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Abstract 
 

 

 

By virtue of an almost unlimited freedom of design and customization, a near-zero 
material waste and the possibility to fabricate in one-single stage complex parts, 
additive manufacturing (alias 3D-printing) has opened in the last twenty years new 
horizons in many different fields, from automotive to medicine. In particular, 
photopolymerization based 3D-printing technologies (i.e. vat polymerization) are 
attracting growing interest due to the high versatility given by photochemistry, that 
is the possibility to exploit light to tune the structure-property relationships of 
polymers via fast and spatiotemporal controlled reactions. However, the need of 
polymers having suitable photopolymerizable functionalities limits the choice of 
printable materials and thus also the large-scale adoption of these techniques. To 
deal with this issue and the new stringent request of a more sustainable 
manufacturing, the research community is endeavoring to enlarge the 
photopolymers palette with “greener” alternatives prepared from natural molecules 
or their derivatives. In this framework, the experimental investigations presented 
throughout this dissertation focus on the synthesis of multifunctional cyclodextrin 
derivatives suitable for vat polymerization. Indeed, cyclodextrins are very versatile 
molecules and can be used as building blocks for the development of molecularly 
well-defined derivatives because their hydroxyl groups can be rather easily 
converted into the desired functionalities.  

After a brief overview of additive manufacturing (chapter 1) and an in-depth 
investigation of vat polymerization (from the photochemical reactions involved to 
the photoresins typically used, chapter 2), the first experimental contribution 
(chapter 3) is focused on the synthesis of a multi-acrylated cyclodextrin and its use 
as photocurable macromer in bio-based formulations for digital light processing 
3D-printing. Specifically, combining this multifunctional cyclodextrin derivative 
with a monofunctional monomer is presented as the most promising strategy, since 
this allows to get thermosetting polymers whose mechanical properties can be tuned 
by balancing the high crosslinking efficiency of the former and the plasticizing 
effect of the latter.  

However, the use of photocurable formulations containing multiunsaturated 
monomers as the multi-acrylated cyclodextrin presented in this study inherently 
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entails anomalous behaviors, above all the incomplete conversion of the 
photopolymerizable functionalities during the printing step. In this sense, different 
strategies of post-printing functionalization are presented in the second 
experimental contribution (chapter 4) as a powerful tool to turn the unreacted 
acrylate functions into a potential advantage, since these can provide active sites 
for surface modifications. To support this, Michael-addition reactions are exploited 
to tune the surface-wettability of 3D-printed structures via the grafting of 
hydrophobic/hydrophilic polymeric brushes. Moreover, the modification of the 
surface with a thiolated active interface is used for a subsequent surface-anchoring 
of photoreduced silver nanoparticles. 

In the third experimental contribution (chapter 5), cyclodextrins are used as 
building blocks to prepare a molecularly well-defined multifunctional 
photoinitiator via the grafting of multiple bis(acyl)phosphane oxide photoactive 
units. The high photoinitiating efficiency of this multi-photoactive cyclodextrin 
derivative is demonstrated, even when using it at low molar concentrations. But 
mostly, this multifunctional photoinitiator stands out by its ability to serve 
simultaneously as photo-crosslinking agent to convert monofunctional monomers 
into mechanically stable thermosets without the need of additional crosslinkers.  

This unique feature is finally exploited in the last experimental contribution 
(chapter 6) to enable the printability of crosslinkers-free formulations. Indeed, a 
novel photopolymerizable system based only on monofunctional methacrylates 
bearing hydrogen-bonding groups is used to fabricate thermoresponsive shape 
memory polymers by means of digital light processing 3D-printing. In this context, 
the multi-photoactive cyclodextrin derivative is used as a two-in-one photoinitiator 
and crosslinking agent ensuring the printability of the monomethacrylates-based 
system. Moreover, it provides covalently crosslinked net-points which serve to 
impart dimensional stability and prevent chain slippage when heating the printed 
structures to above their glass transition temperature in the deforming and recovery 
stages of the shape memory cycle. The properties of the fabricated shape memory 
polymers are investigated in details and their potential integration in the fabrication 
of a smart thermoresponsive device is proved by the succesful development of a 
prototype. 

 

 

 



 
 

 

 

 

“3D-printing is already shaking 
 our age-old notions of what can and can’t be made.” 

 
Hod Lipson 
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1. Brief overview of additive 
manufacturing 
Principles, applications and processes 

 

 

1.1 Technological innovation and impact on the society 
Additive manufacturing (AM), generally referred to as three-dimensional (3D) 
printing, was introduced in 1986 when C. W. Hull filed a patent on the fabrication 
of 3D-objects via the selective UV-irradiation of a liquid resin,[1] and refers to a 
wide range of technologies that enable the fabrication of complex 3D-geometries 
using Computer Aided Design (CAD) software.[2–6] 

Being able to reduce the gap between ideas-conceptualization and product-
development and to stimulate a substantial transformation and digitalization of the 
entire manufacturing sector, AM has been recognized as a technological 
breakthrough of the latest industrial revolution.[7,8] Indeed, as opposed to 
conventional subtractive manufacturing methodologies that make products by 
removing materials, AM allows to build up parts in an additive fashion without the 
need for expensive molds, dies, tools or additional equipment, thus limiting material 
wastes, costs and the number of iterative stages. Moreover, AM inherently entails 
an approximately unlimited freedom of design which let to meet individual 
demands via the production of customized parts otherwise difficult to obtain, 
ranging from prototypes to small series for specific applications. This design-
flexibility is remarkably relevant, since it allows to rapidly turn the tide using 
computers and automated processes throughout, which means that eventual 
amendments could be easily shifted to the earlier stages of the production cycle 
avoiding any increase in processing time and expensive corrections.[2,9]  

Despite these unique features, AM was originally limited to rapid prototyping 
(RP) and mostly used by designers and engineers to create models for validation 
purposes and to fasten the development of items to be put into industrial production. 
However, in the last years it has rapidly evolved beyond RP giving a significant 
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boost to both academic research, as evidenced from the growing number of yearly 
scientific publications on the topic (Figure 1.1), and industrial fields, where it 
proved to be effective in the re-shaping of many manufacturing processes (Figure 
1.2).[10–12] 
 

 

 
Figure 1.1. a) Number of the yearly scientific publications and b) ten most prolific 
countries in research-topics related to AM between 1986 and 2020 (the data were obtained 
from the citation indexing service of Web of Science, last access on September 27, 2021). 
 

 
 

Figure 1.2. Industrial applications of AM according to the worldwide market revenues of 
2020 (data from Wohlers Report 2020). 
 

The significant impact of AM reflected into a growing financial market led by 
major industrial players, such as Stratasys Ltd., 3D Systems Corporation, ExOne 
Co., General Electric Company (GE Additive) and Proto Labs Inc. In this sense, the 
global AM revenues were valued at USD 19 billion in 2020, with the largest 
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revenues belonging to polymeric materials (mostly photopolymers) and are 
expected to reach 64 billion by the end of 2026 at a compound annual growth rate 
(CAGR) of 29.48%, with Asia-Pacific as the fastest-growing region (Figure 
1.3).[13]   
 

 

Figure 1.3. Expected growth rate (2020-2026) of the AM market monitored by 
countries/region (data from Mordor Intelligence - Industry Trends, Growth, Size). 
 

Over the last two decades, AM have been proposed in the automotive and 
aerospace fields, helping to fabricate lighter parts with similar strength to those 
produced by conventional manufacturing processes (e.g. bumpers, cooling vents, 
valves and pumps for automotive and rib-web components, turbine engine cases 
and engine blades for the aerospace industries), while also reducing the part count 
to a single component.[10,12,14,15] Notably, AM is showing a great potential in 
the medical field, ranging from the preparation of models for surgical planning to 
the design and fabrication of implants for tissue engineering. Indeed, the 
combination of computer tomography and/or magnetic resonance imaging with 
CAD modelling and AM technologies allows to meet the individual needs of the 
patients for customized bioimplants or prothesis.[16–19] Likewise, AM provided a 
new platform for the on-demand production of personalized drug delivery systems 
for individual treatments,[20–23] and still, it is being explored for optical 
applications, to fabricate parts with submicrometric resolution such as optical 
waveguides,[24,25] or to produce components capable to harvest and store 
energy.[26,27] Moreover, AM is being used in the construction industry to increase 
customization while reducing material wastage, processing time and manpower. In 
this context, researchers across the world are even making progress in the 
fabrication of entire houses.[28–31] Also, AM found application in textile, where 
the freedom of design gives many opportunities in apparel making, as well as in the 
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jewelry field and in functional-art.[32–34] More recently, AM also joined the food-
processing field aimed to 1) provide products for individual needs; 2) control the 
nutrition content while using a very limited feedstock of materials; 3) give new 
options for molecular gastronomists; 4) enable a customized food design and 5) 
offload from time expenditure and the expertise required by conventional cooking 
procedures.[35–38] 

Remarkably, the interdisciplinary advancement will surely allow AM to meet 
a wider range of practical applications in the near future. Indeed, within the 
framework of a continuous innovation, engineers are pushing boundaries of AM in 
the development of new technologies, while chemists are working on new printable 
systems with a growing interest for bio-based materials and to materials with 
specific functionalities.[39] In this context, the design of functional materials, the 
manufacturing of components having specific topological structures or the 
development of versatile postprocessing methods for surface modification are 
already further extending AM capabilities. In particular, the modification of 
polymeric surfaces opened-up new horizons allowing to impart to the printed 
structures superior features (e.g. biocompatibility, antifouling, drag-reduction, 
tunable wettability and antibacterial properties).[40] Moreover, also the so-called 
four-dimensional (4D) printing, initially defined as “3D-printing plus time” has 
recently emerged as a powerful innovation for advanced AM systems. The 4D 
concept was pioneered by Skylar Tibbits, as referred to 3D-printed objects capable 
to shift either their shape, property or functionality with time when exposed to a 
predetermined stimulus such as heat, water, pH, light etc.[41,42] In this sense, the 
development of stimuli-responsive polymers, such as shape-memory polymers, 
may give a significant boost to the fabrication of smart 3D-objects with 
programmable shape and/or properties, with potential applications in soft robotics, 
regenerative medicine, bioprinting, smart packaging, drug delivery and 
others.[17,43–48] Furthermore, the recent advances in multimaterial printing have 
shown the potential to further extend the possibilities given by AM, enabling the 
fabrication of customized multifunctional parts by varying either the composition 
or the type of materials within the layers.[49]  

1.2 AM technologies 
According to the American Society for Testing and Materials (ASTM), more than 
50 AM technologies have been developed since stereolithography was introduced 
by Hull in the late 1980s. These mainly differ in terms of materials feedstock (i.e. 
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polymers, metals, ceramics and even composites) and operating principles. As a 
result, a wide numbers of machines appeared on the market (Figure 1.4).[50]  

 

 
 

Figure 1.4. Types of 3D-printers currently available on the market (data from AMFG, 
Additive Manufacturing Landscape 2020). 
 

However, the AM process-workflow is common to most of the technologies 
and involves a design phase followed by pre-processing, building and post-
processing stages.  

First digital 3D-models are prepared by using professional CAD software or 
processed from the direct inspection of physical objects using reverse engineering 
equipment (e.g. 3D-scanners). The CAD model so obtained is then converted in a 
standard triangulation language (STL) format and uploaded to the printer where it 
is sliced in an array of horizontal 2D cross-sections. Subsequently, once some 
preliminary operations have been completed (e.g. orientation and position of the 
model on a building platform, addition of supports and set-up of the printing 
parameters) the process moves to the computer-controlled building stage, which 
proceeds layer-by-layer till the part is completed or the material source is finished. 
Ideally, the printed object should be ready to be used. More realistically, some 
manipulations are required such as the removal of the additional supports eventually 
used to prevent the build from collapsing or warping, and/or a cleaning step to 
remove surrounding excess of materials. Post-processing may be needed to improve 
the surface finish or specific properties of the part for the final application 
purposes.[2]  

The main step involved in an AM process are schematically summarized in 
Figure 1.5, which shows an example of AM process-workflow, from CAD to part, 
relative to the fabrication of a polymeric spinning wheel via a light-based AM 
technique. 
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Figure 1.5. Generic process-workflow of AM: 1) preparation of the digital model using a 
professional CAD software and conversion of the CAD file in a STL format; 2) upload and 
manipulation of the STL file using the software of the AM machine; 3) slicing; 4) setting 
of the printing parameters; 5) computer-controlled building stage performed layer-by-layer; 
6) removal of the printed part from the building platform and cleaning; 7) post-processing 
(e.g. post-curing, typical for parts printed from photopolymers) and 8) application after 
final assembly. 
 

Despite some exceptions, all the commercially available AM machines follow 
the abovementioned layer-by-layer building approach, but they mainly differ in 
terms of material processing and/or layer deposition. Some technologies extrude 
materials in the form of filaments, others exploit the light irradiated from lasers or 
projectors to cure a photosensitive liquid resin. Also, lasers or even electron beams 
are exploited to melt or sinter powders together, while still other techniques use 
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inkjet-type printing heads to accurately spray binder or solvent onto 
powders.[2,3,51] Specifically, ASTM grouped AM processes into 7 main 
categories (ISO/ASTM 52900:2015):  

1) Material extrusion processes, such as fused deposition modeling (FDM) and 3D 
bio-plotting, based on the selective extrusion of a material through a nozzle. 

2) Material jetting processes, such as inkjet-printing systems, based on the 
selective deposition of liquid droplets of material. 

3) Binder jetting processes based on the selective deposition of a liquid bonding 
agent on powder materials. 

4) Sheet lamination processes based on the bonding of sheets of material. 
5) Powder bed fusion processes, such as selective laser sintering (SLS) and 

electron beam melting (EBM), based on the selective fusion of material 
powders with the thermal energy provided by either a laser or an electron beam. 

6) Direct energy deposition processes based on the use of thermal energy (e.g. 
laser or plasma arc) to locally melt metals as they are being deposited. 

7) Vat polymerization (VP) processes, such as stereolithography (SLA), digital 
light processing (DLP), continuous liquid interface production (CLIP), two 
photon polymerization (2PP) and other volumetric techniques, based on the 
selective photopolymerization of a liquid resin. 

Looking at polymeric AM, the analysis of the financial market revealed that 
polymers are currently mainly manufactured via material extrusion or VP 
processes, even if the use of powder bed fusion processes is expected to increase 
by 2027 (Figure 1.6).[52]  

 

 
 

Figure 1.6. Polymer 3D-printing processes used in professional environments in a) 2018 
and b) expected evolution by the end of 2027 according to the analysis of the global market 
revenues (data from SmarTech Publishing, Additive Manufacturing with Polymers and 
Plastics 2018). 

https://www.smartechanalysis.com/news/polymer-additive-manufacturing-market/
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The main features of these technologies (building speed, costs and resolution, 
suitable materials, final properties of the fabricated parts) and the major global 
manufacturers, are shown in Figure 1.7.[3–6,53]  
 

 
 

Figure 1.7. Main features, usable materials, final properties of the fabricated parts and 
major global manufacturers of AM technologies for polymeric materials. 

 

Considering the experimental studies presented throughout this dissertation, the 
next chapter will be entirely dedicated to an in-depth investigation of VP. In 
particular, the emphasis will be given to 1) the basic principles of photochemistry 
behind the photopolymerization reactions involved in the printing process, 2) the 
available VP technologies, 3) the photoresins typically employed according to the 
current state of the art and 4) the recent advances and future directions of VP.  
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2. AM meets photochemistry 
Fundamentals, technologies and materials  

 

 

2.1 The power of light in polymer science 
The use of light to finely tune the structure–property relationships in polymeric 
materials is undoubtedly one of the most powerful paradigms in polymer chemistry. 
The ability to activate photochemical reactions to create, modify or cleave chemical 
bonds at room temperature and with a spatiotemporal control enabled over the years 
the use of photochemistry in the processing of UV-curable coatings, inks and 
adhesives; as well as for energy, optics, photonics, microelectronics, biomedicine 
and stereolithography applications. Indeed, photochemical processes are 
energetically favored at ambient temperature and occur on reasonable timescales 
when activated, suffice it to say the energy in a mole of photons at 365 nm is more 
than 130 times higher than the thermal energy available to activate a reaction at 25 
°C. Moreover, the spatial and temporal control can be easily achieved by turning 
on and off the light source and using shutter or masks, respectively.[54] 

The basic principle of photochemistry, universally valid for all the 
photochemical processes based on one-photon absorption (OPA), is that a photon 
needs to be absorbed to activate any subsequent reactions in a molecule. The 
absorption of a photon upon light excitation is charged either directly by a molecule 
having the targeted reactive functional group, by a molecule that generates reactive 

intermediates, or by a photosensitizer which reacts with other molecules to activate 
one of the former reactions. In particular, the absorbed photon promotes an electron 
of the chromophore from its ground state (S0) to its excited singlet state (S1), as 
illustrated in a typical Jablonski diagram (Figure 2.1).[54,55] The short-lived S1 
may then deactivate to S0 by fluorescence emission or by internal conversion via 
non radiative transitions. Alternatively, it may relax via intersystem crossing (ISC) 
to a lower energetic triplet state (T1), which in turn may be deactivated to S0 via 
different photophysical processes (e.g. phosphorescence emission) or may lead to 
the occurrence of primary photochemical reactions.  
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Figure 2.1. Jablosnki diagram illustrating electronic states and transitions activated upon 
single-photon absorption: the excited singlet state (S1) undergoes intersystem crossing 
(ISC) to a triplet state (T1), which leads to different photochemical reactions. 
 

For each photochemical OPA process, the initiation rate of the desired primary 
photochemical reaction (Ri) is determined as follows (Eq. 2.1): 

Ri = φIA            Eq. 2.1 

where φ is the quantum yield, i.e. the fraction of the photons absorbed that lead to 

the target molecular transformation, and IA is the intensity of the absorbed light 
calculated with the Beer–Lambert law. As both the light intensity, the molar 
absorptivity, and the quantum yield depend on the wavelength, IA and Ri are 
calculated by integrating over the absorption spectra of the absorbing molecule and 
the emission spectra of the light source. In the case of photoinduced radical 
reactions, where the initiation rate for polymerization is the product of initiating 
efficiency of the primary radicals, quantum yield, and absorbed photon flux, the 
efficiency classically represents the fraction of photogenerated radicals that 
successfully react with a monomer unit to start the polymerization.[54] 

Primary photochemical transformations in polymers science involve a library 
of isomerizations,[56–61] bond-forming [62–65] and bond-breaking reactions.[66–

69], some examples of which are provided in Figure 2.2. Among these, a particular 
attention is given hereafter to the analysis of those bond-breaking reactions 
typically used to generate radicals and acid/cationic reactive intermediates which 
serve to activate photopolymerization processes.  
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Figure 2.2. Examples of typical primary photochemical reactions: a) photoinduced cis-
trans isomerization of azobenzene; b) cycloaddition reaction of cinnamate containing 
polymers with formation of a new C-C bond and c) photoinduced generation of radical 
reactive intermediates via direct cleavage of a C-C bond of dimethoxyphenyl 
acetophenone. 
 

The photoinduced generation of radicals is one of the most famous 
implementations of photochemistry in polymer science. As previously mentioned, 
a photon needs to be absorbed by a specific molecule to enable any subsequent 
photochemical reaction to occur from the non-deactivated T1 (see Figure 2.1). 
Generally, radicals can be generated via two different reactions mechanisms 
depending on the type of the molecular system being involved in the photochemical 
process. 

Norrish type I reactions (NT1) involve an unimolecular photochemical 
cleavage (or homolysis) to generate two reactive radical intermediates.[70–73] 
Note that the homolytic cleavage may occur directly from S1, but since the excited 
T1 reached by ISC is similar in energy to S1 but longer lived, the photogeneration 
of radicals from the triplet predominates. The photolysis of bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide is given in Figure 2.3 as an example of a 
NT1 mechanism. As can be observed in the figure, the photocleavage from the 
activated T1, commonly known as α-cleavage since the homolytic scission involves 
the carbon-carbon (C-C) bond adjacent (i.e. α position) to the carbonyl (C=O) 

chromophore group, leads to the generation of a phosphinoyl radical (a) and a 
benzoyl radical (b). In the absence of trapping agents these primary radicals can 
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recombine or form different products (c-f) via either cage or escape reactions.[74] 
But, in the presence of reactive monomers such as (meth)acrylates, they serve to 
initiate free-radical polymerizations. Remarkably, it was reported that the 
phosphinoyl radical is two to six times more reactive than the benzoyl one.[75] 

 

 
 

Figure 2.3. a-b) Radical products formed during the photolysis of bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide via a NT1 mechanism and c-f) products which 
may form from the recombination of the phosphinoyl radical (a) and (b) benzoyl radical by 
means of escape or cage reactions. 
 

On the contrary, Norrish type II reactions (NT2) involve a bimolecular 
photochemical mechanism in which a chromophore interacts with a hydrogen-
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donor molecule (DH, typically amines) to generate radicals by means of hydrogen 
abstraction.[70,73,76,77] Figure 2.4 shows the generation of radical intermediates 
via the NT2 mechanism involving camphorquinone (CQ). As schematically 
illustrated, CQ is promoted to an excited T1 when exposed to light of a specific 
wavelength. While in its T1, CQ reacts with a tertiary amine used as reducing agent 
to form an excited complex state commonly known as “exciplex.” Then, two ion 
species are generated by electron transfer from the electron-donor amine to the 
activated carbonyl of CQ, which behaves as the electron acceptor. Finally, two 
radicals are generated via intramolecular H-abstraction: a CQ-ketyl radical (a) 
relatively unreactive and mainly involved in radical recombination reactions and an 
aminoalkyl radical (b) which can serve to initiate the radical polymerization of 
monomers/oligomers such as (meth)acrylates.[78] 
 

 
 

Figure 2.4. a-b) Radical products formed after the NT2 rection involving camphorquinone 
and a tertiary amine. 
 

