ppm: CH from ethyl ester group (H2, H3) and (H4), respectively; (IV) 3.3 ppm: (H6) from
MAEAA. With small contact time (150 ps), the observed cross-peaks are associated with polarization
transfer involving directly bonded H atoms only, and (1), (1) and (Ill) 'H-13C correlation are observable,
although in cases (lll) and (ll) the 'H-3C dipolar interactions are weakened owing to CHz and CH>
rotational motion. With longer contact time (500 ps), polarization transfer through space results in
higher signal to noise ratios and in longer-range correlations. Appreciable changes occur for 500 us
contact time, with stronger 'H-13C correlation from (I) and (Il) cross-peaks and observation of
correlations involving IV. Quaternary carbon (45 ppm) cross-peak with 1.6 ppm proton signal results
from cross-polarization with both methyl groups (1 ppm) (C7-H9) and polymeric chain CHz(2 ppm) (C7-

H5). In the 'H MAS spectrum, C=CH signals at 6 ppm are also observed from unpolymerized

methacrylate.
\ |
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Figure S2. 3C{'H} HETCOR spectra for a sample with x = Al/(Al+P) = 25% with 150 ps and 500 ys
contact time.
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Figure S3. 27Al TQMAS NMR spectra of the samples with x =Al/(Al+P) = 10% (a) and 40% (b).
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ANNEX B. SUPPORTING INFORMATION OF CHAPTER 2. UNDERSTANDING THE
MICROSTRUCTURE CONNECTIVITY IN PHOTOPOLYMERIZABLE ALUMINUM-
PHOSPHATE-SILICATE SOL-GEL HYBRID MATERIALS FOR ADDITIVE

MANUFACTURING
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Figure S1. Absorption spectra from 400 to 1900 nm for hybrid samples containing 30% TMSPM 1:1,
1:3 and 3:1 Al:P ratio.
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Figure S2. (a) Thermogravimetric (TGA) and (b) Differential Thermogravimetric Analysis (DTG) of
TMSPM 3:1 and 1:3 Al:P hybrid materials with different concentration for TMSPM.

SE BSE

Figure S3. 70% TMSPM (1:3 Al:P) heterogeneities observed by SE and BSE imaging.
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Table S1. Relative Si/(P+Al+Si) atomic composition and Al/(Al+P) atomic ratio according to
Wavelength Dispersive Spectroscopy (WDS) analysis of 0, 30% and 70% TMSPM 1:3 and 3:1 Al:P
hybrid materials.

Nominal Composition Measured
at. Si (%) Al/(P+AI) (%)
0% TMSPM + (1:3 Al:P) 0 27.1%1.1
30% TMSPM + (1:3 Al:P) 30.8+0.8 25.8+0.8
70% TMSPM + (1:3 Al:P) 78.7%5.0 24.0%20
0% TMSPM + (3:1 Al:P) 0 73.6+24
30% TMSPM + (3:1 Al:P) 31406 73.0%24
70% TMSPM + (3:1 Al:P) 71.1%15 74.6%23

0% TMSPM

30% TMSPM

70% TMSPM

Figure S4. Phase-contrast and topography map of TMSPM 3:1 and 1:3 Al:P hybrid materials with 0%,
30% and 70% TMSPM.
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Figure S5. Phase-shift and topography relation plots of TMSPM 3:1 and 1:3 Al:P hybrid materials with
0%, 30% and 70% TMSPM.

Table S2. Deconvolution parameters for TMSPM (1:3 Al:P) compositions 3'P-MAS spectrum.