Another typical bond-breaking reaction induced by light-exposure is the 
generation of acid/cation reactive intermediates. In such a type of photochemical 
process, the photoinduced decomposition of a photoacid generator (PAG) in the 
presence of a non-nucleophilic counterion yields a mixture of cations, radical 
cations and other intermediates which are responsible to activate further acid-
catalyzed reactions. PAGs find widespread use in photoinduced cationic 
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polymerization since the subsequent reaction of the radical cations with specific 
monomers leads to the generation of a Bronsted acid, which initiates the 
polymerization. 

Onium salts are amongst the most famous PAGs and consist of an organic 
cation coupled with an inorganic anion. The former is the light-absorbing 
component and seat of the photochemistry of these ionic compounds, while the 
latter determines the strength of the acid generated after the photolysis and the 
reactivity of the propagating ion pair.[66,79] The photodecomposition mechanism 
of a diaryliodonium salt (Ar2l+MtXn

-) having a complex metal halide anion (MtXn
-

, such as BF4
-, PF6

-, AsF6
- and SbF6

-) is a typical example of light-induced bond-
breaking reaction which leads to the generation of acid/cation reactive 
intermediates (Figure 2.5). The mechanism is quite complex since radicals can be 
photogenerated from both S1 and T1. Indeed, the UV irradiation induces both 
homolytic and heterolytic cleavages of Ar–I giving reactive cations, radical-cations, 
and other radicals. The further reaction of these reactive intermediates with 
hydrogen-donor species present in the reaction mixture, leads to the generation of 
Bronsted acids (HMtXn) that are typically used as the primary initiating species for 
cationic polymerization.[66,80] These acids generated upon photolysis are 
generally referred to as “superacids” since their acidity values in the Hammet scale 

range from -14 to -30, where the acidity increases with the increase of dimension 
of the counterion (BF4

- < PF6
- < AsF6

- < SbF6
-), due to a lower nucleophilic 

character of the latter. 
 

 
 

Figure 2.5. Generation of acid/cationic reactive intermediates upon photoinduced 
decomposition of diaryliodonium salts. 

 

2.2 Principles of photopolymerization 
Among all the implementations of photochemistry involving polymers, the 
photopolymerization of photosensitive liquid resins is undoubtedly one of the most 
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famous and widely used. Such a type of photochemical process requires a 
photoinitiator (PI), namely that molecule able to absorb photons and to convert 
photolytic energy into the generation of intermediate reactive species (radicals or 
cations, see previous subsection) which are responsible to drive the polymerization 
of suitable monomers or oligomers. Depending on whether monounsaturated or 
multiunsaturated monomers are used (i.e. according to the number of 
photopolymerizable functional groups), linear, branched or crosslinked polymers 
(thermosets) can be generated.[81,82] Broadly, the photopolymerization can be 
activated at different wavelengths, ranging from X-rays[83,84] to NIR.[85,86] 
However, most of the reactions are carried out within the UV-Vis range.[87,88] 

Focusing on the photopolymerization of systems containing multifunctional 
specie, which are of particular interest for light-based AM processes, the liquid 
phase typically consists of a mixture of low molecular weight monomers/oligomers. 
As soon as the system is exposed to light irradiation, the PI absorbs photons and 
generates reactive radicals or ions (according to the mechanisms discussed in the 
previous subsection) which are responsible to activate the polymerization. The 
reaction proceeds via the sequential addition of unreacted specie so that both the 
degree of branching and crosslinking increase and a polymer of infinite size begins 
to form. This brings to the so-called gelation, which means that the growing 
polymer starts to generate an insoluble and no more liquid-like gel phase 
characterized by an ever-higher number of intermolecular connections. The further 
advancement of the reaction leads to a gradually increase of the crosslinking 
density, resulting into the formation of a thermosetting 3D-network (Figure 
2.6).[89] 
 

 
 

Figure 2.6. Schematic representation of the main stages of the photoinduced 
polymerization of a liquid system containing multifunctional specie: generation of reactive 
specie, activation of the polymerization of the monomers/oligomers, formation of an 
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insoluble gel-like phase (gelation) via an ever-growing number of intermolecular 
connections and final generation of a thermosetting polymer. 
 

Generally, the photopolymerization proceeds via a chain-growth mechanism, 
as typical for those reactions involving either radical or cationic systems. However, 
also a step-growth mechanism is possible, as in the case of radical-mediated thiol-
ene reactions. A brief overview on the basic principles of these reactions is 
presented hereafter, given that radical, cationic and thiol-ene systems are the typical 
ingredient of the photoresins being used in VP. 

Photoinduced radical polymerization 
Photoinduced radical polymerization is one of the most used photochemical 
reactions and typically involves the photopolymerization of (meth)acrylates in the 
presence of a radical PI. This type of polymerization follows the conventional 
chain-growth mechanism, which consists of three different stages: initiation, 
propagation, and termination (Figure 2.7).  

The initiation step is a two-step reaction. First, initiating reactive radicals (R*) 
are generated upon light-exposure due to the photolysis of the PI, either a NT1 
(typically benzyl ketals, hydroxyalkyl ketones, acylphosphine oxides, 
acylgermanes and corresponding derivatives) or NT2 molecule (benzophenone, 
camphorquinone, thioxantone and derivatives mainly in the presence of amines as 
H-donors), according to the photochemical processes described in the previous 
subsection. The rate of generation of R* is a function of 1) light intensity, 2) PI 
concentration and 3) PI quantum yield. Remarkably, since the photogeneration of 
R* is slower than both the addition and termination stages, this step results the rate-
determining one.  

Then, these initiating radicals rapidly react with the unsaturated carbon-carbon 
(C=C) double bonds of the (meth)acrylate monomers/oligomers (M) to form a chain 
charrier (RM*). The reaction proceeds via the subsequent addition of unreacted 
monomer/oligomer chains to the growing macroradicals (propagation step).  

Ideally, the polymerization could propagate until all the C=C double bonds of 
the monomers/oligomers have been consumed. However, due to their high 
reactivity, free radicals tend to rapidly interact to form inactive covalent bonds. In 
this context, termination mechanisms may occur mainly via bimolecular interaction 
of two chain ends following two different routes: recombination (coupling of two 
chain ends to generate a longer chain) or disproportionation (hydrogen abstraction 
from one chain end to give a new unsaturated group and two “dead” chains).[90,91]  
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Figure 2.7. Schematic representation of the main stages of a photoinduced free radical 
polymerization: initiation via the photogeneration of radicals followed by radical attack on 
a monomer/oligomer unit; propagation of the chain carriers with eventual chain transfer 
reactions and termination via recombination or disproportionation of 
radicals/macroradicals. 
 

Although acrylate-based systems are the most used in photopolymerization, 
they inherently entail some shortcomings, namely the short life of the propagating 
radicals, which results in an incomplete C=C conversion, the generation of 
shrinkage stress upon curing and mostly a strong oxygen inhibition. Indeed, oxygen 
inhibits radical polymerization by either quenching the excited triplet state of the 
PI or forming a peroxide reacting with a free radical of a chain carrier.[92] 

However, not all the radical polymerizations proceed with a chain-growth 
mechanism. Indeed, thiol-ene click-reactions follow a step-growth process. The 
click-concept was introduced by Sharpless et al. referring to a small set of chemical 
reactions characterized by high yield, stereospecificity and most of all 
orthogonality.[93,94] In this sense, the radical-mediated coupling of thiols and 
reactive C=C double bonds (hence the name thiol-ene reaction) displays the typical 
features of click-chemistry,[95] namely 1) quantitative yields/conversions, 2) small 
quantities of catalyst required, 3) high rates, 4) spatiotemporal and orthogonal 
propagation and 5) regioselective products. As already mentioned, these reactions 
follow a radical step-growth or Michael-addition mechanism, which allows to avoid 
many of the typical issues related to the chain-growth photopolymerization. Indeed, 
thiol-ene systems exhibit reduced network relaxation or stress accumulation after 
crosslinking than the acrylate ones, mainly due to the delay of gelation towards 
higher conversions. Moreover they are insensitive to oxygen inhibition and still, 
more homogeneous networks are obtained upon irradiation.[4,5,96] These unique 
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features enabled the use of such type of reactions for a broad range of applications, 
from surface modifications,[97,98] to VP 3D-printing.[99] 

The typical mechanism of a thiol-ene reaction is schematically illustrated in 
Figure 2.8. The light exposure of a thiol-containing molecule in the presence of a 
conventional radical PI leads to the generation of thiyl radicals by means of 
hydrogen abstraction from the thiol moieties. Then, these intermediate thiyl radicals 

may form thioether bonds with alkenes via the radical attack of C=C bonds. The 
resulting carbon-centered radicals may then react with a second thiol molecule by 
chain transfer, giving a thiol-ene addition product and generating simultaneously a 
new thiyl radical.[94] Broadly, the reaction rate is mainly affected by the electron 
density nearby the C=C double bond, that is it increases with increased electron 
density.[100] 
 

 
 

Figure 2.8. Schematic representation of a thiol-ene click reaction. 
 

Photoinduced cationic polymerization 
Cationic photopolymerization was developed in the 1970s mainly with the aim to 
solve some shortcomings of radical systems. One of the main advantages of cationic 
systems is the absence of oxygen inhibition, which eliminates the need for a 
protective atmosphere during photocuring.[4,5] Also, while in radical systems free 
radicals are short-lived and rapidly deactivate thus leading to low values of 
conversion, the longer life of the propagating cation center of cationic systems 
results in further monomer conversion. Moreover, the photopolymerization of 
cationic systems (mainly epoxides) leads to lower volumetric shrinkage and better 
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mechanical properties and thermal resistance than their corresponding radical 
system counterparts. Remarkably, cationic polymerization is non-terminating, 
which means it can proceed via a chain-growth mechanism for a considerable time 
after the light irradiation has been switched off. This feature, generally defined as 
‘‘dark polymerization’’, clearly distinguished cationic from radical 

photopolymerization, which quickly ceases when the light source is removed.[79] 

Cationic systems typically involve the use PAGs (see previous subsection) as 
PIs. Indeed, as previously mentioned, the photolysis of PAGs yields a mixture of 
cations, radical cations, and radical intermediates by means of bond-breaking 
reactions. The further reaction of such reactive intermediates with epoxides, cyclic 
ethers, lactones, and cyclic acetals or vinyl ethers and oxetane, leads to the 
formation of super acids HMtXn (see Figure 2.5),[79,81] which serve as the main 
initiators for the cationic polymerization.[101] Since Crivello described the use of 
those PAGs to activate the polymerization of nearly every known type of cationic 
monomers,[66,80] a variety of new onium salts have been developed, focusing in 
particular on the substitution of the diaryl iodonium group with alkyloxy moieties 
to reduce toxicity issues.[91] 

2.3 Light in AM: vat polymerization 
Based on the great advantage to transform liquid resins into crosslinked thermosets 
at high rates, with a spatiotemporal or even orthogonal control and nearly no release 
of volatile organic compounds, photopolymerization has been pushed to the 
forefront of AM processes.  

The first reports of the fabrication of solid structures by selectively exposing 
photocurable polymers to light irradiation with movable masks, optical fibers, or 
laser beams date back to the early 1980s.[102] Not too long after, C. Hull coined 
the term stereolithography (SLA) as referred to the layer-by-layer lithographic 
fabrication of solid objects, and his patent dated 1986 laid the groundwork for the 
development and commercialization of SLA and SLA-derived VP techniques.[1]  

The strategy behind these light-based AM technologies is the projection of light 
with a specific wavelength to trigger the solidification of a liquid resin placed in a 
vat via a photopolymerization reaction (hence the name vat polymerization, VP). 
The temporal control of the photochemical reaction allows to obtain complex 3D-
structures via the sequential polymerization of 2D-slices with controlled thickness 
one on top of the other. The layer-by-layer fabrication is afforded by exploiting the 
motion of a movable building platform in the z-axis direction (Figure 
2.9).[4,5,103–105] 
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Figure 2.9. Setup of a generic VP printer and illustration of the layer-by-layer building 
process. 
 

As VP proceeds in a layer-by-layer fashion, the “green”, that is the 

photopolymerized part in progress, must be dimensionally and mechanically stable 
during the building process. This means the energy exposure must be sufficient to 
let the polymer to overcome its gel point and generate a stable thermoset. Indeed, 
once reached the gelation, the polymer forms an insoluble phase which is no more 
liquid-like and any further advancement of the reaction leads to the generation of 
an ever-more crosslinked thermoset. This is crucial because, beside requiring a 
sufficient mechanical stability, the photocured polymer must not solubilize while 
coming repetitively in contact with the liquid resin in the vat.  

In this sense, the critical exposure (Ec) to induce gelation of photoresins (with 
no inorganic fillers) in VP processes can be defined as: 

E𝐶 = E0𝑒
(−

𝐶𝑑
𝐷𝑝

)
           Eq. 2.2 

where E0, Cd are the energy dose at the surface and the curing depth, respectively, 
while Dp is the penetration depth defined as follows:  

𝐷𝑝 =  
1

2.3𝜀𝑃𝐼[𝑃𝐼]
           Eq. 2.3 

This means that the light absorption depends only on the PI concentration [PI] 
and molar extinction coefficient (ɛPI) at the specific wavelength of the light source 
used in the process. However, the strength of the polymer at the gel point is 
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generally too low to reach the required stability during the building.[4] Therefore, 
to compensate, an excess of energy (Ex) is necessary:  

E𝑋 = E𝐶 (
𝐷𝑝

𝐶𝑑
) [𝑒

(
𝐶𝑑
𝐷𝑝

−1)
− 1]          Eq. 2.4 

Accordingly, Ex is directly proportional to Ec and inversely proportional to Cd, 
which means that the green strength can be improved either by increasing E0 or by 
lowering Dp. It follows that the development of photocurable resins that required 
smaller energy doses to reach the gelation, allowed to speed up the manufacturing 
process. 

Looking at the technological aspects, VP offers the opportunity to fabricate 
parts having complex geometry without the need of any complex machine 
configuration or supporting tools.[4,5,103–105] Moreover, higher level of accuracy 
and better surface finish can be achieved as compared to the other AM technologies 
(see Figure 1.7, subsection 1.2). Remarkably, the high versatility offered by 
photochemistry allows to tailor the properties of the printed objects (mechanical, 
chemical, optical or even functional) by simply tuning the composition of the 
photocurable resins. 

2.3.1 VP technologies 
Since the first SLA printers were commercialized in the U.S. in the late 1980s by 
Hull’s 3D Systems and shortly after in Japan by CMET, many others VP 

apparatuses have been developed, mainly differing in terms of irradiation sources, 
building speed and maximum resolution achievable.[4,5,103–107] An overview of 
the main features of such VP technologies is given in the following subsections. 

2.3.1.1 Stereolithography (SLA) 
SLA works through in-plane raster scans of a laser beam across a resin vat to induce 
local curing. Generally, SLA printers have a top-down configuration, which means 
the laser beam is scanned from above the vat and, as soon as the 
photopolymerization of one layer is completed, the movable building platform 
descends a distance equal to the thickness of a layer and the cycle is repeated in an 
additive fashion (Figure 2.10). It follows that the curing time needed depends on 
the movement speed of the laser beam and on the extension of the area to be scanned 
and lightened. However, the most recent machines also display an inverted 
configuration (bottom-up), that is the irradiation from the bottom of the vat and the 
upward z-movement of the platform. This allows to reduce the consumption of the 
photoresin while limiting the oxygen inhibition. The slice information is given as a 
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set of spatial coordinates which define the tilt angle of a pair of galvano-mirrors 
that in turns focus the position of the laser beam along the xy plane.  

The use of a focused laser as the photon source provides a high spatial 
resolution, which can be adjusted by simply varying the spot size of the beam. 
Indeed, high-quality parts with a resolution of 10 μm can be obtained. The vertical 

resolution depends on the curing depth, which can be adjusted either by adding dyes 
as light absorbers or regulating the exposure dose (intensity or time). Moreover, the 
sequential irradiation of each layer allows to selectively modify the energy dose 
controlling the intensity of the laser, thus enabling the processing of grayscale 
patterns. Shortcomings for SLA includes a narrow materials choice and relatively 
slow manufacturing speed (several mm/h) due to the point-wise exposure.[108] 
Recently micro-stereolithography (μSLA) and projection micro-stereolithography 
(PμSL) apparatuses have been introduced to increase both printer resolution (5 μm) 

and printing speed.[109] 

Post-printing processes are typically performed on the printed parts, including 
the washing of exceeding resins with alcohol-based solutions and post-curing 
treatment to increase the conversion.  

2.3.1.2 Digital light processing (DLP) 
DLP has been developed to significantly reduce the printing times of SLA, while 
maintaining its high fabrication accuracy and resolution. Indeed, as opposed to the 
point-wise exposure of SLA, DLP works through the all-at-once illumination of 
each layer in the form of black and white patterns which are dynamically generated 
by a digital micromirror device (DMD). This allows a 2D-projection of light in the 
resin vat and hence a significant reduction of the building time (printing speed often 
reported in cm/h).  

In a DLP system, the light source, which evolves over the years from 
conventional lamps to the more modern light emitting diodes (LED), illuminates 
the resin vat from below through a transparent window while the building platform 
is dipped into the photo-resin from above (bottom-up configuration, Figure 2.10b). 
This enables the consumption of low volumes of resins. Moreover, the layer being 
polymerized is less affected by oxygen inhibition since it is on the bottom of the vat 
and not in direct contact with air, as already discussed for the inverted configuration 
of SLA. The xy resolution depends on the number of pixels provided by the DMD 
and the optics used to project the patterns, but it typically ranges from 5 to 50 μm. 

Whereas, the vertical resolution depends on the light penetration depth and can be 
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adjusted by using additives or changing the exposure dose, as already reported for 
SLA.  

Post-printing processes (washing, post-curing etc.) are typically performed on 
the printed parts, as already discussed for SLA.  

2.3.1.3 Continuous liquid interface production (CLIP) 
Pioneered in 2015 by DeSimone et al. as a variation of the traditional DLP machine, 
CLIP enables the continuous manufacturing of objects by going beyond the 
conventional layer-by-layer approach.[110,111] The key innovation was the 
introduction of an oxygen permeable window (typically made of fluoropolymers, 
such as Teflon AF 2400, due to the high O2 permeability, UV transparency and 
chemical inertness) at the bottom of the vat (Figure 2.10).[4,5] This allows to 
generate an oxygen-containing interfacial layer (generally 20−30 μm thick), which 
inhibits the photopolymerization at the surface of the vat (hence the name “dead 

zone” for that locally inhibited region) and avoids the need of sequentially 
recoating. Indeed, oxygen inhibit radical polymerizations by quenching the radicals 
chain carriers, as discussed in subsection 2.2. Therefore, a thin liquid layer remains 
uncured in the dead zone facilitating fast printing speeds (30 cm/h) and a continuous 
layerless fabrication. The resolution is reported to be below 100 μm.[110,111] 

 

 
 

Figure 2.10. Graphical representation of SLA/DLP/CLIP VP techniques and relative 
printing speed. Main elements of the VP apparatuses: 1) liquid resin, 2) vat, 3) building 
platform, 4) movable elevator 5) light source (laser for SLA, led/projectors for DLP/CLIP); 
6) galvano-mirrors for SLA and DMD for DLP/CLIP; 7) growing build; 8) transparent 
window for DLP and oxygen permeable window for CLIP. 
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2.3.1.4 Volumetric techniques: 2PP, CAL and xolography 
Two-photon polymerization (2PP) is another type of VP technique but, similarly to 
CLIP, it does not follow the conventional layer-by-layer building approach since 
the laser can be moved in any direction within the resin by using either piezo-
actuators or galvanoscanners. This makes 2PP a volumetric 3D-printing 
technology. Moreover, differently from SLA, a femtosecond near-infrared laser is 
used instead of a continuous beam to locally activate the polymerization via a 
simultaneous two-photon absorption (TPA).[112]  

This photochemical process does not follow the conventional Jablonski 
diagram presented in subsection 2.1 (see Figure 2.1). Indeed, for a TPA to occur, a 
light source with high photon densities is needed to drive a transition via a very 
short-lived (fs) intermediate virtual state to the excited state (S2) having energy 
roughly equals to twice that of the excitation wavelength (see new adapted diagram 
reported in Figure 2.11a). This means that the required energy transition to activate 
the photogeneration of radicals can be reached by 1) the simultaneous absorption 
of two photons, each one having half of the energy difference S2-S0 or 2) absorption 
of two photons having different energy, following a non-degenerate 
process.[113,114]  

The TPA was already investigated in the 1960s, but it was just in the late 1980s 
that suitable femtosecond (fs) near-infrared lasers were developed (typically 
Ti:sapphire, emission wavelength near 790 nm, laser powers between 10 and 700 
mW and pulse duration between 50 and 150 fs) to provide sufficient intensity to 
enable a TPA and the consequent exploration of 2PP.[4] Notably, since the 
photoresins are transparent in the near-infrared spectrum, the photopolymerization 
occurs just in the focal volume of the laser.[115,116]  

The main advantages of this technique are: 1) nanoscale resolution (< 100 nm, 
the highest resolution among all the VP techniques), 2) mild processing conditions, 
3) lack of oxygen inhibition and 4) lack of recoating steps (i.e. layerless 
manufacturing). However, 2PP inherently entails some drawbacks, namely low 
printing speeds, small overall dimensions (around 1 cm3) and difficult handling of 
the printed parts (both in terms of removal from the apparatus and post-processing). 

Another step-forward of volumetric manufacturing systems was the recent 
development of computer axial lithography (CAL) and xolography. CAL exploits 
computer tomography techniques to generate a hologram within the resin (Figure 
2.11b). This is achieved by rotating the vat while multiple 2D-images are 
simultaneously projected to induce the curing of a volume of resin. It follows that 
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the main challenges of this technologies rely on the rotation speed of the vat and on 
the viscosity of the resin. The resolution of CAL has been reported as 300 μm, 

limited by energy dose fluctuations caused by light beams that pass through 
polymerized regions during the printing process. However, Loterie et al. recently 
proved the possibility of a higher-resolution (80 µm) volumetric production.[117]  

Xolography though, exploits photo-switchable PIs to induce the 
photopolymerization of a volume of resin confined at the intersection of two light 
beams with different wavelength (Figure 2.11c). This technology, developed by 
Hecht et al., allows to reach values of resolution that are about ten times higher than 
CAL and a volumetric manufacturing speed four to five orders of magnitude higher 
than 2PP.[107] 
 

 
 

Figure 2.11. Schematic representation of the typical setup of a) 2PP; b) CAL and c) 
xolography. 
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2.3.2 Photoresins for VP 
Photocurable formulations for VP processes mainly consist of three different 
ingredients: 1) reactive monomers/oligomers; 2) a suitable PI to activate the 
photopolymerization and 3) additives, such as radical inhibitors (to prevent 
premature gelation); dyes (to improve the final resolution of the printed parts 
without affecting the polymerization process); photosensitizers (to shift the 
absorption of the PI towards higher wavelengths) or fillers (to impart specific 
functional properties to the cured polymers).  

The photochemical process behind photopolymerization have been already 
explored, as well as the different reaction mechanisms. Therefore, the following 
subsections are dedicated to give an overview of the ingredients of the photoresins 
typically used for VP, focusing on radical systems. 

2.3.2.1 Photoinitiators 
As previously discussed, depending on the type of the photopolymerizable 
monomers/oligomers being used, PIs can be either radical or cationic. As regards 
the former, even if the first reported photocurable system contained benzophenone 
as NT2 PI,[1] most of the commercially available radical PIs are NT1. Benzyl ketals 
are NT1 PIs typically used for SLA, since their low energy n → π* transitions (i.e. 

excitation around 350 nm) are compatible with the UV emission of the laser sources 
(He−Cd laser with wavelength of 325 nm or frequency tripled Nd:YAG sources 
emitting at 355 nm). Common benzyl ketals, such as 2-hydroxy-2-methyl-1-
phenyl-propan-1-one (Darocure 1173), 2,2-dimethoxy-2-phenylacetophenone 
(DMPA; Irgacure 651), 1-hydroxycyclohexyl phenyl ketone (Irgacure 184) and 2-
benzyl-2-(dimethylamino)-1-[4-(morpholinyl)phenyl]-1-butanone (Irgacure 369), 
have been used for several 3D-printing applications, including the fabrication of 
hybrid nanocomposites,[118] and biocompatible hydrogel scaffolds.[119]  

Likewise, 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 
2959), which displays even lower energy for the n → π* transitions (excitation 

around 275 nm) is typically used with SLA system for biomedical applications due 
to its biocompatibility and water solubility.[120,121] Also, 2,2’-azobis[2-methyl-
n-(2-hydroxyethyl)propionamide] (VA-086) has been successfully exploited as 
efficient PI in biocompatible SLA-printable systems due to its low 
cytotoxicity.[122–124]  

Acylphosphine oxides are another class of frequently used NT1 PIs, by virtue 
of their exceptional properties: i) photolysis yielding an acyl and a phopshinoyl 
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initiating radicals by homolytic α-cleavage of the phosphoryl-carbonyl bonds upon 
even low-intensity irradiation; ii) extended absorption in the UV-vis region; iii) 
long-wavelength photobleaching and iv) high thermal (>100°C) and storage 
stability.[70,87,125,126] Although these PIs were initially intended to be used with 
UV irradiation, their blue-shifted n → π* transitions (λ = 360 - 420 nm) is 
particularly appealing for DLP processes, whose light sources have typically longer 
wavelength emission than SLA (e.g. LEDs with wavelengths of 365, 385, and 405 
nm).[5] Moreover, their excellent photobleaching prevents yellowing and makes it 
possible for incident light to penetrate deeper because of a decreasing optical 
density. This enables the DLP-printing of highly filled photoresins.  

The most widely used acylphosphane oxides for DLP-printing are 
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Omnirad 819 or Irgacure 
819),[127–134] diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (Darocure TPO; 
Lucirin TPO),[135,136] ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (Lucirin 
TPO-L) and lithium phenyl(2,4,6-trimethylbenzoyl)phenylphosphinate 
(LAP).[137,138]  

Remarkably, the synthesis of functionalized bis(acyl)phosphane oxides 
(BAPOs) via the variation of the substituent on the phosphorus atom enabled the 
use of these PIs in an increasing number of applications. In this context, the 
Grützmacher group of ETH Zürich has recently developed a simple procedure to 
convert elemental phosphorus into sodium bis(mesitoyl)phosphide NaP(COMes)2, 
which can be used as platform for the synthesis of a wide range of P-functionalized 
BAPOs.[139–141] Indeed, carbon-substituted BAPOs can be prepared via the 
nucleophilic substitution of NaP(COMes)2 with alkyl halides FG-(CH2)n-X 
followed by oxidation with hydrogen peroxide. Alternatively, NaP(COMes)2 can 
be protonated with acetic acid to give bis(mesitoyl)hydrogen phosphane 
HP(COMes)2, which in turn can be used as building block for the synthesis of 
substituted BAPOs following the path of a phospha-Michael addition onto activated 
olefins. Further, the oxidation of HP(COMes)2 gives bis(mesitoyl)phosphinic acid 
(BAPO-OH),[142] which can also serve as starting materials for other 
functionalized BAPOs. Among all the derivatives being recently prepared by 
following one of the abovementioned synthetic strategies, water-soluble BAPO 
salts, as well as a poly(ethylene glycol)substituted BAPO and BAPOs grafted on 
cellulose nanocrystals were synthetized and used for the DLP-printing of 
hydrogels.[143,144]  

Based on the previous considerations on the better suitability of acylphosphine 
oxides than benzyl ketals with higher wavelengths irradiations due to their blue-
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shifted n → π* transitions, it follows that the performance of the PI is strictly 
dependent on the light source. In this context, the photopolymerization under 
visible-light irradiation has attracted a growing interest in the past few years for 
many different reasons, namely 1) lower risk of exposure, 2) no release of ozone, 
4) low thermal effect and 5) higher compatibility with living cells. But, the use 
visible-light sources requires blue-shifted PIs.[5]  

Among these PIs, CQ is used due to its long-wavelength absorption (468 nm). 
Being a NT2 PI, it is typically coupled with tertiary amines such as ethyl 4-
dimethylaminobenzoate (DMAB) to initiate the photopolymerization.[145] 
However, such a photoinitiating system has some limitations, due to toxic side 
effects and discoloration properties of the amines, and a low reactivity.  

The new generation of germanium based NT1 PIs, among which bis(4-
methoxybenzoyl)diethylgermanium (Ivocerin), stand out as promising alternatives 
to CQ for DLP-processes, given their long wavelength absorption (> 400 nm) and 
excellent photobleaching properties (similar to acylphosphine oxides).[71] 
Recently, also naphthalimide derivatives, such as (5-amino-2-benzyl-1-
benzo[de]isoquinoline-1,3(2H)-dione (NDP2), were successfully used as visible-
light PIs using a DLP-printer with a LED projector emitting at 405 nm.[146] 
Moreover, organometallic compounds typically employed as photoredox catalyst, 
such as tris(2,2-bipyridyl) dichlororuthenium(II) hexahydrate (Ru), have been 
successfully used as blue-shifted PIs for 3D-printing.[147,148] Furthermore, 
dimethyl-10-ribitylisoalloxazine (Riboflavin),[149] 3-hydroxyflavone (3HF),[150] 
Eosin Y[151] and Rose Bengal[152] have also been used for visible-light 3D-
printing due to their strong visible light absorption. The chemical structures of the 
abovementioned PIs are given in Figure 2.12. 

Turning now to cationic systems, the first PIs were aryl iodonium salts with 
non-nucleophilic counterions (BF4

-, PF6
-, AsF6

- and SbF6
-), as previously discussed. 

Not long after the discovery of those PAGs by Crivello,[66] several derivatives 
were developed by substituting the diaryl iodonium group with alkyloxy moieties. 
Among them sulfonium and iodonium salts like diphenyl(4-methoxyphenyl) 
sulfonium and bis(4-tert-butylphenyl)-iodonium hexafluorophosphate (Iod) are 
used for 3D-printing applications.[4] Also, azahelicenes (AZs)[153]  and 
metallocene compounds such as Irgacure 261[154] can be employed as cationic PIs 
for 3D-printing. Moreover, NT1 radical PIs can also be used with iodonium or 
sulfonium salts to generate cationic initiating systems, since the radical 
intermediates from the former can react with those of PAGs to give active radical 
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cations (e.g. naphthalimide derivatives or zinctetraphenylporphyrin (ZnTPP) in 
combination with Iod).[146,153] 

  

 
 

Figure 2.12. Examples of radical PIs used for DLP/SLA 3D-printing. 
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2.3.2.2 Monomers/oligomers 
We have come a long way from the first SLA-printable materials used by Hull, 
which consisted of a resin originally intended for the preparation of adhesives.[1] 
Over the years, the research focused on the development of photopolymerizable 
resins aiming to increase the penetration depth, fasten the curing rate and tailor the 
properties of the printed parts for specific applications, trying to extend the concept 
of a “design for manufacturing” also to the materials choice. 

To date, (meth)acrylates are the most frequently used monomers for VP due to 
both their high reactivity and their compatibility with many different 3D-printers. 
The selection of the acrylate-based system depends on many factors, including 
photopolymerization kinetic, viscosity, mechanical properties to impart to the 
printed object, but also volatility, toxicity, shelf life, odor and costs.[155] Broadly, 
a mixture of both acrylate and methacrylate monomers/oligomers is typically 
required, being the curing kinetic of the latter too slow when used on their own 
while pure acrylate system brings to dimensional distortions and stress 
developments in the printed parts.[4]  

Multiunsaturated oligomers/monomers are typically used to form the backbone 
of the polymer network and to enable fast reaction rates, due to an autoacceleration 
phenomenon occurring in the early stages of the chain growth. However, this can 
lead to early gelation and/or vitrification, which in turn hinders a complete double 
bond conversion and brings to the formation of heterogeneous and brittle 
networks.[156–159] On the contrary, monounsaturated specie serves as reactive 
diluent to adjust the viscosity of the system and to modulate the effect of the 
multifunctional specie.  

The most used (meth)acrylate monomers/oligomers for VP are 
polyethyleneglycol diacrylate (PEGDA), triethyleneglycol dimethacrylate 
(TEGDMA), urethane dimethacrylate (UDMA), bisphenol A-glycidyl methacrylate 
(Bis-GMA), trimethylolpropane triacrylate (TTA) or pentaerythritol tetraacrylate 
(PETA), bisphenol A ethoxylate diacrylate (BEDA), bisphenol A ethoxylate 
dimethacrylate (BEMA), hexandyol diacrylate (HDDA), butyl acrylate (BA) and 
others (Figure 2.13).[4,5,155,160]  
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Figure 2.13. Common (meth)acrylate monomers/oligomers used for VP. 
 

However, as already mentioned in subsection 2.2, acrylate systems have some 
limitations, i.e. oxygen inhibition, shrinkage, stress development and low 
conversion. As far as oxygen is concerned, the partial inhibition is not such a 
significant issue in VP, since the amount molecular oxygen dissolved in the resin is 
low, especially in DLP-systems where the on-curing surface is not in constant 
contact with air.[4,5] Therefore, the propagation of carbon radicals results less 
inhibited. Remarkably, the oxygen inhibition is taken into advantage in two 
different ways: 1) the unreacted double bonds at the interface (i.e. on the cured 
layer) can react during the light-irradiation of the subsequent layer leading to a 
stronger interface adhesion,[161] and 2) the local inhibition allows to avoid the 
attachment of the polymerized part to the bottom of the vat during the printing 
process. The latest DLP-printers (CDLP/CLIP) are even based on the generation of 
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a thin oxygen layer (dead-zone) to guarantee a continuous manufacturing process, 
as already discussed (see subsection 2.3.1.3).  

Whereas the development of shrinkage-stress during the polymerization mainly 
depends on the type of monomer being used. Indeed, the photopolymerization of 
monomers having a high number of reactive functionalities leads to the occurrence 
of gelation at low double bond conversions.[162,163] This in turns brings to a 
limited flow of the remaining uncured resin and any further polymerization implies 
higher shrinkage-stress during the layer-by-layer fabrication. However, this 
phenomenon depends also on the composition of the curable system. Indeed, the 
use of either aromatic, high molecular weight or monofunctional methacrylates 
results in a shrinkage reduction.[164] 

Other approaches to modulate the molecular architecture of the cured polymer 
and lower the amount of shrinkage could be the use of chain transfer agents or to 
change the polymerization mechanism from a chain-growth to a step-growth by 
exploiting thiol-ene click chemistry. Indeed, as already introduced in subsection 
2.2, thiol-ene systems show much lower shrinkage and stress development than the 
acrylate-based counterparts, mainly due to the delay of gelation towards higher 
conversions.[165] Therefore, thiols such as trimethylolpropane tris (3-
mercaptopropionate) (TMPMP), pentaerythritol tetra(3-mercaptopropionate) 
(PETMP), tris[2-(3-mercaptopropionyloxy) ethyl] isocyanurate (TMI), and 
pentaerythritol tetrakis (3-mercaptopropionate) (PE-1) can be added to acrylate 
formulations as effective tools to modulate the final properties of the cured resin 
(Figure 2.14).[5,99,160,166,167]  
 

 
 
Figure 2.14. Examples of thiols typically used for the preparation of thiol-ene systems for 
VP. 
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However, also thiol-ene systems entail some issues that limit their further 
development for 3D-printing applications, namely the poor shelf life of thiols 
because of oxidative disulfide bond (S-S) formation; bad odor and too flexible thiol-
bridges which significantly soften the polymer network and reduce the useful 
temperature range of the cured material. Nevertheless, the softening can be reduced 
by using norbornene end-capped oligourethanes in combination with 
TMPMP.[168] 

Furthermore, cationic systems (mainly epoxides) are also commonly used for 
VP. Epoxides typically used for 3D-applications are 3,4-epoxycyclohexylmethyl 
3’,4’-epoxycyclohexanecarboxylate (ECC or EPOX) and bisphenol A diglycidyl 
ether (DGEBA).[150,153] Notably, epoxides undergo less shrinkage but show 
slower curing rates than acrylates. For this reason, rather than being used on their 
own, they are commonly combined with the more reactive vinyl ethers and/or 
oxetanes monomers which allow to fasten the polymerization and further minimize 
the shrinkage during post-curing.[4] Vinyl ether and oxetane monomers commonly 
used for VP are 1,4-cyclohexanedimethanol divinyl ether (CDVE) and disubstituted 
oxetane (DSO). The chemical structures of the abovementioned cationic monomers 
are shown in Figure 2.15.  

 

 
 

Figure 2.15. Examples of epoxide, vinyl ether and oxetane monomers typically used for 
the preparation of cationic or dual-cure formulations for VP processes. 

 

Moreover, dual-cure formulations (i.e. the combination of a cationic and a 
radical monomer) can be used to tailor both the photopolymerization rate and the 
mechanical properties of the final 3D-printed parts. Indeed, in such a type of hybrid 
system, acrylates and epoxides undergo different polymerization mechanisms and 
essentially do not react with each other, resulting in the generation of an 
interpenetrating network.[169] 
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2.3.2.3 Additives 
Photocurable formulations for VP may also contain additives other than 
monomers/oligomers and PIs.  

Radical inhibitors such as butylated hydroxy toluene (BHT) and monomethyl 
ether hydroquinone (MEHQ) are normally used at low concentration (50-200 ppm) 
to extend the shelf life of the monomers/oligomers by preventing premature 
polymerization. However, due to their aerobic character, they require a minimum 
concentration of oxygen dissolved in the resin to serve effectively as 
inhibitors.[170] 

Light adsorber, generally referred to as dyes, are typically used in VP to reduce 
the penetration depth of light across the photocurable resin and hence to enhance 
the resolution of the printed structures avoiding light diffusion in the vat during the 
building stage.[171] The influence of the use of dyes on Dp can be explained by 
slightly modifying the previous Eq. 2.3 with the following expression (Eq. 2.5)[4]: 

𝐷𝑝 =  
1

2.3(𝜀𝑃𝐼[𝑃𝐼]+𝜀𝐴[𝐴])
        Eq. 2.5  

Accordingly, Dp depends on the extinction coefficient (ε) and concentration of 

both the PI and the light absorber. It follows that the lower the Dp the better the z-
resolution. Moreover, dyes are also able to confine the irradiation in width, while 
avoiding overcuring phenomena.[171]  

The selection of the dye mainly depends on the light source of the VP printer, 
while its concentration in the formulation should be balanced with the one of the 
PI. Indeed, high concentrations may negatively affect the efficiency of the PI due 
to competitive photon absorption processes, while too low concentrations may lead 
to a poor printing resolution. Sudan I,[172,173] Reactive Orange 16 (RO 16),[133] 
Methyl Red (MR)[127,128] has been widely used to limit Dp and increase the z-
resolution while printing (meth)acrylates-based resins. Anthracenes and stilbene 
derivatives, such as 2-ethyl-9,10-dimethoxy anthracene (EDMA) and 1,4-bis(2-
dimethylstyryl)benzene (BMSB), respectively, have been reported as effective light 
adsorbers for epoxy/vinyl ether-based resins.[4] The chemical structures of the 
abovementioned dyes are illustrated in Figure 2.16. 

Remarkably, in the last years the synthesis of organic or organometallic 
molecule with specific functional groups has widened the use of dyes to implement 
functional properties to the polymeric material, allowing to obtain light-emitting 
devices, electroluminescent and mechano-chromic materials, smart temperature 
sensors and liquid crystals dispersed in polymers.[128,171,174–176] 
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Figure 2.16. Light absorbers (dyes) commonly used for VP. 
 

Furthermore, photosensitizers can be added to the photocurable formulations to 
extend the absorption of the PI (enabling the use of long-wavelength light source) 
or to lower the Ec needed to induce the gelation at a specific wavelength. As a way 
of examples, dyes such as anthracene, coumarins and thioxantones can extend the 
use of cationic PIs up to 400 nm.[4] 

Finally, different types of nanofillers can be added to enable the fabrication of 
polymeric nanocomposites having specific thermomechanical, electrical, or even 
functional properties. Typical examples of nanofiller employed for 3D-printing 
applications are carbon nanotubes, graphene, silver salts, magnetic nanoparticles 
and tetraethyl orthosilicate.[118,129–134,177–179] 

2.3.3 Recent advances and future directions of VP 
As deeply explored in this chapter, VP has attracted a growing interest in the 
scientific community due to the versatility given by photochemistry. Indeed, VP 
enables the fabrication of complex multifunctional objects having controllable 
properties and high resolution with extremely low feature sizes. This opened new 
perspective in many fields, such as soft-robotics, microfluidics, tissue engineering, 
dentistry and others.[4,5] 

However, even though the use of VP is rapidly growing in both academic and 
industrial environments, lots of challenges remain to be addressed to further expand 
its scope and unlock its full potential. In this context, challenging research areas 
could be 1) the design of novel 3D-printable systems to both widen the current set 
of photocurable materials and tune the thermomechanical, functional, or even 
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physiochemical properties of the printed parts and 2) the 4D-printing of smart 
materials for the development of functional devices. 

2.3.3.1 “Print it greener”: bio-derived monomers 
The development of new and environmentally friendly photopolymers is one of the 
major challenges to unlock the widespread adoption of VP. So far, as deeply 
explored in the previous subsection, the materials choice is limited to the 
commercially available acrylates or epoxides derived from petroleum-based 
resources that have a significantly high carbon footprint. However, the development 
of more sustainable and bio-based photoresins is gaining a growing interest.[180–

182]  

Over the last few years, several natural products have been suitably modified 
to become printable by means of VP processes. The typical strategies used to impart 
photocurable functionality to natural molecules include 1) the conversion of 
hydroxyl-, acid- and epoxy groups into methacrylate or acrylate functions and 2) 
the epoxidation of unsaturated moieties.[182]  

Vegetable oils are amongst the most used natural resources to prepare bio-based 
photocurable resins. Epoxidized soybean oil acrylate (ESOA) and methacrylate 
(ESOMA, Figure 2.17a) with different numbers of functionalities were synthetized 
by Guit et al. via a “green” and solvent-free route and then used to prepare DLP-
printable inks with a bio-based content of 74-83%.[183] Also epoxidized soyate oil 
was methacrylated and combined with commercial monomers (biobased content of 
42%) to develop new resins for VP.[184] Likewise, Branciforti et al. reports the use 
of epoxidized linseed oil for SLA.[185]  

Lignin (Figure 2.17b),[186] vanillin,[187] and eugenol[188] methacrylate 
derivatives have also been reported as interesting bio-sources for SLA-inks with a 
biobased content ranging between 15 and 35%. Besides, even carboxylic acids have 
been used to prepare bio-based photocurable inks. Miao et al. reported the 
methacrylation of both succinic and itaconic acid and the successful DLP-printing 
of well-defined structure with interesting mechanical properties and good layer 
adhesion.[189] Unsaturated polyesters, obtained by reacting bioacids with glycols, 
were also used for SLA applications.  

Also, gelatin,[190], starch,[138] cellulose  (Figure 2.17c),[191] and chitosan 
(Figure 2.17d),[192] were suitably methacrylated and successfully used for the 
DLP-printing of hydrogels. Kim et al. used silk fibroin functionalized with 
methacrylate functions for the DLP-printing of biocompatible scaffolds which 
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mimick organ shapes.[193] Also terpenes photocurable derivatives were used to 
print porous structures by DLP/SLA, exploiting thiol-ene chemistry.[194]  

As becomes evident, the ever-growing interest for bio-based systems has 
opened a new research field which could be further explored in the future. 

 

 
 

Figure 2.17. Methacrylation of a) epoxidized soybean oil, b) lignin, c) cellulose 
and d) chitosan by means of epoxy/hydroxyl/amine groups substitution, 
respectively. 

 

2.3.3.2 4D-printing 
As briefly introduced in subsection 1.1, the possibility to fabricate customized parts 
whose shape or properties can evolve over time in response to an external trigger 
has turned 4D-printing a hot topic of advanced manufacturing. However, AM 
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technologies for 4D applications mainly involve polyjet or extrusion printing, even 
if both entail some limitations, such as high equipment cost, stringent resin property 
requirement, slow printing speed and relatively low resolution. Instead, the use of 
VP is still in its infancy, mainly due to the scarcity of suitable photoresins.  
Nevertheless, in the last years some interesting works have been reported on the use 
of DLP and SLA for 4D-applications. 