Al:P ratio 1:3 31
% TMSPM Position Relative Position Relative
(ppm) Integrated (ppm) Integrated
Area (%) Area (%)
70 0.2 54 -14 0.4
-4.8 15.2 5.7 6.8
-12.6 56.2 -13.3 71.0
-19.9 23.2 21.7 21.8
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Figure S6. 27Al TQMAS spectrum of 70% TMSPM 3:1 (a) and 1:3 (b) Al:P hybrid materials.
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Figure S7. 27Al{3'P} REDOR MAS curve of 70%TMSPM 1:3 and 3:1 Al:P compositions at 0.857 ms
evolution time.
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Figure S8. Z7Al{3'P} REDOR MAS curve and quadratic fitting for TMSPM 1:3 Al:P compositions with
TMSPM concentration ranging from 10% to 70%.
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Figure S9. Z7Al{3"P} REDOR MAS curve and quadratic fitting for TMSPM 3:1 Al:P compositions with
TMSPM concentration ranging from 0% to 70%.
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Figure $10. Left: 2D 'H DQ-SQ correlation spectrum for of 50% TMSPM 3:1 Al:P (top) and
70% TMSPM 1:3 Al:P (bottom) hybrids, measured under 60 kHz MAS using R143 symmetry-based
homonuclear recoupling and no homonuclear decoupling during DQ evolution. The dashed line
indicates the 25-6 DQ-SQ diagonal. Right: Traces of the 2D spectrum on the left showing the observed
DQ-SQ correlations for the 50% TMSPM 3:1 Al:P sample. The 'H MAS spectrum acquired with direct
excitation is also shown for the sake of comparison. The spectrum shows DQ-SQ correlation between
the peaks at 5.5 and 6.1 ppm corresponding to the non-equivalent protons H12 from the C=CHa group.
The DQ-SQ spectrum also shows correlations between H6, H13, H15 and H16 (CH3 and CH,) from
the polymer backbone at 2.1 ppm with H1, H2, H7, H8, and H9 (ethyl and propyl groups) sites
resonating around 3.5 ppm. There is correlation between protons H7 and H8 (propyl groups from
TMSPM) with OCH2 groups, most probably H9 from TMSPM.
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ANNEX C. SUPPORTING INFORMATION OF CHAPTER 3. PROCESS MODELING OF

LASER SCANNING VAT-PHOTOPOLYMERIZATION OPERATING UNDER

INTERMITTENT EXPOSURE CONDITIONS

Y Axis (mm)

05 00 05 10
X Axis (mm)
h/W_=0.64

=

1.5

Figure S1. EOF values calculated for a 1 mm square for a Wo=275 pym beam at different hatch
distances with h1=h,. Equation 3 was numerically solved using a 20 ym mesh for space discretization.

Topography Maps

Discrepancies in the width profile and the model are caused by the premature contact between
the stylus (45° and 3um curvature radius) and the structure due to the rapid increase in height, specially
for long hatch distance sample (h/W,<3.63).
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Figure S2. Topography map of line scan at different hatch distances using 0.73 wt% [PETA/BAPQ]-
[MPTS-HAD] resin with a 360 nm laser (@=550+10 pym) at 800uW and 100 ms of exposure time.
Profilometer data for 0.73 and 0.36 h/W, are unavailable due to height exceeding 1 mm.
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Figure S3. Topography map of line scans at different hatch distances using 0.73 wt% [PETA/BAPO]-
[MPTS-HAD] resin with a 360 nm laser (@=550£10 pm) at 100uW and 100 ms of exposure time
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ANNEX D. SUPPORTING INFORMATION OF CHAPTER 4. CORRELATION BETWEEN
CRITICAL ENERGY, PENETRATION DEPTH, AND PHOTOPOLYMERIZATION
KINETICS IN ALUMINUM-PHOSPHATE-SILICATE HYBRID MATERIALS FOR VAT-

PHOTOPOLYMERIZATION

Table S1. Critical energy and penetration depth extracted from work curve fitting for resins with different
MPTMS concentration under different laser powers. Coefficient of fitting adjustment is presented as
well.

[MPTMS] Laser Power Critical Energy Penetration Depth R?

(%) (mW) (mJ) (wm)

0 0.700 4.1E-03 261 0.975

1.110 4.2E-03 274 0.997

0.430 3.3E-03 238 0.996

0.160 3.0E-03 205 0.971

0.033 2.3E-03 211 0.952

10 0.028 2.2E-03 206 0.983

0.110 2.9E-03 213 0.994

1.200 5.0E-03 260 0.998

0.780 4 4E-03 245 0.999

0.320 3.4E-03 227 0.985

30 0.700 6.0E-03 283 0.994

1.060 7.4E-03 304 0.995

0.210 4.2E-03 262 0.995

0.038 2.6E-03 218 0.973

0.110 3.6E-03 243 0.995

50 0.740 7.3E-03 320 0.996

0.049 4.7E-03 268 0.891

0.950 6.7E-03 308 0.996

0.130 6.0E-03 325 0.992

0.380 7.3E-03 333 0.998

70 0.160 1.1E-02 423 0.958

0.740 1.5E-02 383 0.970

0.355 1.3E-02 400 0.995
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Figure S1. Lumped kinetic constant as function of exposure time with light intensity of 0.5 and 2.5
mW.cm2 in (a) and (d), respectively. Lumped kinetic constant as function of C=C conversion with light
intensity of 0.5 and 2.5 mW.cm-2in (b) and (e), respectively. C=C conversion as function of exposure
time with light intensity of 0.5 and 2.5 mW.cm-2in (c) and (f), respectively.