Zhao et al. develop hydrophilic/hydrophobic composite 3D-structures which 
are patterned using DLP and display a solvent-responsive behavior. More 
specifically, they photopolymerized a layered hydrophilic/hydrophobic composite 
alternating PEGDA and poly(propylene glycol) dimethacrylate, which has a 
controlled shape shifting during swelling.[195] Zarek et al. printed shape memory 
parts made of a thermoresponsive methacrylated polycaprolactone using a 
customized DLP-printer.[196,197] Dutta et al. fabricated with SLA macroscopic 
valves which can respond both to temperature fluctuations and to pH-variations. 
This was achieved by copolymerizing the thermoresponsive poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) with the pH-sensitive acrylic 
acid.[198] Ge et al. fabricated with SLA thermoresponsive structures combining 
benzyl methacrylate with difunctional acrylate oligomers, envisaging their potential 
use for biomedical applications.[199] Liu et al. prepared reversible origami 
structures exploiting grayscale patterns with a DLP-printer.[200] Likewise, Wu et 
al. have taken advantage of grayscale patterns to prepare via DLP-printing smart 
flowers that can change their shape upon swelling in acetone due to a mismatch in 
the crosslinking density of the layers.[201] Invernizzi et al. fabricated with a DLP-
printer thermoresponsive actuators combining methacrylated polycaprolactone 
with ureido-pyrimidone units,[202] while Li et al. developed polyimides-based 
system to prepare thermoresponsive grippers.[203]  

More recently, DLP has been explored for the fabrication of electroactive smart 
nanocomposites. Cortés et al. reported the DLP-printing of carbon nanotubes doped 
polymers whose shape memory properties can be triggered either electrically by 
joule’s heating or by infrared irradiation.[131,179] Whereas Lantean et al. 
developed magnetoresponsive smart structures by embedding Fe3O4 nanoparticles 
in a soft polymeric matrix.[129,130] 

However, there is still a long way to go to further develop VP 4D-printing. 
Interdisciplinary research and technological advances will surely allow to develop 
novel photocurable materials in view of the fabrication of smart devices. 
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3. Photopolymerizable 
cyclodextrins for DLP-
printing 

 

 

3.1 Motivation and outline 
As introduced in subsection 2.3.3.1, even if the global market of 3D-printing is 
continuously growing and half of it is mainly claimed by the sale of photopolymers, 
one of the main limitations to a widespread use of VP processes is the enlargement 
of the printable materials palette towards greener alternatives. Indeed, many 
different photocurable formulations have been proposed for a wide range of 
applications,[5] but the availability of environmentally-friendly photopolymers is 
still limited. In this sense, the growing interest for a more sustainable engineering 
may have a crucial role in the attempt to reduce the environmental impact of VP. 
As evidence of this, the synthesis and application of 3D-printable monomers 
derived from natural products has become an ever-more stringent request, 
especially in the last few years which have seen a significant rise in the number of 
scientific publications on the topic.[182]  

Within this framework, cyclodextrins (CyDs) are proposed in this chapter as 
building blocks to prepare a novel DLP-printable multifunctional macromer. Indeed 
CyDs, which are starch-derived toroidal-shaped macrocyclic oligosaccharides 
consisting of glucopyranose subunits (Figure 3.1),[204–207] are very versatile 
molecules since they display several hydroxyl sites (-OH) which can be rather 
easily chemically modified.[208] Hence, they are particularly appealing to prepare 
photocurable bio-based alternatives since, as already reported, one of the typical 
strategies used to impart photopolymerizable functionality into natural molecules 
is the conversion of -OH groups into methacrylate or acrylate functions.[182]  

In particular, γ-CyDs were chosen as the building block for the synthesis of the 
multifunctional macromer amongst all the natural CyDs commercially available, 
given their higher number of functionalizable -OH sites (i.e. 24 for γ-CyD, 21 for 
β-CyD and 18 for α-CyD). Accordingly, a multi-acrylated γ-CyD derivative was 
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synthetized by means of -OH groups substitution and used to prepare novel bio-
based formulations for DLP-printing. The reactivity of the novel photocurable 
systems upon UV-light irradiation was investigated by means of real-time 
photoreology and the printability was assessed. Then, the properties of the cured 
thermosets were studied, focusing on the influence of the novel macromer on their 
thermo-mechanical behavior. 

 

 
 
Figure 3.1. Schematic representation of the toroidal structure of natural cyclodextrins and 
detailed view of the glucopyranose subunits (n correspond to six, seven, or eight subunits 
depending on the CyD molecule, namely α-CyD, β-CyD, and γ-CyD) and hydroxyl groups 
located at primary and secondary sites. 
 

Part of the work reported in this chapter has been already published and it is 
available at the reference[209]: 
Cosola, A.; Conti, R.; Grützmacher, H.; Sangermano, M.; Roppolo, I.; Pirri, C. F.; 
Chiappone, A.  Multiacrylated Cyclodextrin: A Bio-Derived Photocurable Macromer for 
VAT 3D printing. Macromol. Mater. Eng. 2020, 305, 2000350, doi: 
10.1002/mame.202000350. 

3.2 Experimental 
3.2.1 Materials and chemicals 
γ-Cyclodextrin (γ-CyD) was purchased from ABCR. Acryloyl chloride, anhydrous 
n-methyl pyrrolidone (NMP), poly(ethylene glycol) methyl ether methacrylate 
(PEGMEMA, Mn = 500 g/mol), propylene carbonate (> 99%), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (Omnirad 819), methyl red (MR), deuterated 
dimethyl sufoxide (DMSO-d6, 99%) and ethanol (EtOH) were obtained from 
Sigma Aldrich and used as received. 
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3.2.2 Procedures 

Synthesis of the multi-acrylated γ-cyclodextrin derivative (Ac-γ-CyD) 
The multi-acrylated γ-cyclodextrin derivative was prepared following a synthetic 
route already reported by Gil et al.[210] Once being dried at 90 °C under vacuum 
for 24 h, γ-CyD (20 g, 15.42 mmol) was charged in a 500 mL Schlenk flask 
containing 160 mL of anhydrous NMP and the reaction mixture was left to stir 
under Argon atmosphere until the solution became homogeneous. Then, acryloyl 
chloride (36.07 mL, 0.44 mol) was added dropwise at 0 °C and the reaction mixture 
was stirred at room temperature (RT, 25 °C) for 72 h. Dropping slowly the mixture 
into 2 L of deionized water (DI-H2O) gives Ac-γ-CyD as a white precipitate. After 
decanting the mixture for 30 min at RT, the product was filtered, washed four times 
using DI-H2O and finally dried for two days under high vacuum. 

Preparation of the photocurable formulations 
The multi-acrylated macromer Ac-γ-CyD was used to prepare two sets of 
photocurable formulations. Different amounts of Ac-γ-CyD, i.e. 5, 10, 20 and 30 
wt%, were dissolved either in propylene carbonate (strategy 1) or in PEGMEMA, 
a monofunctional methacrylate oligomer used as reactive diluent (strategy 2). Then 
0.5 phr (per hundred resin) of Omnirad 819 as photoinitiator and 0.05 phr of MR as 
dye were added in each formulation and the mixtures were stirred until becoming 
homogeneous. The two sets of formulations were named Ac-γ-CD-X and PEG-
AcγCD-X, respectively, where X corresponds to the wt% of Ac-γ-CyD being used. 

DLP-printing 
Different formulations (both Ac-γ-CD-X and PEG-AcγCD-X) were 3D-printed 
using an ASIGA MAX X27 DLP printer (building volume of 119 mm x 67 mm x 
75 mm, nominal XY pixel resolution of 27 μm, and a light-emitting diode source, 
385 nm, 32 mW/cm2). The printed objects were washed in EtOH to remove the 
excess of resin and finally post-cured under UV-light (4 min, 12 mW/cm2) using a 
medium-pressure mercury lamp provided by Robot Factory. 

3.2.3 Characterization methods 

Solution nuclear magnetic resonance (NMR) spectroscopy 
NMR spectroscopy was used to confirm the successful functionalization of γ-CyD 
with photopolymerizable acrylate functions. DMSO-d6 was used as solvent to 
prepare the samples for the analyses. 1H- and 13C-NMR spectra were recorded at 
RT on a Bruker 300 spectrometer. The chemical shifts (δ) were measured according 
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to IUPAC and are given in parts per million (ppm) relative to the standard 
tetramethylsilane (TMS) for 1H and 13C. The recorded spectra were evaluated using 
MestReNova software. 

Infrared (IR) spectroscopy 
IR spectroscopy was used to further confirm the successful acrylation of the γ-CyD. 
The spectra were recorded by using a Perkin Elmer Spectrum 2000 FTIR 
spectrometer (Perkin Elmer, Norwalk, CT, USA) equipped with a single reflection 
attenuated total reflectance (ATR) accessory. 32 scans were recorded for each 
sample from 4000 to 500 cm-1 with a resolution of 4 cm-1. The recorded spectra 
were evaluated using Omnic software. 

Mass spectrometry (MS) 
Maldi MS was used to estimate the degree of functionalization of Ac-γ-CyD. The 
measurements were carried out by the MS Service of the Laboratory of Organic 
Chemistry at ETH Zürich.  

Real time photorheology 
The reactivity of the photocurable formulations was investigated by means of 
photorheology using an Anton PAAR Modular Compact Rheometer (Physica MCR 
302, Graz, Austria) in parallel-plate mode (25 mm diameter). The photocuring 
kinetics of the formulations was evaluated via real-time measurements carried out 
at RT, using a UV-curing set-up inclusive of a quartz bottom plate and a UV-light 
source (Hamamatsu LC8 lamp equipped with an 8 mm light guide, 30 mW/cm2) 
positioned underneath. During the measurements, the gap between the two plates 
was set to 0.2 mm and the sample was kept under a constant shear frequency (62 
rad/s). The light was switched on after 60 s to assure the stability of the system 
before the onset of photopolymerization. According to preliminary amplitude 
sweep measurements, all the tests were carried out in the linear viscoelastic region 
setting a strain amplitude of 0.8 %. The onset of photopolymerization (i.e. the delay 
time required to induce crosslinking) and the curing rate were also investigated. 

Gel content (GC) measurements 
Gel content (GC) measurements were performed to evaluate the insoluble fraction 
(covalently crosslinked polymer) of the photocured PEG-AcγCD-X thermosets. 
Flat samples (20 mm x 10 mm x 0.5 mm) were prepared by casting into silicon 
molds the photocurable formulations and irradiating for 1 min under nitrogen 
atmosphere, using a Dymax ECE 5000-UV lamp (320-390 nm). Then, the samples 
were held in an ultra-fine metal net, weighed, and immersed in chloroform to 
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remove the soluble fraction (un-crosslinked polymer). After 24 h, the samples were 
removed from the chloroform bath and dried in a vacuum furnace (500 mbar, 80 
°C, 6 h). The gel content (GC) was measured gravimetrically using the following 
equation: 

GC (%) =  
𝑊𝑑

𝑊0
 × 100           Eq. 3.1 

where Wd is the weight of the dried sample after solvent extraction and W0 is the 
initial weight of the sample.[143] 

Dynamic mechanical thermal analyses (DMTA) 
DMTA were carried out to evaluate the thermomechanical properties of the PEG-
AcγCD-X thermosets. The measurements were performed with a Tritec 2000 DMA 
(Triton 6 Technology Ltd, London UK). All the experiments were carried out 
between -90°C and 25 °C, setting a temperature ramp of 3°C/min and applying a 
force to the sample under a frequency of 1 Hz with a displacement of 20 μm. The 

variation of both the storage modulus (E’) and the damping factor (tanδ) was 
monitored as a function of the temperature. The glass transition temperature (Tg) 
was measured as the temperature corresponding to the maximum of the tanδ curve, 

as reported by standard conventions. The crosslinking density (νe) of the cured 
samples was calculated as number of moles of crosslinking point per unit of 
volume, according to the statistical theory of rubber elasticity using the equation:  

E′ =  𝜈𝑒𝑅𝑇            Eq. 3.2 

where E’ is elastic modulus above Tg, T is the temperature and R is the universal 
gas constant. 

Amplitude and frequency sweep measurements 
The viscoelastic properties of the PEG-AcγCD-X thermosets were further 
investigated by means of amplitude and frequency sweep measurements performed 
on fresh-photocured samples (thickness = 0.2 mm) with the rheometer apparatus 
already used for the photorheology investigation. The amplitude sweep 
measurements were carried out at RT over the strain amplitude range 0.01 - 1000% 
setting a constant shear frequency (62 rad/s). Likewise, frequency sweep tests were 
performed setting a frequency range 0.1 - 100 rad/s while keeping the strain 
amplitude constant at 0.8 %. 

Thermogravimetrical analysis (TGA) 
The thermal stability of the PEG-AcγCD-X thermosets was investigated by means 
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of TGA, using a Mettler Toledo TGA1. The measurements were carried out with a 
heating ramp of 10 °C/min up to 700 °C under N2 atmosphere (40 ml/min). 

Printing resolution 
The printing resolution (i.e. the fidelity of the printed structures to the original CAD 
models) was investigated by means of optical microscopy and 3D Scanning. Optical 
images of the samples were collected with a Leica DM2500 microscope. Then, the 
dimensions of the smallest 2D features were measured and compared with those of 
the corresponding digital model. 3D-Scanning was performed using a 3D optical 
scanner (E4, 3 Shape).  
 

3.3 Results and discussion 
3.3.1 Synthetic strategy and chemical characterization of Ac-γ-

CyD 
The photopolymerizable γ-cyclodextrin derivative Ac-γ-CyD was prepared 
according to a synthetic route reported by Gil et al. that consists of the substitution 
of -OH sites with multiple acrylate functions, using acryloyl chloride as 
functionalizing agent (Figure 3.2).[210] 
 

 
 

Figure 3.2. Schematic representation of the synthetic route followed to prepare the bio-
based photocurable multi-acrylated γ-cyclodextrin derivative (Ac-γ-CyD). 
 

The successful acrylation of γ-CyD was first proved by 1H-NMR and 13C{1H}-
NMR. Indeed, the characteristic 1H signals corresponding to the vinyl protons (δ = 
5.95, 6.18, and 6.32 ppm) as well as the 13C shifts for both the vinyl carbons (δ = 
128.39 and 132.06 ppm) and carbonyl carbons (δ = 165.57 ppm) can be clearly 
identified in the spectra of Ac-γ-CyD (Figure 3.3a and Figure 3.3b, respectively). 
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Figure 3.3. a) 1H-NMR and b) 13C{1H}-NMR spectra of Ac-γ-CyD. 

 

The acrylation was further evidenced by ATR-FTIR spectroscopy (Figure 3.4), 
since the typical stretching vibration of the vinyl groups can be observed in the 
spectrum of Ac-γ-CyD at 1633, 1410, and 809 cm−1 as well as those of carbonyl 
groups at 1727 cm−1. Moreover, the pronounced reduction in the intensity of the 
peak at around 3300 cm−1 (-OH vibration) suggests a high substitution of the 
hydroxyl groups. This was confirmed by mass spectrometry. Indeed, despite a 
variable degree of functionalization was observed (in good agreement with variable 
substitutions reported elsewhere [210–212]) the results (Mw, Ac-γ-CyD = 2450 g/mol) 
indicated that 21 hydroxyl groups per molecule were successfully replaced by 
acrylate functions, on average. Considering that the original -OH sites of γ-CyD are 
so distributed, 8 primaries and 16 secondaries at the lower or upper rim, the obtained 
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degree of substitution indicates that the functionalization involved both primary and 
secondary sites (Figure 3.5).  
 

 
 

Figure 3.4. ATR-FTIR spectra of pristine γ-CyD and Ac-γ-CyD. 

 

 
 

Figure 3.5. Schematic representation of the functionalization of both primary and 
secondary hydroxyl sites of the pristine γ-CyD with photopolymerizable acrylate functions. 
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3.3.2 Photoreactivity of the formulations 

The multi-acrylated γ-cyclodextrin derivative was then tested as macromer in novel 
photocurable formulations. Two different strategies were followed: 1) Ac-γ-CyD 
tested as building block of all CyD-based thermosets (Ac-γ-CD dissolved in 
propylene carbonate to get liquid formulations, strategy 1); 2) Ac-γ-CyD used as 
crosslinker in combination with a monofunctional monomer, poly(ethylene glycol) 
methyl ether methacrylate (PEGMEMA), which serves also as reactive diluent 
(strategy 2). Detailed information on the composition and preparation of the two 
sets of formulations, namely Ac-γ-CD-X and PEG-AcγCD-X (X corresponds to the 
wt% of Ac-γ-CD used: 5, 10, 20, 30 %) are given in the experimental procedures 
(see subsection 3.2.2).  

The photoreactivity of the formulations was studied by means of real-time 
photorheology. The resulting photorheology curves show that thermosetting 
networks can be generated after a short irradiation time (delay time < 2 s) when Ac-
γ-CyD is used as building block for an all CyD-based thermoset (strategy 1), 
independently from the macromer concentration, while the storage modulus (G′) at 

plateau gradually increases with increasing content of Ac-γ-CyD (Figure 3.6a). 
These data indicate that, as soon as the initiating radicals are generated upon the 
photolysis of the PI, the homopolymerization of the macromer is rapidly activated 
leading to the generation of crosslinked networks in few seconds.  

Instead, the photoreology curves of the formulations prepared by using Ac-γ-
CyD as crosslinker of PEGMEMA (strategy 2) are given in Figure 3.6b. In this case 
the UV irradiation activates both the copolymerization of Ac-γ-CyD with 
PEGMEMA and their homopolymerization. Note that no crosslinking occurs by 
irradiating PEGMEMA in the absence of Ac-γ-CyD, as expected when using only 
monofunctional monomers. As becomes clear from the G’ curves, thermosetting 
networks are generated at a rapidly increasing rate with increasing Ac-γ-CyD 
content in the precursor formulation. Indeed, the photopolymerization starts earlier 
(onset of crosslinking decreases from 15 s for PEG-AcγCD-5 to < 1 s for PEG-
AcγCD-30) and the kinetic is fastened (slope of G’ curves result ever steeper), due 
to both the higher reactivity of the multiple acrylate functions of Ac-γ-CyD  with 
respect to the methacrylate ones of PEGMEMA and to the “autoacceleration” 

phenomenon, typical for those polymerizations involving multiunsaturated 
monomers.  

Indeed, the restricted diffusions of the active species in a highly crosslinked 
network, as the one generated in the presence of multiunsaturated monomers, lead 
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to a reduction of termination mechanisms. Therefore, the local concentration of 
radicals increases and the kinetic is accelerated in the first stages of polymerization. 
In this sense, the photopolymerization of multiunsaturated monomers could be 
considered as an autocatalytic process, even if the speeding-up of the reaction rate 
is not ascribable to the generation of intermediate species (as for the typical 
autocatalytic mechanisms) but to complex diffusion processes that occur in the 
growing polymer network.[157,158,213,214] 

 

 
 

Figure 3.6. Photorheology characterization of the two different sets of formulations using 
Ac-γ-CyD as a) building block or as b) crosslinker of monofunctional PEGMEMA and 
corresponding photopolymerization mechanisms: homopolymerization of Ac-γ-CyD and 
copolymerization with PEGMEMA, respectively. 
 

Based on these photorheology data, both sets of formulations can be considered 
as interesting candidates for DLP-printing. As evidence of this, the printability will 
be assessed in the following subsection, with a particular focus on those 
formulations containing either 20 or 30 wt% of Ac-γ-CyD because of the faster 
kinetic and higher mechanical stability displayed by the cured samples (i.e. higher 
G’ values at plateau monitored via photorheology). 

3.3.3 DLP-printing of CyD-based thermosets 
The AcγCD-X and PEG-AcγCD-X formulations were tested as innovative inks for 
DLP-printing.  
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The printing parameters were optimized for each formulation. In particular, the 
layer thickness was fixed to 50 μm and the UV-light intensity was set at 30.66 
mW/cm2, while the exposure time was ranged between 1.5 and 2.5 s/layer 
depending on the specific reactivity of the precursor formulation monitored via the 
preliminary photorheology tests.  

Complex 3D-geometries (Figure 3.7, detailed features in the order of hundreds 
of μm) were successfully printed with high resolution, as confirmed by optical 
microscopy (Figure 3.8a). The high printing fidelity to the original CAD models 
was further proved by 3D-scanning analysis. This technique allows to get a point-
cloud map from the scan of the printed structures, which is then used to prepare a 
digitalized model to be virtually overlaid to the original CAD file for a comparative 
analysis. The results of the comparison are displayed as a colored 3D-map which 
shows the geometrical deviation from the reference model, where the red zones 
represent the “material-excess” and the blue ones correspond to areas with a 
“material-deficit”.[118,133] From the 3D-inspection of the diamond-shaped 
printed part (see Figure 3.7f) it has been calculated that the dimensional variations 
between positive and negative values was about ± 0.19 mm (Figure 3.8b).  

These results confirmed that these novel bio-based formulations can be 
successfully used to fabricate complex 3D-microarchitectures with a high 
resolution. 

 

 
 

Figure 3.7. Photographs of 3D-printed structures prepared from AcγCD-30 (a, b) and PEG-
AcγCD-20 (c-f). 
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Figure 3.8. Analysis of the resolution and fidelity to the original CAD files of the printed 
a) honeycomb-like and b) diamond-shaped structures. The investigations were carried out 
by means of optical microscopy 3D scanning, respectively. 
 

However, despite the good printability, those structures fabricated from all-
CyD based inks result much more brittle than the ones obtained from the set of 
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formulation wherein Ac-γ-CD acts as crosslinker of monofunctional PEGMEMA. 
This can be ascribed to the development of high stress inside the AcγCD-X network 
generated upon irradiation, as reported in the literature for the UV-induced free-
radical polymerization of multiunsaturated acrylates.[156,162,163,215] Whereas, 
the presence of PEGMEMA limits the brittleness of the printed PEG-AcγCD-X 
structures, given that monofunctional monomers are typically used as plasticizers. 
Therefore, in the following subsection, we decided to further investigate the 
properties of the thermosetting polymers prepared just from the second set of 
formulations (PEG-AcγCD-X), since we truly believe that the accurate combination 
of the crosslinking efficiency of Ac-γ-CyD with the plasticizing effect of 
PEGMEMA, would allow to prepare thermosetting polymers with tailorable 
thermomechanical properties. 

3.3.4 Properties of the PEG-AcγCD-X thermosets 
As previously discussed, when Ac-γ-CyD is used in combination with the 
monofunctional monomer PEGMEMA it behaves as crosslinking agent. Therefore, 
solvent extraction measurements were performed on the cured PEG-AcγCD-X 
samples to evaluate the crosslinked fraction of the polymers. The results revealed 
that the gel content (GC) increases with increasing concentration of Ac-γ-CyD in 
the precursor formulations, reaching a maximum value of approximately 90% for 
PEG-AcγCD-30 (Figure 3.9).  
 

 

Figure 3.9. Results of the solvent extraction measurements carried out to evaluate the 
crosslinked fraction (gel content, GC) of the PEG-AcγCD-X thermosets obtained upon 
irradiation. 
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This confirm the high crosslinking efficiency of the multi-acrylated macromer 
since ever more covalently crosslinked networks are generated upon irradiation. 
Note that no chemical crosslinking occurs by irradiating PEGMEMA itself (GC = 
0%) without the addition of the crosslinker, since the linear thermoplastic chains 
generated upon irradiation of a monofunctional monomer rapidly dissolve when 
immersed in the solvent.[143] 

The thermomechanical properties of the PEG-AcγCD-X thermosets were then 
evaluated by means of DMTA. Note that the samples prepared with the lowest 
content of crosslinker (5% of Ac-γ-CyD) have the consistency of a very soft gel. 
This makes the investigation of PEG-AcγCD-5 extremely challenging, because the 
samples bend significantly once above the glass transition temperature (Tg) and 
break when approaching the plateau region. For this reason, the curves of PEG-
AcγCD-5 appear incomplete, but they are shown anyway by way of comparison 
with the other PEG-AcγCD-X samples (with a particular focus on the tanδ plot, as 
will be discussed later). The DMTA curves are given in Figure 3.10, while the main 
data resulting from the thermomechanical investigation are given in Table 3.1.  

The E’ plots (Figure 3.10a) revealed that the drop of the storage modulus in the 

Tg region becomes lower as the amount of the multi-acrylated crosslinker is 
increased. In other words, the modulus at the plateau in the so-called rubbery region, 
increased with increasing amount of Ac-γ-CD, ranging from 4.5 x 106 up to 1.4 x 
108 Pa. This suggests the generation of ever-more rigid and crosslinked networks. 
Indeed, the value of rubbery modulus has been related to the crosslinking density 
(νe) of a polymer,[157,216] that is the higher the modulus in the rubbery region, the 
higher the νe. As evidence of that, the average νe of the PEG-AcγCD-X polymers 
calculated according to the statistical theory of rubber elasticity increases from 
0.0025 up to 0.0768 mmol/mm3 by increasing the amount of Ac-γ-CyD. 
Furthermore, the increase of νe reflects into higher Tg, as confirmed by the shift of 
the tanδ curves toward higher temperatures with increasing amount of Ac-γ-CyD 
(Figure 3.10b).  

However, the broadening of the curve suggests that the Tg is more likely spread 
over a region of temperatures due to a wide distribution of the mobility or relaxation 
times of the polymer chains.[217–219] Generally, this is an indication of a 
structural inhomogeneity of the material and typically occurs when thermosetting 
networks are generated upon UV-irradiation of multifunctional monomers, due to 
complex polymerization mechanisms.[217,220] Indeed, the polymerization of 
multifunctional monomers may involve both intermolecular and intramolecular 
radical reactions. Intramolecular crosslinking is enhanced in the early stage of 
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polymerization due to the higher concentration of pendant double bonds in the 
proximity of the radical site, and it is also evident for the copolymerization with 
monounsaturated monomers. This phenomenon leads to the generation of highly 
crosslinked regions, named microgels, with locally reduced chain mobility, wherein 
unreacted double bonds remain entrapped. Accordingly, the formation of more or 
less crosslinked regions is the reason for a structural inhomogeneity of the growing 
polymer network.[158,159,213,219–221] 

Therefore, the experimental observations are in good agreement with these 
findings, since it is reasonable to assume that the broadening of the tanδ curves of 

the PEG-AcγCD-X samples may reflect an increasing inhomogeneity of the 
network due to a wider distribution of the mobility of the PEGMEMA chains with 
increasing content of the multifunctional Ac-γ-CyD. Furthermore, ever-lower 
damping factors were observed when the concentration of Ac-γ-CyD is increased 
in the formulations, as confirmed by the flattening of the tanδ plots. As reported in 
the literature, the intensity of the tan δ peak at the Tg reflects the extent of mobility 
of the polymeric chains at this specific temperature.[220,222] In this context, the 
increase of the crosslinking density would reflect into a decreased intensity of the 
tanδ peak, since crosslinks significantly restrict the mobility of the chains giving to 

the polymer an ever-lower viscous behavior.[220] This is consistent with the trend 
observed for the PEG-AcγCD thermosets, since the increase in the crosslinking 

density leads to a reduction in the mobility of the polymer chain in the Tg region 
(i.e. lower values of tanδ).  

 

 
 

Figure 3.10. a) E’ and b) tanδ curves resulting from the DMTA measurements of the cured 

PEG-AcγCD-X thermosets. 
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Table 3.1 Thermomechanical properties of the PEG-AcγCD thermosets. 

Sample E’RT (Pa) νe (mmol/mm3) Tg (°C) tanδ 

PEG-AcγCD-5 NA NA - 52 1.31 

PEG-AcγCD-10 4.5 x 106 0.0025 - 48 0.66 

PEG-AcγCD-20 5.1 x 107 0.0280 - 45 0.26 

PEG-AcγCD-30 1.4 x 108 0.0768 - 30 0.21 

 
The mechanical properties of the cured PEG-AcγCD-X samples were also 

investigated by means of frequency and amplitude sweep measurements.  

The former further confirm the increase of the rigidity of the thermosets since 
the recoded G’ increases with increasing content of Ac-γ-CD (Figure 3.11a), in 
good agreement with the E’ trend observed in the DMTA curves. Whereas the latter 
revealed a great difference in the viscoelastic properties of the thermosets under 
increasing oscillation amplitude, since the samples can endure an ever-lower strain 
amplitude before breaking, as the content of Ac-γ-CyD increased (Figure 3.11b). It 
is therefore evident that the accurate compounding of the formulations allows to 
tailor the thermomechanical properties of the resulting thermosetting networks by 
merging the crosslinking efficiency of Ac-γ-CyD with the plasticizing effect of 
PEGMEMA.  

 

 
 

Figure 3.11. a) Frequency and b) amplitude sweep measurements performed with the 
rheometer apparatus on fresh irradiated PEG-AcγCD-X samples. 
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Finally, the thermal stability of the PEG-AcγCD-X thermosets was investigated 
by means of TGA. The resulting thermograms (Figure 3.12) revealed that all the 
samples are stable up to 250-300 °C, with a slight shift of the onset of degradation 
to higher temperatures and a gradual increase of the char residue with increasing 
content of Ac-γ-CyD. Both these findings can be related to the increase in the 
crosslinking densities of the thermosets.[223] 
 

 

Figure 3.12. TGA curves (solid lines) of the PEG-AcγCD-X thermosets. The rate of weight 
loss (dashed lines) was calculated as the derivative of the weight curves. 

 

3.4 Conclusions 
In this chapter, a multifunctional cyclodextrin derivative is proposed as a novel bio-
based macromer for DLP-printing. The target molecule was prepared following an 
acrylation protocol designed to substitute the original hydroxyl groups with 
photopolymerizable functionalities. The successful functionalization was 
confirmed by means of 1H- and 13C-NMR spectroscopy, as well as by ATR-FTIR 
spectroscopy and mass spectrometry. Real-time photorheology measurements 
revealed the high reactivity of the multi-acrylated macromer Ac-γ-CyD, suggesting 
its use to prepare novel bio-based photoresins for DLP-printing. This has been 
demonstrated since complex 3D-structures were successfully printed with high 
resolution by using Ac-γ-CyD either as neat building block for an all cyclodextrins-
based thermoset or as crosslinking agent in combination with a monofunctional 
methacrylate oligomer. The latter strategy seemed to be the most promising since 
the combination of the high crosslinking efficiency of Ac-γ-CD and the plasticizing 
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effect induced by PEGMEMA easily allows to modulate the properties of the 
resulting thermosetting polymers, as confirmed by the results of the 
thermomechanical investigations. However, the versatility of such a system, that is 
the possibility to tailor the mechanical properties by simply varying the composition 
of the precursor formulation, is likely counterbalanced by the occurrence of 
network inhomogeneities which are due to the use of a multiunsaturated monomer 
in a multicomponent formulation, as reported elsewhere. 

In conclusion, the results provided further evidence that bio-based molecules 
can be successfully used to develop valuable and greener alternatives to the 
commercially available photopolymers obtained from petroleum-based resources. 
Moreover, the strategy followed to modify the starting material making it suitable 
for photopolymerization process could be reasonably used in the future to further 
enlarge the printable materials palette with other natural molecules. 
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4. Strategies of post-printing 
surface modification of 
PEGDA-AcγCyD structures 

 

 

4.1 Motivation and outline 
As briefly introduced in subsection 1.1, the modification of polymeric surfaces is a 
powerful approach to further expand the possibilities given by 3D-printing, since it 
allows to impart to the printed parts superior functionalities while retaining their 
bulk properties.[40,224,225] Looking at DLP-printing, chemical moieties with 
suitable reactive groups can be directly introduced in the photocurable formulations 
to be later exploited for further functionalization via a wide range of 
reactions.[127,226,227] Besides, also pendant unsaturated functions remained 
unreacted after the printing step can provide potential reactive sites for surface 
modification.[228] In this context, the residue of C=C double bonds arising from 
the photopolymerization of multifunctional acrylates [157,158,213] can turn into a 
potential advantage. 

Within this framework, this chapter is devoted to show the results of 
preliminary investigations on the use of surface-functionalization strategies to 
benefit from unreacted acrylate functions in structures printed from a photocurable 
system containing the multi-acrylated cyclodextrin derivative Ac-γ-CyD presented 
in chapter 3. First, the residual amount of C=C bonds on the surface of DLP-printed 
parts was evaluated. Then, thiol- and aza-Michael additions are proposed as 
versatile reactions to tune the wettability of the printed structures via the selective 
grafting of hydrophobic/hydrophilic polymeric brushes. ATR-FTIR spectroscopy 
was used to confirm the chemical grafting, while water contact angle measurements 
were carried out to monitor the wettability evolution. Moreover, thiolated surfaces 
were further exploited as active substrates for the immobilization of photogenerated 
silver nanoparticles, which was monitored by means of X-ray photoelectron 
spectroscopy (XPS) and field-emission scanning electron microscopy (FESEM). 
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4.2 Experimental 
4.2.1 Materials and chemicals 
Polyethylene glycol diacrylate (PEGDA, Mn = 250 g/mol), poly(dimethylsiloxane) 
bis(3-aminopropyl) terminated (A-PDMS, Mn = 2500 g/mol), pentaerythritol 
tetrakis(3-mercaptopropionate) (PETMP), acrylic acid (AA), silver nitrate (AgNO3, 
> 99.0 %), ethanol (EtOH), isopropanol (IPOH), acetonitrile (MeCN), 
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Omnirad 819) and 2-hydroxy-
4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) were purchased 
from Sigma Aldrich and used as received. Ac-γ-CyD was prepared according to the 
synthetic protocol reported in chapter 3. 

4.2.2 Procedures 

Preparation of the DLP-printable formulation 
Ac-γ-CyD (20 wt.%) was dissolved in PEGDA, which serves simultaneously as 
reactive diluent and as comonomer, while Omnirad 819 (0.2 phr) was added as PI. 
The formulation was stirred until becoming homogeneous.  

DLP-printing 
The precursor formulation was 3D-printed using a MAX X27 DLP-printer from 
ASIGA (for more information about the printer, refer to subsection 3.2.2). The layer 
thickness was set to 50 μm, while the light intensity and the exposure time/layer 

were set to 40 mW/cm2 and 0.8 s, respectively. The printed samples (diameter = 12 
mm; thickness = 1 mm), named PCyD20, were washed in EtOH to remove the 
excess of resin before being used for post-printing functionalization purposes. 

Surface grafting of A-PDMS brushes 
The surface functionalization was performed by immersing the printed sample into 
an amino-solution of A-PDMS diluted in IPOH (10 wt.%) for 24h at RT. The 
samples were then removed from the reaction bath and rinsed three times in IPOH. 

Photo-induced grafting of PETMP brushes 
The photo-induced grafting was performed as follows: few drops of a solution 
consisting of PETMP diluted in MeCN (50 wt.%), with Omnirad 819 added as PI 
(2 wt.%, concerning the PETMP amount), were spread on the printed sample and 
irradiated for 1 min using a high-pressure mercury Dymax ECE lamp (100 
mW/cm2) to activate a thiol-ene reaction at the surface. Then, the samples were 
rinsed in EtOH for 30 min to remove unlinked PETMP from the surface. Note that 
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PETMP was appositely used to leave unreacted thiols (-SH) on the surface for 
further functionalization purposes. 

Photo-induced grafting of AA brushes 
The photo-induced grafting was performed as follows: few drops of a solution of 
AA diluted in water (10 wt.%) were spread on the surface of the samples previously 
functionalized with PETMP and irradiated for 10 min using a high-pressure 
mercury Dymax ECE lamp (70 mW/cm2). This allows to activate a thiol-ene 
reaction via the -SH groups remained on the surface after the first functionalization 
with PETMP. Then, the samples were triply rinsed in H2O to remove the unlinked 
AA. 

Surface grafting of photoreduced silver nanoparticles (AgNPs) 
The surface-anchoring of AgNPs was performed as follows: the samples previously 
functionalized with PETMP were immersed in a grafting solution consisting of 
AgNO3 dissolved in distilled H2O (100 mg/mL), with Irgacure 2959 added as PI 
(0.5 wt.%). Then, the solution was irradiated for 15 min using a Hamamatsu LC8 
lamp equipped with an 8 mm light guide (70 mW/cm2), to activate the 
photogeneration of AgNPs and their spontaneous grafting on the residual -SH 
groups on the surface. During the photoreduction process, the solution was 
magnetically stirred. Finally, the samples were rinsed in H2O for 90 min under 
sonication. 

4.2.3 Characterization methods 

Gel content measurements 
Gel content measurements were performed to evaluate the covalently crosslinked 
fraction of the printed polymers. The GC values were calculated by following the 
same experimental procedure already reported in chapter 3, subsection 3.2.3. 

IR spectroscopy 
ATR-FTIR spectroscopy was used to investigate the double bond conversion (DBC, 
that is the conversion of the C=C bonds of the acrylate functions) in the 3D-printed 
parts and the effective anchoring of the polymer brushes grafted by following the 
abovementioned strategies. The measurements were performed using a Nicolet 
iS50 FT-IR spectrometer equipped with an attenuated total reflectance (ATR) 
accessory (Smart iTX). ATR Spectra were collected with a resolution of 4 cm−1 
between 600 and 4000 cm−1, averaging 32 scans for each spectrum. The surface-
DBC of the printed samples was calculated from the decrease of the area of the peak 
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at about 1633 cm−1 (corresponding to the vibration of C=C bonds of acrylates) 
normalized by the constant signal centered at 1730 cm−1 (corresponding to the 
stretching vibration of C=O groups). 

Contact angle measurements 
Water contact angles measurements were performed to monitor the wettability-
evolution of the printed samples upon the different post-functionalizations. The 
tests were carried out at RT using a Kruss DSA100 drop shape analyzer, equipped 
with a video camera and an image software. First, small water droplets (≈15 μL) 

were applied onto a leveled surface of the printed sample. Then, the static contact 
angles were measured using the sessile drop technique. The results were averaged 
over six measurements randomly performed in different area of each sample. 

XPS analyses 
XPS was used to confirm the photografting of AgNPs onto the surface of the printed 
sample. The measurements were performed using a PHI Versaprobe 5000 (Physical 
Electronics – Chanhassen, MN – USA), equipped with a monochromatic Al k-alpha 
source (1486.6 eV). Both survey and high resolution (HR) spectra were collected 
for each sample. The core-level energy shifts were referred to C 1s peak (C-C) at 
284.5 eV. Omnic software was used for data analysis and for further peak-fitting 
procedure. 

Morphological investigation 
The morphology of the metallic NPs grafted on the surface of the printed samples  
were analyzed by means of FESEM investigations using a MERLIN-FESEM from 
Carl Zeiss. The measurements were carried out without any previous metallization 
of the samples. 

4.3 Results and discussion 
4.3.1 Unreacted acrylate functions as sites for surface 

functionalization 
Although the photopolymerization of multiunsaturated acrylates enables the fast 
generation of highly crosslinked polymer networks, it also entails anomalous 
behaviors, such as a structural heterogeneity (as already discussed in subsection 
3.3.4) and, especially, an incomplete conversion of the acrylate 
groups.[157,158,213] Nevertheless, the residual unsaturated functionalities can be 
attractive candidates for functionalization purposes exploiting Michael-reactions, 
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giving the high selectivity of the latter towards C=C bonds and their ability to yield 
regiospecific products under rather facile conditions.[100,229–231] In this sense, 
the unavoidable residue of unreacted C=C bonds when DLP-printing 
multifunctional acrylates can be turn to an advantage to give new functionalities to 
the printed parts via a post-printing surface modification. 

To prove the feasibility of this strategy, structures were first DLP-printed from 
a photocurable formulation containing the multi-acrylated cyclodextrin derivative 
Ac-γ-CyD and PEGDA (as reactive diluent), and then used as platform to explore 
strategies of post-functionalization involving the residual acrylate functions located 
at the surface. Indeed, preliminary investigations confirmed that, despite the 
generation of densely crosslinked thermoset (GC = 96.9 ± 0.3 %, measured by gel 
content experiments), a significant amount of C=C bonds did not polymerize during 
the printing step (DBC = 60.5 ± 1.8 %, measured by ATR-FTIR spectroscopy). As 
evidence of that, the signals corresponding to the stretching and bending vibrations 
of C=C bonds can be still clearly observed at around 809, 1410 and 1633 cm-1 in 
the ATR spectrum of the printed samples (named PCyD20) shown in Figure 4.1.  

 

 
 

Figure 4.1. Comparison between the ATR-FTIR spectra of the liquid formulation and of 
the DLP-printed sample PCyD20. The signals of unreacted C=C bonds can be observed at 
around 809, 1410 and 1633 cm-1 in the spectrum of PCyD20. 
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The high residue of unreacted C=C bonds can be ascribed to the complex 
mechanisms of the photopolymerization of multiunsaturated monomers. Indeed, as 
the reaction proceeds, an ever-higher number of polymer chains become 
crosslinked and the segmental mobility is so dramatically reduced that diffusion 
becomes the dominating termination mechanism already from low values of 
DBC.[232] This means that, as the mobility of the functional groups is reduced, an 
ever-growing number of radicals tend to get trapped [233] and the reactivity of the 
system drops down until the reaction stops due to vitrification.[158] As a result, 
despite highly crosslinked thermosets are generated, the final DBC stands at values 
well below 100%, i.e. a large amount of unreacted pendant C=C bonds remained 
entrapped in the network.  

However, as previously introduced, the incomplete DBC may be exploited for 
post-printing functionalization. Following this strategy, the next subsections are 
focused on presenting the preliminary results of surface modification of PcyD20 
structures employing the surface-localized unreacted acrylate groups for Michael-
addition reactions. More specifically, two different grafting methodologies were 
investigated: 

1) Residual C=C bonds used as active sites for the direct anchoring of amino-
terminated polysiloxane brushes (A-PDMS) to generate hydrophobic surfaces. 
This strategy follows a grafting-to approach,[234,235] since it involves only a 
chemical coupling of surface-bound moieties with a suitable end-functionalized 
pre-polymerized chain. 
 

2) residual C=C bonds used as substrate for the generation a versatile interface 
bearing pendant -SH groups which are subsequently exploited to: a) activate the 
surface-initiated photopolymerization of hydrophilic brushes of acrylic acid 
(AA) (grafting-from approach [234,235]) or b) immobilize on the surface 
photoreduced silver nanoparticles (AgNPs). 

4.3.2 Post-printing surface grafting of hydrophobic/hydrophilic 
polymer brushes 
In a first set of experiments, polysiloxane brushes were anchored onto the surface 
of the printed PCyD20 following the path of an aza-Michael reaction. The sample 
was immersed in a grafting solution wherein the amino-terminated A-PDMS was 
used as Michael-donor to activate the nuchleophilic addition onto the β-carbon atom 
of the C=C bond of the residual acrylate functions (i.e. the Michael-
acceptors).[231,236] The reaction is schematically represented in Figure 4.2. 
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Figure 4.2. Schematic representation of the surface-grafting of A-PDMS brushes onto 
PCyD20 following the path of an aza-Michael reaction. 
 

The effective anchoring of A-PDMS brushes onto PCyD20 was first proved by 
ATR-FTIR spectroscopy. The ATR spectrum of PCyD20 after the 
functionalization, named PCyD20-APDMS, is shown in Figure 4.3. The spectra of 
PCyD20 and A-PDMS are reported as reference.  
 

 
 

Figure 4.3. ATR spectra of PCyD20, A-PDMS and PCyD20 after the functionalization 
(PCyD20-APDMS) and detailed view of the absorption ranges corresponding to C=C 
vibrations before and after the aza-Michael reaction.  
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The lower intensity of the peaks centered at 1410 and 1633 cm-1 (C=C 
stretching vibrations, see detailed views given in Figure 4.3) in the ATR spectrum 
of PCyD20-APDMS confirmed that the aza-Michael addition occurred on the 
surface of PCyD20 leaving a lower amount of unreacted double bonds.[236] In this 
sense, a complete conversion of the residual acrylate functions was not achieved 
even under forcing the reaction conditions using higher amount of A-PDMS in the 
grafting solution, due to the steric hindrance of the high molecular weight 
polysiloxane chains. The effective grafting was further proved by the appearance in 
the PCyD20-APDMS spectrum of the characteristic peaks corresponding to the 
asymmetric stretching vibration of  Si-O-Si (absorption band between 1000 and 
1100 cm-1) and to the structural vibration of Si-CH3 (1260 cm-1) [237].  