Table S2. Fitting parameters for power law describing the peak lumped kinetic constant, ultimate
conversion, and C=C conversion at peak polymerization rate dependence on light intensity for samples
with different MPTMS concentration.

Fitting Parameters

[MPTMS] Max Kp(Ki/K¢)'2=a.I° Ultimate Conversion=a.l C=C at Peak R, =a.l
% a b a b a b
70 0.048 0.369 62.9 0.056 15.2 0.19
50 0.040 0.402 61.1 0.055 14.4 0.18
30 0.038 0.360 58.1 0.054 12.8 0.16
10 0.036 0.373 58.5 0.039 12.7 0.17
0 0.035 0.373 57.9 0.039 12.7 0.15
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Table S3. Extrapolated critical energy values from experimental data (highlighted) using Lee’s photochemical model. Data was extrapolated from the highlighted values for
same composition samples under different irradiation conditions (collum).

[MPTMS] Laser Power Critical Laser Power Criical Laser Power Crtica Laser Power Critica Laser Power ritica
Energy Energy Energy Energy Energy

% mW mJ mW mJ mW mJ mW mJ mW mJ
0 0.03 2.3E-03 0.16 4.2E-03 043 6.1E-03 0.70 7.3E-03 1.11 8.6E-03
10 0.03 2.2E-03 0.11 3.7E-03 0.32 5.5E-03 0.78 7.7E-03 1.20 9.1E-03
30 0.04 2.6E-03 0.11 3.8E-03 0.21 4.8E-03 0.70 7.5E-03 1.06 8.7E-03
50 0.05 4.7E-03 0.13 6.9E-03 0.38 1.1E-02 0.74 1.4E-02 0.95 1.5E-02
70 0.10 5.3E-03 0.16 6.3E-03 0.36 8.5E-03 0.74 1.1E-02 1.16 1.3E-02
0 0.03 1.6E-03 0.16 3.0E-03 0.43 4.3E-03 0.70 5.1E-03 1.11 6.1E-03
10 0.03 1.7E-03 0.11 2.9E-03 0.32 4.3E-03 0.78 5.9E-03 1.20 7.0E-03
30 0.04 2.5E-03 0.11 3.6E-03 0.21 4.5E-03 0.70 7.0E-03 1.06 8.1E-03
50 0.05 4.0E-03 0.13 6.0E-03 0.38 9.2E-03 0.74 1.2E-02 0.95 1.3E-02
70 0.10 9.3E-03 0.16 1.1E-02 0.36 1.5E-02 0.74 2.0E-02 1.16 2.3E-02
0 0.03 1.3E-03 0.16 2.3E-03 0.43 3.3E-03 0.70 3.9E-03 1.11 4.7E-03
10 0.03 1.4E-03 0.11 2.3E-03 0.32 3.4E-03 0.78 4.7E-03 1.20 5.6E-03
30 0.04 2.3E-03 0.11 3.3E-03 0.21 4.2E-03 0.70 6.5E-03 1.06 7.5E-03
50 0.05 3.2E-03 0.13 4.7E-03 0.38 7.3E-03 0.74 9.5E-03 0.95 1.0E-02
70 0.10 8.3E-03 0.16 9.9E-03 0.36 1.3E-02 0.74 1.7E-02 1.16 2.1E-02
0 0.03 1.3E-03 0.16 24E-03 043 3.4E-03 0.70 4.1E-03 1.11 4.9E-03
10 0.03 1.3E-03 0.11 2.1E-03 0.32 3.2E-03 0.78 4.4E-03 1.20 5.2E-03
30 0.04 2.1E-03 0.11 3.1E-03 0.21 3.9E-03 0.70 6.0E-03 1.06 7.0E-03
50 0.05 2.4E-03 0.13 3.6E-03 0.38 5.6E-03 0.74 7.3E-03 0.95 8.1E-03
70 0.10 7.1E-03 0.16 8.5E-03 0.36 1.1E-02 0.74 1.5E-02 1.16 1.8E-02
0 0.03 1.1E-03 0.16 2.0E-03 043 2.9E-03 0.70 3.5E-03 1.1 4.2E-03
10 0.03 1.2E-03 0.11 2.0E-03 0.32 3.0E-03 0.78 4.2E-03 1.20 5.0E-03
30 0.04 2.2E-03 0.11 3.3E-03 0.21 4.1E-03 0.70 6.3E-03 1.06 7.4E-03
50 0.05 2.0E-03 0.13 3.0E-03 0.38 4.7E-03 0.74 6.1E-03 0.95 6.7E-03

70 0.10 6.3E-03 0.16 7.5E-03 0.36 1.0E-02 0.74 1.3E-02 1.16 1.6E-02
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Table S4. Extrapolated critical energy values from experimental data (highlighted) using Lee’s photochemical model. Data was extrapolated from the highlighted values for
similar irradiation conditions to different compositions (row).