Finally, wettability measurements confirmed the generation of a hydrophobic 
surface since the water contact angle increases from 61° to 96° after the grafting of 
A-PDMS (Figure 4.4). 
 

 
 

Figure 4.4. Water contact angles on the surface of the printed sample before (PCyD20) and 
after the grafting of A-PDMS (PCyD20-APDMS). 
 

On the contrary, the goal of a second set of experiments was to increase the 
wettability of PCyD20. To do this, thiol-ene click chemistry [100,229,230] was first 
employed to photogenerate on PCyD20 an active interface bearing free -SH groups. 
Then, the pendant -SH were employed in a subsequent Michael-addition to activate 
the grafting of hydrophilic AA brushes.  
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It follows that the choice of the tetrafunctional monomer PETMP as 
functionalizing agent was dictated by the need to exploit part of its terminal -SH 
groups to generate the thiolated interface (named PCyD20-PETMP) converting the 
residual C=C into C-S bonds (Figure 4.5a), while the remained thiols were used to 
graft AA chains (Figure 4.5b).  

Remarkably, the functionalization routes previously reported consist of the 
chemical reaction of surface-bound functionalities (residual C=C) with polymeric 
end-groups (amines of A-PDMS, or thiols of PETMP) which not undergo further 
polymerization (grafting-to strategy). On the contrary, the grafting of AA brushes 
involves not only a chemical coupling but also a surface-initiated radical 
photopolymerization of the monomer (photografting-from strategy), which is 
activated by the generation of thiyl radicals upon UV-irradiation of the PCyD20-
PETMP interface (for more information, see chapter 2, subsection 2.2). Note that, 
the photo-induced grafting of AA was carried out without using any radical PI to 
limit the homopolymerization of AA-chains which would happen in competition 
with the thiol-ene reaction with the thiolated interface. 

 

 
 

Figure 4.5. Schematic representation of the surface-grafting of PETMP onto PCyD20 (a) 
followed by the surface initiated photopolymerization of AA from the thiolated PCyD20-
PETMP interface (b). 
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The successful grafting of PETMP onto PCyD20 was confirmed by ATR-
spectroscopy. The ATR spectrum of PCyD20 after the functionalization, named 
PCyD20-PETMP, is shown in Figure 4.6. The spectra of PCyD20 and PETMP are 
reported as reference. 

 

 
 

Figure 4.6. ATR spectra of PCyD20, PETMP and PCyD20 after the functionalization 
(PCyD20-PETMP) and detailed view of the absorption ranges corresponding to C=C 
vibrations before and after the thiol-ene reaction.  
 

The ATR-spectrum of PCyD20-PETMP revealed the total conversion of 
residual C=C bonds into C-S moieties, since the characteristic peaks corresponding 
to the C=C vibration of the residual acrylate functions of PCyD20 (809, 1410 and 
1633 cm-1) disappeared after the thiol-ene reaction (see detailed views of the C=C 
stretching regions given in Figure 4.6). Moreover, the peak at around 2560 cm-1, 
attributed to the stretching vibration of free -SH,[238] confirmed the presence of 
pendant -SH not involved in the generation of C-S bonds, as expected due to the 
choice of the tetrafunctional PETMP as functionalizing agent.  

As discussed above, these free thiols were then exploited in another Michael-
reaction, to activate the photopolymerization of AA brushes from the PCyD20-
PETMP interface. The effectiveness of the new thiol-ene reaction was confirmed 
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since the characteristic peak corresponding to the vibration of the C=C bonds of the 
acrylate functions of AA disappeared from the ATR spectrum of the interface after 
the photografting (named PCyD20-PETMP-AA, see Figure 4.7a), as well as the 
signal of the residual -SH. Moreover, the new broad band centered at around 3000 
cm-1 evidenced the presence of pendant -OH groups after the functionalization. This 
further proved the grafting of AA chains.  

Finally, wettability measurements confirmed the increased hydrophilicity of the 
surface since the water contact angle decrease from 61° to 32° (Figure 4.7b) after 
the grafting of the AA brushes. 
 

 
 

Figure 4.7. a) ATR spectra of PCyD20-PETMP, AA and PCyD20-PETMP-AA and b) 
water contact angles on the surface of the printed sample before (PCyD20) and after the 
grafting of AA brushes (PCyD20-PETMP-AA). 

 

4.3.2 Post-printing surface patterning with silver nanoparticles 
The thiolated interface generated onto PCyD20 (see Figure 4.5a) was further 
exploited as active substrate for the anchoring of silver nanoparticles (AgNPs). 
Indeed, as reported in the literature, thiols can serve for the immobilization of NPs 
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generated upon the UV-induced photoreduction of transition-metals.[239–241] 
Therefore, the pendant -SH sites which were not involved in the generation of the 
PCyD20-PETMP interface via C-S bonds were subsequently exploited to create S-
Ag anchoring sites for the AgNPs generated upon the photoreduction of Ag+ ions 
dispersed in a water solution of AgNO3. To do this, the samples previously 
functionalized with PETMP were immersed in the grafting solution and the 
photoreduction of Ag+ to Ag0 onto the free -SH groups was activated by UV-light 
using Irgacure 2959 as reducing agent (Figure 4.8a). Indeed, it has been 
demonstrated that the long-lived ketyl radicals (lifetime in the order of ms) 
generated upon photolysis of this PI (Norrish type I mechanism: see chapter 2, 
subsection 2.1) are capable to promote the in-situ reduction of transition metals, 
including Ag.[242–245] Simultaneously, the oxidation of the photogenerated 
benzoyl radicals leads to the production of benzoic acid which contributes to 
significantly increase the stability of the generated metal NPs.[245] The UV-
induced reduction of metal ions upon photodecomposition of Irgacure 2959 is 
schematically represented in Figure 4.8b.  
 

 
 

Figure 4.8. a) Schematic representation of the photoreduction of Ag+ ions on the thiolated 
PCyD20-PETMP interface and immobilization of the generated AgNPs onto the pendant -
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SH groups via S-Ag bridging-bonds; b) photoreduction of transition metal activated and 
stabilized by the radicals generated upon the photolysis of Irgacure 2959. 
 

The photochemical grafting of AgNPs onto the thiolated PCyD20-PETMP 
interface was investigated by means of XPS analyses. The survey spectra of 
PCyD20 before and after the grafting are shown in Figure 4.9a. The S2p and Ag3d 
high resolution spectra of the functionalized surface, along with the results of the 
peak-fitting procedure, are given in Figure 4.9b-c, respectively.  

 

 
 

Figure 4.9. a) Survey XPS spectra of the printed sample before (PCyD20) and after the 
photografting of AgNPs (PCyD20-PETMP-AgNPs); and high resolution S2p (b) and Ag3d 
(c) spectra showing the experimental data, the best fitting analysis and the peaks 
contributions obtained from the deconvolution procedure. 
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The reduction of the Ag+ ions to Ag0 was confirmed by the appearance in the 
XPS spectrum of PCyD20 after the photografting (named PCyD20-PETMP-
AgNPs) of the typical peaks corresponding to the binding energy (BE) of Ag atoms 
in their zerovalent state (Ag3d5/2 and Ag3d3/2 at 368.1 eV and 374.1 
eV).[239,240,240,241] Moreover, the fitting analyses of the Ag3d core-level 
proved that Ag atoms at the surface of the photogenerated NPs are covalently 
bonded to the active -SH sites of the PCyD20-PETMP interface. Indeed, the 
deconvolution of the Ag3d spectrum shows two spin-orbit doublets (splitting of 
about 0.5 eV): the peak contributions with higher BE are conventionally assigned 
to unperturbed Ag0 atoms in the NPs core, while the ones with lower BE can be 
attributed to positively charged Ag atoms (Agδ+) coupled with the thiolated surface 
via S-Ag bridging-bonds.[239]  

The fitting-procedure of the S2p spectrum further confirmed the generation of 
S-Ag anchoring sites. Indeed, the peak-deconvolution revealed a spin-orbit doublet 
(S2p3/2 and S2p1/2; splitting of 1.21 eV), whose contribute at 161.85 eV (S2p3/2) is 
conventionally attributed to S atoms chemically bonded to metals.[239,240]  

The effective patterning of the surface with AgNPs was further confirmed by 
FESEM investigations. The micrographs given in Figure 4.10 clearly show the 
presence of cluster of AgNPs grafted onto the surface of the thiolated PCyD20-
PETMP interface. 

 
 

 
 
Figure 4.10. Representative FESEM micrographs of cluster of AgNPs grafted onto the 
surface of the thiolated PCyD20-PETMP interface. 
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4.4 Conclusions 
In this chapter, the incomplete double bond conversion derived from the DLP-
printing of multiunsaturated monomers was explored as a potential advantage. 
Giving the high selectivity towards C=C bonds and the ability to yield regiospecific 
products under facile conditions, Michael-addition reactions were successfully used 
to implement special features to PEGDA-AcγCyD printed parts by simply 
exploiting the unreacted acrylate functionalities located on the surface. Different 
modification methodologies were followed to tune the wettability of the surface by 
either grafting hydrophobic polysiloxane brushes via an aza-Michael addition, or 
by activating the surface-initiated photopolymerization of hydrophilic chains of 
acrylic acid via two consecutive thiol-ene reactions. The successful 
functionalizations were confirmed by ATR-spectroscopy and water contact angle 
measurements. Moreover, the generation of a thiolated interface onto the surface of 
the printed samples was successfully used to immobilize photogenerated AgNPs, 
as demonstrated by XPS and FESEM investigations. 

In conclusion, the preliminary results here reported proved that the residue of 
unsaturated functionalities can be successfully used for post-modification purposes 
aiming to implement special functions to the printed parts without the need to add 
any specific chemical component in the printable formulation. Moreover, the 
versatility given by Michael-reactions would allow to explore further strategies for 
the ease surface modification, especially in those fields where surface properties 
are critical, such as microfluidic and biomedicine. In this sense, future studies may 
be focused on the development of smart microfluidic devices with selectively tuned 
wettability or to the design of components for biomedical applications exploiting 
the well-known antibacterial properties of surfaces patterned with AgNPs. 
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5. Multi-photoactive BAPO-
cyclodextrin: a two-in-one PI 
and crosslinking agent 

 

 
5.1 Motivation and outline  
As discussed in subsection 2.3.2.1, BAPOs stand out as highly reactive NT1 PIs 
due to their high reactivity, long-wavelength absorption and fast 
photobleaching.[246–251] By virtue of such unique properties, functionalized 
BAPOs have found applications in many fields ranging from surface modifications 
[141,252–255] and the synthesis of star-shaped polymers;[256] to 
photopolymerization and 3D-printing in organic and aqueous media,[143,144,257] 
atom transfer radical polymerization[258] and others.[142,259,260] In this sense, 
one of the most powerful strategies to prepare carbon-substituted BAPOs is the 
phospha-Michael addition of bis(mesitoyl)hydrogen phosphane (HP(COMes)2) 
onto activated olefins in the presence of catalytic amount of amines.[139,140] 

Continuing to explore this strategy, a novel bis(acyl)phosphane oxide γ-
cyclodextrin derivative (BAPO-γ-CyD) is proposed in this chapter as a 
multifunctional photoinitiator (MFPI)[261,262] serving simultaneously as photo-
crosslinking agent. The target MFPI was prepared by grafting multiple BAPO units 
on a γ-CyD, which serves as well-defined core molecule. More specifically, the 
multi-acrylated Ac-γ-CyD presented in chapter 3 was used as the active substrate 
for the P-addition of HP(COMes)2, given that the acrylate functions behave as 
efficient Michael acceptor.  

The novel MFPI was characterized by means of 1H-, 13C- and 31P-NMR, ATR-
FTIR and UV-Vis spectroscopy, as well as by mass spectrometry. Photo-
differential scanning calorimetry and photorheology measurements were then 
carried out to investigate its photoinitiating activity. Moreover, its use for DLP-
printing applications was assessed.  
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Finally, the two-in-one photoinitiating and crosslinking efficiency of BAPO-γ-
CyD for the conversion of monounsaturated monomers into thermosetting 
polymers was deeply evaluated to prove its superior performance over molecular 
PIs. For this purpose, the photopolymerization kinetic of a commercial 
monofunctional methacrylate oligomer was monitored via photorheology and the 
properties of the polymers obtained upon irradiation were assessed by means of gel 
content measurements, swelling tests and amplitude sweep experiments. 

Part of the work described in this chapter has been already published and it is 
available at the reference[263]: 
Cosola, A.; Conti, R.; Rana, V. K.; Sangermano, M.; Chiappone, A.; Levalois-
Grützmacher, J., Grützmacher H. Synthesis of γ-cyclodextrin substituted 
bis(acyl)phosphane oxide derivative (BAPO-γ-CyD) serving as multiple photoinitiator 
and crosslinking agent. Chem. Commun. 2020, 56, 4828, doi:10.1039/d0cc01732a. 

5.2 Experimental 
5.2.1 Materials and chemicals 
γ-Cyclodextrin (γ-CyD) was purchased from ABCR and used as received. Acryloyl 
chloride, anhydrous n-methyl pyrrolidone (NMP), tetramethylguanidine (TMG), 
hydrogen chloride in diethyl ether solution (HCl in DEE), hydrogen peroxide (H2O2 
35%), phenylbis(2,4,6-trimethylbenzoyl)phosphineoxide (registered trade name 
Omnirad 819 or Irgacure 819), hexanediol diacrylate (HDDA), poly(ethylene 
glycol) methyl ether methacrylate (PEGMEMA, Mn = 500 g/mol), methyl red 
(MR), deuterated dimethyl sufoxide (DMSO-d6) and dichloromethane (DCM) 
were obtained from Sigma Aldrich and used without further purification. 
Dimethoxyethane (DME) and toluene were degassed and purified using an 
Innovative Technologies PureSolv System. Bis(mesitoyl)hydrogen phosphane 
(HP(COMes)2, reported in the text as BAP-H) was kindly provided by the 
Grützmacher group of ETH Zürich.  

5.2.2 Procedures 

Synthesis of the bis(acyl)phosphane oxide γ-cyclodextrin derivative 
(BAPO-γ-CD) 
First, acrylated γ-Cyclodextrin (Ac-γ-CD) was prepared following the protocol 
given in chapter 3 (see subsection 3.2.2). Then, Ac-γ-CD (2 g, 0.81 mmol) and 
BAP-H (2.93 g, 8.9 mmol) were dissolved  in 90 mL of DME using a 250 ml 
Schlenk flask and TMG (0.11 mL, 0.89 mmol) was added as catalyst. After 1 h 
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stirring at 300 rpm and 50 °C, DME was removed under reduced pressure. The 
yellow oily residue was dissolved in 90 mL of toluene. After the addition of HCl 
(HCl in DEE, 0.45 mL, 0.89 mmol) at RT, the mixture was left to stir for 1 h and 
then filtered over celite. Subsequently, aq. H2O2 (0.84 mL, 9.8 mmol, 35%) was 
added dropwise in the dark at 0 °C and the mixture was left to stir vigorously at RT 
for 1 h. Finally, the solvent was removed under reduced pressure yielding the 
phosphanoxide BAPO-γ-CD as a light-yellow powder. The product was dried for 
two days under high vacuum and then stored in the dark at 4 °C.  

Preparation of the photocurable formulations 
Two set of photocurable formulations (a, b) were prepared for different purposes: 

a) formulations containing HDDA as diacrylate monomer and either BAPO-γ-CD 
or Omnirad 819 as PI at different molar concentrations (details in the results 
section, formulations containing Omnirad 819 used as reference). This set of 
formulations was used to investigate the photoreactivity of BAPO-γ-CD by 
means of photo-differential scanning calorimetry (Photo-DSC) and 
photorheology, and for DLP-printing (MR was added as dye absorber to limit 
the light diffusion in the resin vat, thus increase the printing resolution) 

b) formulations containing PEGMEMA as monofunctional monomer and either 
BAPO-γ-CD or Omnirad 819 as PI at different concentrations (details in the 
results section, formulations containing Omnirad 819 used as reference). This 
set of formulations was used to investigate the crosslinking efficiency of BAPO-
γ-CD, that is the ability of such MFPI to behave as crosslinker of a 
monofunctional monomer for the generation of a thermosetting polymer upon 
irradiation. 

DLP-printing 
The photocurable formulations from set a were 3D printed using a UV-MAX X27 
DLP printer from ASIGA (layer thickness = 50 μm; light intensity = 32 mW/cm2 ; 
exposure time = 3 s/layer; for more information on the printer see subsection 3.2.2). 
The printed samples were washed in EtOH before being post-cured using a 
medium-pressure mercury lamp provided by Robot Factory (2 min, 12 mW/cm2).  

UV-curing 
Cylindrical samples were prepared by casting the photocurable formulations from 
set b in a polydimethylsiloxane mold (0.75 cm diameter, 0.5 cm thick) and 
irradiating 4 min using a Hamamatsu LC8 (8 mW/cm2) equipped with an optical 
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fiber. All the samples were then postcured in a medium-pressure mercury lamp 
provided by Robot Factory (2 min, 12 mW/cm2) and finally removed from the mold. 

5.2.3 Characterization methods 

NMR spectroscopy 
1H-, 13C- and 31P-NMR spectroscopy were used to confirm the successful phospha-
Michael addition of BAPO units onto Ac-γ-CyD. NMR spectra were recorded on a 
Bruker 500 spectrometer. Chemical shifts δ were measured according to IUPAC 

and are given in parts per million (ppm) relative to TMS for 1H and 13C and to 
H3PO4 for 31P. 

IR spectroscopy 
IR spectroscopy was used to further confirm the successful grafting of BAPO units 
onto Ac-γ-CD. FTIR spectra were recorded by using a Perkin Elmer Spectrum 2000 
FTIR spectrometer (Perkin Elmer, Norwalk, CT, USA) equipped with a single 
reflection attenuated total reflectance (ATR) accessory. 32 scans were recorded for 
each sample from 4000 to 500 cm-1 with a resolution of 4 cm-1. The results were 
reported in transmittance mode. 

Mass spectrometry 
Maldi MS was used to estimate the number of BAPO units grafted to Ac-γ-CD. The 
measurements were carried out by the MS Service of the Laboratory of Organic 
Chemistry at ETH Zürich.  

UV-is spectroscopy 
UV-Vis spectroscopy was used to evaluate the absorption of the MFPI BAPO-γ-
CD as compared to the one of the molecular PI Omnirad 819. UV-vis spectra were 
recorded on a UV/vis/NIR lambda-19-spectrometer (range 200 - 600 nm) in 10 mm 
Quartz cells. The molar extinction coefficients (ε) were calculated using the Beer-
Lambert equation (Eq. 5.1): 

ε =  
𝐴

𝑐𝑙
              Eq. 5.1 

where c is the concentration, l the extinction pathway and A is the absorption 
measured at 365 nm. Moreover, UV-Vis spectroscopy was used to study the 
photolysis of BAPO-γ-CD. The MFPI was dissolved in DMSO (c = 0.5 x 10-3 
mol/L) and irradiated with a Hamamatsu LC8 lamp (60 mW/cm2). UV-Vis spectra 
were recorded at different irradiation times. 
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Photo-DSC 
Photo-DSC measurements were carried out to evaluate the photoreactivity of the 
MFPI BAPO-γ-CD as compared to the one of the molecular PI Omnirad 819. For 
this purpose, we investigated the photopolymerization of standard diacrylate 
formulations (set a). The tests were performed at 25 °C under N2 atmosphere (30 
mL/min), using a Mettler Toledo DSC. The light source was provided by a 
Hamamatsu LC8 lamp (cutoff filter under 400 nm, 0.6 mW/cm2) equipped with an 
8 mm light guide. At the beginning of the measurements, an isothermal period of 
120 s was scheduled before the irradiation was activated for 240 s. Subsequently, 
another isothermal period of 120 s was observed before the second irradiation 
period of 240 s. The heat flux from the second irradiation period was subtracted 
from the first one to exclude all thermal effects due to light dissipation. From the 
resulting DSC curves, tonset, the time to start the polymerization, tmax, the time to 
reach the maximum of heat flux, the double bond conversion (DBC, Eq. 5.2) and 
the rate of conversion (Rp, Eq. 5.3) were obtained.[144] 

DBC =  
∆𝐻𝑝×𝑀𝑤

∆𝐻𝑡
            Eq. 5.2 

Rp (𝑠−1) =  
𝑑(𝐷𝐵𝐶)

𝑑𝑡
            Eq. 5.3 

where Mw and ΔHt are the molecular weight and the theoretical heat of 
polymerization of the monomer, while ΔHp is the heat of polymerization measured 
experimentally (Mw, HDDA = 226.27 g/mol and ΔHt, HDDA = 172 kJ/mol[264,265]). 

Real-time photorheology 
Real time photorheology was first used to further investigate the photoreactivity of 
the MFPI BAPO-γ-CD as compared to the one of the molecular PI Omnirad 819. 
For this purpose, we tested the same HDDA-based formulations (set a) used for the 
photo-DSC measurements. Likewise, we investigated also the photopolymerization 
kinetic of the formulations containing PEGMEMA (set b) to study the efficiency of 
BAPO-γ-CD as photo-crosslinking agent for monofunctional monomers. The 
measurements were performed using an Anton PAAR Modular Compact 
Rheometer (Physica MCR 302) in parallel-plate mode (25 mm diameter, gap 
between the plates set to 0.2 mm, frequency of 6.2 rad/s and strain amplitude of 
1%). The light irradiation was provided by a Hamamatsu LC8 lamp (6 mW/cm2, 
light switched on after 60s). Both the delay time and the curing rate (measured as 
the slope of the G’ curves) were extrapolated from the measured data. For more 
information on the instrumental set up, see chapter 3, subsection 3.2.3. 
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Gel content measurements  
With the aim to evaluate the efficiency of BAPO-γ-CD to serve as crosslinker for 
the conversion of monofunctional monomers into thermosetting polymers, GC 
measurements were carried out on the samples obtained by irradiating the 
photocurable formulations from set b to evaluate the crosslinked fraction of the 
cured PEGMEMA.[143] The final GC values were calculated gravimetrically by 
following the same experimental procedure already reported in chapter 3 (see 
subsection 3.2.3). 

Swelling ratio 
To further prove the effectiveness of chemical crosslinking while using BAPO-γ-
CD as crosslinker for monofunctional monomer, we investigated the water-swelling 
capability of  the samples obtained by irradiating the photocurable formulations 
from set b. The samples were placed in a deionized water bath at RT. Then, they 
are removed from the bath at different time interval (until no further mass variation 
was detected) and weighed after having wiped off the surface droplets with wet 
paper. The swelling degree and the water content at equilibrium (SWeq% and 
WCeq%, respectively) were measured gravimetrically using the following equations 
(Eq. 5.4 and Eq. 5.5, respectively): 

SWeq (%) =  
𝑊𝑡− 𝑊0

𝑊0
 × 100          Eq. 5.4 

WCeq (%) =  
𝑊𝑡− 𝑊0

𝑊𝑡
 × 100          Eq. 5.5 

where Wt is the weight of the soaked sample and W0 is the initial weight of the 
dried sample. 

Amplitude sweep measurements 
Amplitude sweep measurements were performed to evaluate the viscoelastic 
properties of the fresh-cured polymers obtained by irradiating the PEGMEMA-
based formulations (set b) in the rheometer apparatus. The measurements were 
performed at RT on flat specimens (thickness 0.2 mm) setting a constant shear 
frequency (6.2 rad/s) and a strain amplitude range of 0.01-1000%. 
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5.3 Results and discussion 
5.3.1 Synthetic strategy and chemical characterization of BAPO-

γ-CyD 
BAPO-γ-CyD was prepared by grafting photoactive BAPO units onto a γ-CyD core 
molecule following a synthetic route developed by the Grützmacher group, which 
consists on the preparation of carbon-substituted BAPO derivatives via the 
phospha-Michael addition of bis(acyl)phosphanes onto activated olefines (see 
subsection 2.3.2.1).[139,140] In this sense, the substitution of the hydroxyl groups 
of γ-CyD with acrylate functions is crucial to get an activated substrate that can be 
used as efficient Michael acceptor. 

Therefore, BAPO-γ-CyD was obtained following a three-step reaction (Figure 
5.1), namely 1) synthesis of the multi-acrylated γ-cyclodextrin derivative Ac-γ-CyD 
following the acrylation protocol already reported in chapter 3; 2) regiospecific P-
Michael addition[266] of BAP-H, which is in equilibrium with its tautomer 
(MesCO)P=C(OH)Mes,[144,267] onto the terminal carbon center of the vinyl bond 
of Ac-γ-CyD in the presence of a catalytic amount of TMG and 3) subsequent 
oxygenation of the so generated phosphane derivative BAP-γ-CyD with aqueous 
H2O2, yielding the photoactive phosphaneoxide BAPO-γ-CyD.  

 

 
 

Figure 5.1. Synthetic route of the multifunctional photoinitiator BAPO-γ-CyD. 
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Preliminary studies were carried out to optimize the P-addition of BAP-H onto 
Ac-γ-CyD. In particular, the use of TMG as catalyst was preferred over Et3N since 
it allows to significantly fasten the reaction from approximately 24h to 1h. 
Moreover, to limit the generation of undesired by-products arising from the 
unreacted Michael donor, only 11 equivalents of BAP-H were used. This because 
a fully substitution of the vinyl groups of Ac-γ-CyD cannot be achieved, even 
forcing reaction conditions using an excess of BAP-H, likely due to the steric 
hindrance of the bisacylphosphane oxide photoactive groups (-PO(COMes)2) which 
are rather bulky (about 410 Å).  

The successful grafting of BAPO units onto Ac-γ-CyD was first confirmed by 
31P{1H}-NMR. Two close 13P signals at δ = 25.04 and 25.51 ppm (Figure 5.2), 
suggest that the P-addition of BAP-H occurred on both vinyl acceptor groups 
located at the primary and secondary sites of Ac-γ-CyD (Figure 5.3). This means 
that the multifunctional γ-cyclodextrin derivative results decorated with BAPO 
units on both its upper and lower rim.  

 

 
 

Figure 5.2. 13P{1H}-NMR of BAPO-γ-CyD. 
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Figure 5.3. Structure of γ-CyD with detailed view of the functionalizable -OH groups and 
schematic representation of the P-addition of BAP-H on both the vinyl acceptor groups 
located at the primary and secondary sites of Ac-γ-CyD. 
 

The grafting was further proved by 1H-NMR, 13C{1H}-NMR and ATR-FTIR. 
Indeed, the characteristic 1H chemical shifts for the methyl and aromatic protons of 
the mesityl groups (CH3

Mes and Har
Mes) are clearly identified at δ = 2.13–2.23 and 

6.87 ppm, respectively (Figure 5.4a), as well as the 13C shifts for the carbonyl 
carbons (COMes) at δ = 216.5 ppm, mesityl carbons between 127.60 and 142.50 ppm 
and methyl carbons (o-CH3

Mes and p-CH3
Mes) at δ = 19.62 and 20.70 ppm (Figure 

5.4b), in good agreement with those of other BAPO 
derivatives.[139,143,252,255,256,267] Likewise, the typical stretching vibrations 
of ν(COMes), ν(Car=Car) and ν(P=O) can be observed in the ATR-FTIR spectrum of 
BAPO-γ-CyD (Figure 5.5) at 1678, 1608 and 1143 cm-1 respectively, as well as the 
ν(oopbending) at 853 cm-1, the ν(CHbending) at 735 cm-1 and the ν(P-C) at 634 cm-1. 

Mass spectrometry was then used to determine the number of photoactive (-
PO(COMes)2) groups bound to Ac-γ-CyD. The results revealed that about 10 
BAPO units per molecule can be successfully grafted on average (Mw, BAPO-γ-CyD  = 
5800 g/mol). This means that about half of the 21 vinyl groups of Ac-γ-CyD (see 
subsection 3.3.1) were phosphorylated while the rest remain intact, as evidenced by 
1H-NMR (signals from residual vinyl protons at δ = 5.95, 6.18, and 6.32 ppm, see 
Figure 5.4a), 13C{1H}-NMR (signals from residual vinyl carbons at δ = 128.39 and 

132.06 ppm, see Figure 5.4b) and ATR-FTIR (C=C stretching vibrations still 
observable at 1410 and 809 cm−1, see Figure 5.5). 
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Figure 5.4. a) 1H-NMR and b) 13C{1H}-NMR of BAPO-γ-CyD. The characteristic 
chemical shifts corresponding to the BAPO units are shown in green, while the signals 
coming from the residual acrylate functions are given in red. 
 

 
 

Figure 5.5. ATR-FTIR spectra of BAPO-γ-CyD and Ac-γ-CyD (taken as reference): the 
main stretching vibrations of the BAPO units are shown in green, while the signals coming 
from the acrylate functions which were not phosphorylated are given in red.  
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Remarkably, the simultaneous presence of photoactive -PO(COMes)2 and 
acrylate groups can make BAPO-γ-CyD an intriguing multifunctional molecule 
capable of serving as a two-in-one photoinitiator and crosslinking agent. This 
behavior will be further discussed in subsection 5.3.3. 

Then, the absorption properties of BAPO-γ-CyD were investigated by means 
of UV-Vis spectroscopy. The UV-Vis spectrum of our BAPO-derivative (c = 0.1 x 
10-3 mol L-1) was measured and compared to that of commercial Omnirad 819 taken 
as reference PI. As can be observed in Figure 5.6, BAPO-γ-CyD has a long-wave 
absorption band above 360 nm corresponding to the n-p* excitation of the CO 
chromophore similar to that of commercial BAPOs and in line with the typical 
values already reported for BAPO derivatives.[143,144,255] Notably, BAPO-γ-
CyD has a significantly stronger absorption than equimolar amount of the 
commercial Omnirad 819 (Figure 5.6a). But, increasing ten times the concentration 
of the latter (c = 1 x 10-3 mol L-1), the spectra appear quite similar (Figure 5.6b). 
Based on these data, the comparison of the molar extinction coefficients (ɛ) can 
further prove the effective grafting of about 10 BAPO units, since BAPO-γ-CyD 
exhibits an ɛ almost ten times higher than Omnirad 819 (ɛ = 5484 L mol-1 cm-1 and 
530 L mol-1 cm-1, respectively). 
 

 
 

Figure 5.6. Comparison of the UV-Vis spectra of BAPO-γ-CyD and Omnirad 819 in DCM: 
a) equimolar concentration (c = 0.1 x 10-3 mol L-1) and b) molar concentration of Omnirad 
819 increased tenfold (c = 1 x 10-3 mol L-1) than that of BAPO-γ-CyD. 
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Furthermore, photolysis experiments revealed the fast photobleaching of 
BAPO-γ-CyD, as typical for acylphosphine oxides,[4,5,73] since the nπ* transition 

band absorption above 360 nm decreased gradually with increasing irradiation 
times with residual absorption of photoproducts limited up to 400 nm (Figure 5.7). 
 

 
 

Figure 5.7. UV–vis spectral changes during irradiation of BAPO-γ-CyD in DMSO (0.5 
mM) under light irradiation (I = 70 mW/cm2). 

 

5.3.2 Efficiency of BAPO-γ-CyD as multiple PI for free-radical 
polymerization 

Photo-DSC experiments were carried out to investigate the activity of BAPO-γ-
CyD as multiple photoinitiator for free radical polymerization. Indeed, this 
technique can be used to calculate the double-bond conversion (DBC) of 
unsaturated monomers, the rate of polymerization (Rp) and other reaction 
parameters, such as the time at which the maximum heat of polymerization is 
reached (tmax). The measurements were performed using photocurable formulations 
prepared by dissolving either BAPO-γ-CyD (c = 0.2 mM) or Omnirad 819 (in 
equimolar amount or tenfold the molar amount of BAPO-γ-CyD) in 1,6 hexanediol 
diacrylate (HDDA). The photocuring was carried out under N2 atmosphere to limit 
oxygen inhibition. 

The photo-DSC plots revealed that, when equimolar PI concentrations are 
compared (Figure 5.8a-b), the MFPI BAPO-γ-CyD is much more reactive than the 
molecular PI Omnirad 819, as indicated by shorter tmax = 34 s, and faster Rpmax = 
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0.027 s-1 and an overall DBC of HDDA of 67%. Compared to this, the performance 
of Omnirad 819 is much lower with tmax = 120 s, Rpmax = 0.007 s-1 and a DBC below 
50%. Thereafter, under the assumption that BAPO-γ-CyD contains ten BAPO units 
on average (see section 5.3.1), we performed new measurements adjusting the 
concentration of Omnirad 819 (i.e. tenfold the molar amount of BAPO-γ-CyD) so 
that the formulations contained equimolar amounts of photoactive groups (i.e. equal 
number of BAPO units). The photo-DSC curves shown in Figure 5.8c-d revealed 
that, under these new conditions, the two PI have an almost equal activity (tmax = 
31 s, Rp,max = 0.029 s-1 and DBC = 65%).  
 

 
 

Figure 5.8. Double bond conversion (DBC) and conversion rate (Rp) resulting from the 
investigation of the photopolymerization of HDDA using either a) equimolar PI 
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concentration or b) comparing equal amount of radically cleavable groups using Omnirad 
819 in ten times higher concentration than BAPO-γ-CyD. 
 

Real time photorheology measurements were carried out to further investigate 
the photopolymerization kinetic of the same abovementioned formulations. The 
results are in good agreement with photo-DSC data. Indeed, when comparing the 
kinetic of formulations that contain equimolar PI concentrations (Figure 5.9a), 
longer irradiation times are required to reach the onset of crosslinking when using 
the commercial Omnirad 819 (td > 90 s) and the photopolymerization proceeds 
significantly slower (ΔG’/ Δt < 0.06 kPa s-1). But, employing PI concentrations with 
equimolar amounts of radically cleavable groups (Figure 5.9b), almost identical 
delay times were observed (td, BAPO-γ-CyD = 8.75 ± 0.5 s and td, Omnirad 819 = 7.50 ± 0.6 
s). Likewise, the slopes of the curves suggest comparable curing rates (ΔG’/ Δt > 

24 kPa s-1 in both cases). 
 

 
 

Figure 5.9. Photorheology curves resulting from the investigation of the 
photopolymerization of HDDA using either a) equimolar PI concentration or b) comparing 
equal amount of radically cleavable groups using Omnirad 819 in ten times higher 
concentration than BAPO-γ-CyD. 
 

Therefore, both photo-DSC and photorheology data proved that BAPO-γ-CyD 
can be used as efficient NT1 PI even at much lower molar concentrations than the 
conventional molecular PI without any loss of initiating activity. This feature is of 
particular interest for those applications wherein PIs with a high-molecular weight 



87 
 

must be used to guarantee low migration in the formulation without loss of 
photoactivity. 

Finally, the formulation prepared with BAPO-γ-CyD (0.2 mM in HDDA) was 
tested on a DLP-printer. Methyl red was added (0.01 wt%) as a light absorber to 
limit light diffusion phenomena in the resin vat, thus increasing the printing 
resolution. Highly complex lattice structures were successfully printed (Figure 
5.10a) with an outstanding definition on both xy plane and z direction, as confirmed 
by 3D scanning analysis which revealed an average deviation from the original 
CAD models of about ± 60 μm (see the results of the 3D inspection of the printed 
part iv, given in Figure 5.10b). This proved that BAPO-γ-CyD can be used at very 
low molar concentration for DLP-printing applications. 

 

 
 

Figure 5.10. a) Photograph of several DLP-printed lattice structures with corresponding 
dimensions and b) results of the 3D inspection of structure iii. 

 

5.3.3 BAPO-γ-CyD as multiple photoinitiator and crosslinking 
agent 

As previously stated, BAPO-γ-CyD should serve simultaneously as multiple PI and 
crosslinking agent exploiting both the photoactive BAPO units and the acrylate 
functions which remain unsubstituted after the P-addition of the Michael donor 
BAP-H on the vinyl bonds of Ac-γ-CyD (see subsection 5.3.1). This intriguing 
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behavior was assessed by evaluating the photopolymerization of a commercial 
monounsaturated monomer in the presence of either the MFPI BAPO-γ-CyD or the 
molecular PI Omnirad 819, used once again as reference. Four different 
formulations were prepared by dissolving either Omnirad 819 (2 mM, formulation 
F1) or BAPO-γ-CyD (0.2 - 2 - 20 mM, formulations F2, F3 and F4, respectively) 
in poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) and their 
photopolymerization was monitored via photo-rheology.  

The photorheology plots (Figure 5.11) show that shorter delay times (td < 40 
s) and faster kinetics were obtained when using BAPO-γ-CyD as PI. Moreover, 
polymers with higher G’ are obtained upon curing, suggesting the generation of 
covalently cross-linked networks. Notably, increasing the content of BAPO-γ-CyD 
in the formulations results in faster photopolymerization kinetic and higher G’ 

values. These results suggest that BAPO-γ-CyD has not only a positive effect on 
the kinetics, but it also affects the final mechanical properties of the cured polymers 
leading to a higher crosslinking density. 

On the contrary, when using Omnirad 819 as PI, the variation of G’ after long 

exposure times (td > 90 s) reflects the generation of a viscous and sticky paste which 
stems from the increase of the molecular weight of the growing thermoplastic 
polymer. This is typical for linear polymerization processes of a monofunctional 
monomer.[143] 

 

 
 

Figure 5.11. Photorheology curves of formulations F1, F2, F3 and F4 prepared by 
dissolving either Omnirad 819 (2 mM, formulation F1) or BAPO-γ-CyD (0.2 - 2 - 20 mM, 
formulations F2, F3 and F4, respectively) in PEGMEMA. 
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Gel content measurements were performed to confirm that the monofunctional 
PEGMEMA can be converted into a stable thermoset just when using BAPO-γ-
CyD. For this purpose, small cylindrical samples (P1, P2, P3 and P4) were first 
prepared by irradiating the abovementioned formulations (F1, F2, F3 and F4, 
respectively) and then immersed in water to separate the soluble (not crosslinked) 
and insoluble (crosslinked) fractions of the polymeric materials obtained upon 
photocuring. Note that self-standing and mechanically stable samples were 
obtained just from F2, F3 and F4 (BAPO-γ-CyD used as PI), while the irradiation 
of F1 (Omnirad 819 as PI) leads to the generation of a viscous paste, as previously 
reported.  

The results of the water extraction experiments are shown in Figure 5.12. As 
expected, the sticky polymer paste (P1, Omnirad 819 used as PI) rapidly dissolves 
when immersed in water indicating the absence of crosslinking (GC = 0) and the 
generation of a water-soluble thermoplastic polymer upon irradiation.  
 

 
 

Figure 5.12. Gel content values obtained from the water-extraction experiments performed 
on the polymeric samples P1, P2, P3 and P4 obtained upon photopolymerization of  F1, 
F2, F3 and F4 (*P1 rapidly dissolves when immersed in water indicating the generation of 
a water-soluble thermoplastic polymer upon light irradiation). 
 

On the contrary, the ever-higher gel content values obtained for P2, P3 and P4 
(GC up to 78%) confirmed that the multifunctional BAPO-γ-CyD serves efficiently 
both as PI and crosslinking agent for the generation of thermosets in which the 
polymer chains of PEGMEMA can be crosslinked either via the phosphorylated γ-
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CyD units generated under photolysis (γCyD-PO•) or via the residual acrylate 
functions. 

Instead, the water-soluble fractions of P2, P3 and P4 (non-crosslinked polymer) 
are assumed to be the homopolymers of PEGMEMA generated by free mesityl 
radicals (MesCO•) (see Figure 5.13).[143,255]  
 

 
 

Figure 5.13. a) Chemical structure of BAPO-γ-CyD with detailed view of the BAPO units 
and residual acrylates functions; b) generation of the PO• and MesCO•  radicals after the 

photolysis of a BAPO units and c) schematic representation of the crosslinked and not-
crosslinked fractions of the polymer obtained after irradiation of the monofunctional 
monomer PEGMEMA in the presence of BAPO-γ-CyD as PI and crosslinking agent. 

 

Once confirmed the effectiveness of chemical crosslinking when using BAPO-
γ-CyD as photoinitiator and crosslinker, hence proving the superior performance of 
this MFPI over the standard molecular PIs, a last set of water absorption 
measurements were performed on the samples P2, P3 and P4. 
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 The experiments revealed that all the cured polymers extensively absorb water 
(Figure 5.14a) reaching high swelling degree and water content at equilibrium 
(SWeq and WCeq up to 900% and 90%, respectively).  

The high swelling degrees can be ascribed to the flexible nature of the network 
generated upon irradiation. Indeed, since a monofunctional monomer was used 
without adding any crosslinker except for the MFPI BAPO-γ-CyD, the polymer 
chains have enough mobility for extensive expansion in water. Remarkably, both 
SWeq and WCeq gradually decrease with increasing BAPO-γ-CyD content in the 
precursor formulations (see Figure 5.14b). This further confirmed the assumption 
that a higher concentration of BAPO-γ-CyD leads to a higher density of 
crosslinking, which in turns entails more stable and stronger network less prone to 
swell when immersed in water. 

 

 
 

Figure 5.14. a) Photograph of a sample obtained from the photopolymerization of 
PEGMEMA in the presence of BAPO-γ-CyD as PI and crosslinking agent, before and after 
swelling in water at RT; b) SWeq and WCeq values obtained from the water absorption 
experiments performed on the samples P2, P3 and P4. 
 

Amplitude sweep measurements carried out on fresh-photocured samples 
definitely proved that BAPO-γ-CyD influences the mechanical properties of the 
cured thermosets. Indeed, besides showing that all the samples (i.e. P2, P3 and P4) 
can stand strain amplitudes higher than 100% before breaking, the results revealed 
an increase of the storage modulus (G’) from 1.8 kPa to 6.7 kPa, which is in good 
agreement with the generation of more densely crosslinked materials with 
increasing BAPO-γ-CyD contents (Figure 5.15). 
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Figure 5.15. Amplitude sweep measurements performed on fresh-photocured samples P2, 
P3 and P4. 

 

5.4 Conclusions 
In this chapter, γ-cyclodextrins were used as building blocks for the synthesis of a 
well-defined multifunctional photoinitiator. Indeed, the versatility of this 
oligosaccharide allowed to get the target molecule BAPO-γ-CyD via a hydroxyl 
group substitution followed by a regiospecific phospha-Michael addition and a final 
oxidation. 