[MPTMS] Laser Power Criical Laser Power Critical Laser Power Critcal Laser Power Critical Laser Power Critical
Energy Energy Energy Energy Energy

% mW mJ mW mJ mW mJ mW mJ mW mJ
0 0.03 2.3E-03 0.16 3.0E-03 0.43 3.3E-03 0.70 4.1E-03 1.1 4.2E-03
10 0.03 2.3E-03 0.11 2.7E-03 0.32 3.1E-03 0.78 4.4E-03 1.20 4.5E-03
30 0.04 2.8E-03 0.11 2.9E-03 0.21 2.8E-03 0.70 4.5E-03 1.06 4.5E-03
50 0.05 2.9E-03 0.13 3.0E-03 0.38 3.5E-03 0.74 4.8E-03 0.95 4.5E-03
70 0.10 4.8E-03 0.16 4.1E-03 0.36 4.2E-03 0.74 5.7E-03 1.16 5.8E-03
0 0.03 2.3E-03 0.16 3.2E-03 0.43 3.6E-03 0.70 4.1E-03 1.11 4.6E-03
10 0.03 2.2E-03 0.1 2.9E-03 0.32 3.4E-03 0.78 4.4E-03 1.20 5.0E-03
30 0.04 2.7E-03 0.11 3.1E-03 0.21 3.1E-03 0.70 4 5E-03 1.06 4.9E-03
50 0.05 2.8E-03 0.13 3.2E-03 0.38 3.9E-03 0.74 4.8E-03 0.95 5.0E-03
70 0.10 4.7E-03 0.16 4 4E-03 0.36 4.7E-03 0.74 5.7E-03 1.16 6.4E-03
0 0.03 2.2E-03 0.16 3.7E-03 043 4.9E-03 0.70 5.5E-03 1.1 6.9E-03
10 0.03 2.1E-03 0.11 3.3E-03 0.32 4.6E-03 0.78 6.0E-03 1.20 7.4E-03
30 0.04 2.6E-03 0.1 3.6E-03 0.21 4.2E-03 0.70 6.0E-03 1.06 7.4E-03
50 0.05 2.7E-03 0.13 3.7E-03 0.38 5.3E-03 0.74 6.5E-03 0.95 7.5E-03
70 0.10 4.5E-03 0.16 5.1E-03 0.36 6.3E-03 0.74 7.7E-03 1.16 9.6E-03
0 0.03 3.8E-03 0.16 5.9E-03 043 6.7E-03 0.70 6.2E-03 1.11 6.2E-03
10 0.03 3.7E-03 0.11 5.4E-03 0.32 6.3E-03 0.78 6.7E-03 1.20 6.6E-03
30 0.04 4.6E-03 0.11 5.8E-03 0.21 5.7E-03 0.70 6.8E-03 1.06 6.6E-03
50 0.05 4,7E-03 0.13 6.0E-03 0.38 7.3E-03 0.74 7.3E-03 0.95 6.7E-03
70 0.10 7.9E-03 0.16 8.2E-03 0.36 8.6E-03 0.74 8.7E-03 1.16 8.6E-03
0 0.03 2.5E-03 0.16 8.1E-03 0.43 2.9E-03 0.70 3.5E-03 1.11 4.2E-03
10 0.03 2.5E-03 0.11 7.3E-03 0.32 3.0E-03 0.78 4.2E-03 1.20 5.0E-03
30 0.04 3.1E-03 0.11 7.9E-03 0.21 4.1E-03 0.70 6.3E-03 1.06 7.4E-03
50 0.05 3.1E-03 0.13 8.2E-03 0.38 4.7E-03 0.74 6.1E-03 0.95 6.7E-03

70 0.10 5.3E-03 0.16 1.1E-02 0.36 1.3E-02 0.74 1.5E-02 1.16 1.6E-02
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ANNEX E. SUPPORTING INFORMATION OF CHAPTER 5. REFRACTIVE INDEX
DISTRIBUTION AND OPTICAL ANISOTROPIES IN ADDITIVE MANUFACTURED

MATERIALS
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Figure S1. Mapping of A vXX/ A VYY ratio for the same vibrational band measured with XX and YY

polarizer/analyzer micro-Raman setup.
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