BAPO-γ-CyD behaves as highly efficient NT1 radical photoinitiator, as 
confirmed by the in-depth investigation of the photopolymerization kinetic of a 
commercial diacrylate monomer and can be successfully used for DLP-printing 
applications. The superior performance of this novel MFPI over the conventional 
molecular PIs was demonstrated, since BAPO-γ-CyD can be simultaneously used 
photo-crosslinking agent to convert monounsaturated monomers into self-standing 
thermosets without the need of any additional crosslinkers. Moreover, it was shown 
that the properties of the network obtained upon irradiation can be tailored by 
varying the concentration of BAPO-γ-CyD in the precursor formulation. This 
confirmed the effect of BAPO-γ-CyD on the crosslinking density of the cured 
polymers. 
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In conclusion, the results provided in this work proved the possibility to prepare 
a MFPI with a defined number of photoactive groups by exploiting the strategy of 
grafting BAPO units on a core molecule having a well-defined structure. This route 
could be followed in the future to prepare a new set of multifunctional 
photoinitiators. Moreover, the results of a comparative analysis with a molecular 
BAPO revealed that BAPO-γ-CyD can be used at much lower molar concentrations 
without any loss of photo-initiating activity. This feature might be very useful for 
those applications wherein PIs with a high-molecular weight must be used to assure 
low migration of the radicals in the formulation without losing efficiency in terms 
of reactivity.[268] Remarkably, the two-in-one photoinitiating and crosslinking 
efficiency of such type of MFPI could be exploited to develop innovative DLP-
printable formulations containing just monofunctional monomers without using any 
of the conventional crosslinkers. This aspect will be discussed in chapter 6. 
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6. DLP 4D-printing of 
thermoresponsive SMPs from 
monofunctional methacrylates 

 

 

6.1 Motivation and outline 
Stimuli-responsive polymers have spurred increasing attention in biomedicine, 
[269–271] aerospace,[272,273] automotive,[274] microfluidics,[275,276] and 
microelectronics;[277,278] and their recent implementation in AM led to the 
exciting advancement of 4D-printing.[47] Indeed, as already mentioned in 
subsections 1.1 and 2.3.3.2, the processing of materials capable of transforming 
when exposed to an enviromental stimulus has given the opportunity to overcome 
the static nature of the traditional 3D-printed parts.[197,199,279–281] Among all 
stimuli-responsive polymers, shape memory polymers (SMPs) are of particular 
interest, due to their ability to fix a temporary shape (TS) and then retrieve their 
original configuration (i.e. permanent shape, PS) when immersed in water,[42,46] 
or exposed to light,[282] pH variation,[283] and, heat, which remains the most 
investigated triggering mechanism.[196,197,284,285]  

To display a heat-activated shape memory behavior, polymers must meet 
specific requirements, namely a molecular architecture consisting of chemical or 
physical crosslinking net-points, to set a mechanically-stable PS and drive the 
recovery, and a reversible switching phase governed by a transition temperature 
(Ttrans), to program a TS.[279,286–288] Accordingly, thermoresponsive SMPs can 
be deformed under the application of a stress when heated to above their Ttrans, 
which can be a melting temperature (Tm) or a Tg, depending on whether the polymer 
has a semi-crystalline phase or it is amorphous. The TS is then fixed once cooling 
below Ttrans under fixed strain conditions, while the PS is finally recovered via an 
entropy-driven process when reheating to above Ttrans.  

Looking at the fabrication of thermoresponsive SMPs by means of DLP-
printing, the typical strategy relies on using formulations containing semi-
crystalline polymers, such as poly(caprolactone) (PCL) photocurable derivatives. 
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Therefore, the TS is stabilized below Tm (more precisely below a crystallization 
temperature) by the generation of crystalline domains, while the recovery is 
activated by reheating to above Tm, where the chain mobility is regained once the 
crystalline phase has been destroyed.[289–292] In this sense, Zarek et al. printed 
thermoresponsive devices for both flexible electronics [197] and biomedical 
applications [196], using a photocurable methacrylated-PCL. Likewise, Invernizzi 
et al. prepared soft actuators with both shape memory and self-healing behavior, 
combining methacrylated-PCL with ureido-pyrimidinone (UPy) moieties.[202] 

But, rather than following this approach, the use of amorphous polymers 
bearing reversible binding groups (RBGs), has emerged as an alternative strategy 
to prepare thermoresponsive SMPs.[288] Among all the RBGs, non-convalent 
hydrogen bonds are particularly appealing due to their thermoreversibility, that is 
H-bonds between a donor and acceptor group constantly break and reform within a 
dynamic supramolecular network depending on the temperature. The reassociation 
of H-bonds at T < Ttrans allows to generate temporary non-covalent networks serving 
to stabilize the TS.[293–296] Recently, Li et al. developed a polyimides-based 
system to prepare smart grippers with excellent shape memory properties.[203] 

Within this framework, a novel and versatile photopolymerizable system based 
on monofunctional methacrylates bearing H-bonding groups has been developed to 
fabricate thermoresponsive SMPs via DLP-printing. In such a system, 2-
hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) methyl ether 
methacrylate (PEGMEMA) were used as photopolymerizable monomer and 
oligomer. Remarkably, multifunctional crosslinkers typically used to get 
thermosetting polymers upon photopolymerization are not included in the printable 
formulations since the multifunctional phosphaneoxide derivative BAPO-γ-CyD 
presented in chapter 5 was used as a two-in-one photoinitiator and 
photocrosslinking agent. Preliminary real-time photorheology investigations were 
performed before DLP-printing, both to optimize the content of BAPO-γ-CyD and 
evaluate the photopolymerization kinetics of the final formulations chosen for 
further DLP-printing investigations. DMTA were carried out to investigate the 
influence of the composition of the methacrylates-based photocurable system on 
the thermo-mechanical properties of the cured PHEMA-co-PEGMEMA 
thermosets. Then, the shape memory behavior was investigated by studying the 
response of the thermosets upon the application of properly designed thermo-
mechanical cycles. Likewise, the shape memory properties were also confirmed 
qualitatively, by simply monitoring the ability of different DLP-printed structures 
to return to their original shape from a deformed configuration when exposed to a 
thermal trigger. At last, to demonstrate the potential integration of such SMPs in 
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the fabrication of a smart device, a prototype of thermoresponsive airflow diverter 
has been developed. 

The work described in this chapter has been already published and it is available 
at the reference [297]:  
Cosola, A.; Sangermano, M.; Terenziani, D.; Conti, R.; Messori, M.; Grützmacher, H.; 
Pirri, C. F.; Chiappone, A. DLP 3D-printing of shape memory polymers stabilized by 
thermoreversible hydrogen bonding interactions. Appl. Mater. Today 2021, 23, 101060, 
doi:10.1016/j.apmt.2021.101060. 

6.2 Experimental 
6.2.1 Materials and chemicals 
2-Hydroxyethyl methacrylate (HEMA, ≥ 99%), poly(ethylene glycol) methyl ether 
methacrylate (PEGMEMA, Mn = 500 g/mol), poly(ethylene glycol) diacrylate 
(PEGDA, Mn = 250 g/mol), phenylbis(2,4,6-trimethylbenzoyl)phosphineoxide 
(Omnirad 819), 2-(4-dimethylaminophenylazo)benzoic acid (Methyl red), brilliant 
green and EtOH were received from Sigma Aldrich. BAPO-γ-CyD was prepared 
according to the synthetic route reported in chapter 5. 

6.2.2 Procedures 

Preparation of the photocurable formulations 
Different photocurable formulations were prepared by using HEMA and 
PEGMEMA as photopolymerizable monomer and oligomer, respectively, and 
BAPO-γ-CyD as MFPI and photocrosslinking agent. MR dye was added to increase 
the printing resolutions. The composition of the photocurable system was tuned by 
varying the HEMA:PEGMEMA weight ratio, aimed to tailor the thermo-
mechanical properties of the resulting polymers. The final compositions will be 
given in the results section (subsection 6.3.1). A second set of formulations was 
prepared by using PEGDA as reactive oligomer, Omnirad 819 as PI (0.5 phr) and 
MR as dye (0.025 phr) and used to fabricate some structural components of the 
smart device (some parts were printed appositely without using the dye), as it will 
be discussed in subsection 6.3.4. 

DLP-printing 
Digital 3D-models (including the prototype of smart device), were designed with 
Solidworks 2019 CAD software, converted in STL file formats and DLP-printed 
from the different photocurable formulations being investigated using a MAX X27 
printer form ASIGA (for more information on the printer, refer to chapter 3, 
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subsection 3.2.2). The surface of the vat was wetted with silicon oil to avoid the 
adhesion of the photocured methacrylates. The layer thickness and the light 
intensity were fixed at 25 μm and 28 mW/cm2, while the exposure time was 
optimized for each formulation, based on the kinetic data obtained via preliminary 
photorheology measurements. Lastly, the printed objects were washed in EtOH and 
post-cured using a medium-pressure mercury lamp provided by Robot Factory (3 
min, 12 mW/cm2). 

6.2.3 Characterization methods 

Real-time photorheology 
Real-time photorheologies were performed with an Anton PAAR Modular 
Compact Rheometer Physica MCR 302 (parallel-plate mode, plate diameter 25 mm, 
gap set to 0.2 mm, frequency of 6.2 rad/s, strain amplitude of 1%, light provided by 
a Hamamatsu LC8 lamp: 30 mW/cm2) to evaluate the photopolymerization kinetic 
of the photocurable formulations. Both the delay time and the curing rate (ΔG’/Δt, 
measured as the slope of the G’ curves) were extrapolated from the measured data. 

For more information on the instrumental set up and procedure, see chapter 3, 
subsection 3.2.3. 

Gel content measurements 
Gel content measurements were carried out to evaluate the crosslinked fraction of 
the printed PHEMA-co-PEGMEMA thermosets. The GC values were calculated by 
following the same experimental procedure already reported in chapter 3, 
subsection 3.2.3.  

DMTA 
Thin rectangular samples were prepared by UV-curing and used for the thermo-
mechanical characterization. The precursor formulations were casted into silicon 
molds and irradiated for 5 min at RT with UV light (Hamamatsu LC8 lamp 
equipped with an 8 mm optical fiber, 130 mW/cm2). DMTA were carried out using 
a Tritec 2000 machine (Triton Technology Ltd, London UK, temperature ramp of 
3°C/min, frequency of 1 Hz, displacement of 20 μm) to monitor the evolution of E’ 

with temperature. The Tg was taken as the temperature corresponding to the tanδ 

peak. 

IR spectroscopy 
ATR-FTIR spectroscopy was used to investigate the H-bonding interactions in the 
PHEMA-co-PEGMEMA thermosets. The measurements were performed on dried 
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thin films (5 min photocuring with a Dymax ECE 5000-UV lamp), using a Thermo 
Scientific Nicolet iS50 FTIR spectrometer equipped with a diamond crystal ATR 
accessory. 64 spectra were collected for each sample, in the range of 4000 – 600 
cm-1, with a resolution of 4 cm-1. The spectra were acquired with Omnic software 
and processed to calculate the second derivative spectra (smoothed with the 
Savitzky-Golay method) in the regions of the -OH and C=O stretching vibrations 
(3700 – 3300 and 1700 – 1730 cm-1, respectively), and to identify the specific 
spectral contributes by means of peak deconvolution and Gaussian fitting.  

Shape memory investigation 
The shape memory behavior was evaluated with a DMA Q800 (Thermal Analysis 
Inc.) used in tensile configuration, by monitoring the strain evolution of thin 
rectangular specimens upon the application of suitably designed thermo-
mechanical cycles that involve a programming step followed by a recovery stage. 
The detailed description of the shape memory cycle is given in the result section 
(see subsection 6.5.3). The strain fixity ratio (Rf) and the strain recovery ratio (Rr), 
defined as the ability of the material to hold the strained TS and to recover the PS 
respectively,[287,288] are calculated as follows: 

𝑅𝑓 =
𝜀𝑢(𝑁)

𝜀𝑙(𝑁)
            Eq. 6.1 

where εl (N) is the strain achieved after cooling at low temperature and εu (N) is the 
strain after unloading for the Nth cycle. 

𝑅𝑅 =
𝜀𝑙(𝑁)− 𝜀𝑟(𝑁)

𝜀𝑙(𝑁)− 𝜀𝑟(𝑁−1)
           Eq. 6.2 

where εr (N) and εr (N-1) are the residual strains after the recovery step for two 
consecutive thermo-mechanical cycles. The parameters Rf and Rr were averaged 
over three measurements. Furthermore, the recovery rate was calculated as the first 
derivative of the strain recovery curve.  

TGA 
TGA were conducted using a Mettler Toledo TGA/SDTA 851e to evaluate the 
thermal stability of the PHEMA-co-PEGMEMA thermosets. The measurements 
were performed from 25 °C to 700 °C under nitrogen atmosphere (50 mL/min), 
setting a heating rate of 10 °C/min. 
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6.3 Results and discussion 
6.3.1 Photocurable system: composition, photoreactivity and 

DLP-printability 
As previously mentioned, differently from the rather conventional approach of 
using semicrystaline polymers suitably modified with photopolymerizable 
functionalities, the purpose of this work was to develop a novel DLP-printable 
system for the fabrication of amorphous SMPs stabilized by RBGs. 

The chosen molecular system consists of three components: two 
monofunctional monomers, HEMA and PEGMEMA, as photopolymerizable 
ingredients to design an amorphous matrix governed by a tailorable Tg, and the 
phosphaneoxide derivative BAPO-γ-CyD presented in chapter 5 as a two-in-one 
photoinitiator and crosslinker. Indeed, as already discussed (see subsection 5.3.3), 
this MFPI stands out over molecular PIs by serving simultaneously as 
photocrosslinking agent to generate thermosets from monofunctional methacrylates 
without the need of additional crosslinker. Accordingly, branched thermosets are 
expected to be formed by radical copolymerization of HEMA and PEGMEMA 
either via the PO-γCyD groups formed during the photolysis of the MFPI or via its 

residual acrylate functions. Moreover, the presence of side-terminal hydroxyl RBGs 
on the HEMA chains leads to the generation of multiple H-bonding motifs, which 
may occur between the same -OH groups, acting as both proton donor and proton 
acceptor, or via the interaction between proton donating -OH and proton accepting 
carbonyl groups (C=O). These non-covalent interactions serve to generate 
additional physical net-points which may ultimately stabilize the shape memory 
properties of the polymers, as will be discussed later. 

A schematic representation of the PHEMA-co-PEGMEMA network is given in 
Figure 6.1, with a detailed view of the two types of interactions previously 
mentioned. 
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Figure 6.1. Schematic representation of the molecular structure of the PHEMA-co-
PEGMEMA thermosets investigated in this study. 1) Three possible scenarios for the 
photoinduced polymerization and chemical crosslinking of HEMA and PEGMEMA either 
via the multiple photoactive groups of the multifunctional photoinitiator BAPO-γ-CyD: 
polymerization of a) HEMA or b) PEGMEMA via PO-CyD initiating radicals generated 
upon photolysis; c) involvement of acrylate functions of the MFPI in PHEMA chain 
formation. 2) Non-covalent H-bonding interactions occurring between side terminal -OH 
groups of PHEMA, or between proton donating -OH of PHEMA and the proton accepting 
(C=O) of both PHEMA and PEGMEMA. 
 

Several photocurable formulations, denoted as HxPy (x and y correspond to the 
weight concentration of HEMA and PEGMEMA, respectively) were prepared and 
tested via real-time photorheology prior to DLP-printing. Preliminary studies were 
carried out to investigate the influence of different amount of BAPO-γ-CyD on the 
irradiation time required to induce both the crosslinking (tind) and the gelation (tgel, 
calculated as the crossover between the loss and the storage moduli curves) of the 
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methacrylates-based system. In this sense, tgel is particularly relevant in view of 
DLP-printing, because it gives an indication on how to tune the main printing 
parameters (i.e. exposure time and layer thickness) to get mechanically-stable 
thermosets which not solubilize while coming repetitively in contact with the liquid 
resin during the layer-by-layer fabrication (for more information on gelation, refer 
to chapter 2, subsections 2.2).  

For this purpose, a reference formulation (H50P50) was prepared by keeping 
the HEMA:PEGMEMA weight ratio at 1:1, while the concentration of the MFPI 
was varied between 0.1 and 2.0 phr. The photorheology data reveal that both tind 
and tgel decrease from 29 to 16 s and from 106 to 35 s, respectively, when the content 
of the MFPI is increased. However, since the values seems to reach a plateau when 
using the MFPI above 1.5 phr (Figure 6.2a), the concentration of MFPI was set at 
this value for further investigations. Accordingly, three different formulations were 
prepared by varying the HEMA:PEGMEMA weight ratio and tested once again via 
photorheology. The final composition of this last set of formulations is given in 
Table 6.1. The results revealed that both tind and tgel decrease while the curing rate 
(ΔG’/Δt) increases (as evidenced by the steeper slopes of the G’ curves shown in 

Figure 6.2b) by increasing the concentration of HEMA in the precursor formulation. 
This is consistent with the higher reactivity of HEMA with respect to PEGMEMA, 
which was confirmed by monitoring the photopolymerization kinetics of reference 
formulations prepared with either 100% HEMA or PEGMEMA.  
 

 
 

Figure 6.2. a) Evolution of tind and tgel with increasing content of BAPO-γ-CyD 
(photopolymerization kinetic of H50P50 taken as reference) and b) photorheology curves 
of the final photocurable formulations prepared by keeping constant the content of BAPO-
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γ-CyD (1.5 phr) and varying the HEMA:PEGMEMA weight ratio (the dotted lines refer to 
the kinetic of formulations prepared with either 100% HEMA or 100% PEGMEMA and 
1.5 phr of BAPO-γ-CyD, H100 and P100, respectively, and reported just for comparison). 
The light was switched on after 60 s for all the measurements to let the system stabilize 
before the onset of photocrosslinking. 
 
Table 6.1 Composition and photorheological properties of the final precursor formulations 
selected for DLP-printing and further investigations (*data of H100 and P100 reported just 
for comparison). 
 

Formulation 
code 

Composition Photorheology data 

HEMA 
[wt%] 

PEGMEMA 
[wt%] 

BAPO-γ-CyD 
[phr] 

tind 
[s] 

tgel 
[s] 

ΔG’/Δt 
[kPa/s] 

*P100 - 100 1.5 24.0 ± 2.6 84.0 ± 2.0 (0.14 ± 0.03) 10-2 

H50P50 50 50 1.5 16.0 ± 1.0 35.0 ± 1.0 0.8 ± 0.1 
H65P35 65 35 1.5 13.7 ± 0.6 25.3 ± 2.5 2.7 ± 0.3 
H75P25 75 25 1.5 12.3 ± 0.6 21.7 ± 1.2 6.6 ± 0.8 
*H100 100 - 1.5 9.7 ± 0.7 17.3 ± 0.6 7.3 ± 0.4 

 

Once evaluated the photopolymerization kinetic, the last set of HxPy 
formulations given in Table 6.1, i.e. H50P50, H65P35 and H75P25, was tested for 
DLP-printing. MR dye (0.025 phr) was added to increase the printing resolution. 
The printing parameters were optimized for each formulation. In this sense, based 
on the trend observed in both tind, tgel and curing kinetic when increasing the amount 
of HEMA in the precursor formulation, the best printing accuracy was achieved by 
setting the exposure time/layer at 10, 7 and 5 s for H50P50, H65P35 and H75P25 
respectively, while keeping the layer thickness at 25 μm. As shown in Figure 6.3, 
different CAD models, ranging from honeycomb-like to hollow cube and net-
shaped structures, were successfully reproduced with a good resolution from all the 
above-mentioned formulations. 

Remarkably, the analysis of the insoluble fraction of the printed polymers 
(denoted from now on as PHEMA-co-PEGMEMA x:y, where x and y refer to the 

weight concentration of HEMA and PEGMEMA in the corresponding precursor 

formulation HxPy) proved that highly crosslinked thermosets can be successfully 
obtained using BAPO-γ-CyD as the only crosslinker (GC up to 94%). This means 
that, when using the chosen photocurable system, none of the multifunctional 
monomers typically used to prepare DLP-printable formulations is needed. The GC 
values of the DLP-printed thermosets are shown in Figure 6.4. 
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Figure 6.3. Photographs of different structures DLP-printed from the final set of 
formulations (L=1 cm). 

 

 
 

Figure 6.4. GC values of the PHEMA-co-PEGMEMA thermosets DLP-printed from 1) 
H50P50; 2) H65P35 and 3) H75P25. 
 

6.3.2 Thermomechanical properties of the PHEMA-co-
PEGMEMA thermosets 

The influence of the composition of the molecular system on the thermomechanical 

properties of the thermosets was then evaluated by means of DMTA measurements. 

The results shown in the following Figure 6.5 proved that the Tg of the PHEMA-

co-PEGMEMA polymers increases by increasing the concentration of HEMA in 
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the precursor formulation, as evidenced by the gradual shift of the tanδ peak from 

12°C to 63°C. Moreover, a significant drop of E’ was observed between the glassy 

and rubbery region, resulting in elasticity ratio (i.e. Eg/Er, being these the glassy and 

rubbery modulus, respectively) higher than 103. 

 

  
 

Figure 6.5. Tan(δ) and E′ curves obtained from DMTA measurements for all the PHEMA-

co-PEGMEMA thermosets being investigated. 

 

The trend observed for the Tg can be ascribed to the generation of thermosets 

with an ever-higher content of PHEMA chains, whose macromolecular properties 

imply non-covalent H-bonding interactions (e.g. inter-macromolecular, intra-

macromolecular, inter-neighboring-side-chain) that give to the polymer a glassy 

consistence.[298] Indeed, H-bonding may play an active role in determining the Tg 

of a polymer, since it has been proven that the Tg increases linearly with the 

concentration of either strong or weak H-bonds, which behave as temperature-

dependent physical crosslinks of a supramolecular network.[299,300] Therefore, it 
is reasonable to suppose that the thermomechanical properties of the PHEMA-co-
PEGMEMA thermosets being investigated in this study could be affected by the 
multiple H-bonding interactions which can occur via the side terminal -OH groups 
of PHEMA, as already mentioned in subsection 6.3.1 (see Figure 6.1).  

The effective generation of H-bond motifs was investigated by means of 

vibrational spectroscopy, which is one of the most effective strategy to study such 

a type of non-covalent interaction in amorphous polymers.[301] In the present case, 

the analysis of the absorption bands corresponding to both the -OH and -C=O 
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stretching regions (νOH: 3700 – 3000 cm-1; νC=O:  1730 – 1700 cm-1) is an 

effective tool to evaluate the generation of a H-bonding network via the side 

terminal -OH groups of PHEMA. In particular, specific H-bonding vibrations can 

be identified in the aforementioned spectral regions evaluating the second 

derivative spectra and via Gaussian fitting.[298,302,303] Indeed, three spectral 

components can be observed upon fitting the OH stretching bands, which 

correspond to the specific vibrations of O-H···O=C and O-H···O-H aggregates at 

around 3530 and 3320 cm-1, and to the first overtone of C=O stretching at 3430 cm-

1. Likewise, the CO absorption band is deconvoluted into two stretching vibrations, 

which can be assigned to free C=O and H-bonded C=O groups (at 1730 cm-1 and 

1703 cm-1, respectively).  

Based on that, the H-bonding interactions in the PHEMA-co-PEGMEMA 

polymers are confirmed, since the characteristic bands corresponding to the 

vibration of both O-H···O=C and O-H···O-H aggregates can be easily identified in 

all the second derivative spectra and in the spectra obtained after Gaussian fitting 

(Figure 6.6).  

 

 
 

Figure 6.6. a) IR spectrum of a PHEMA-co-PEGMEMA thermoset with two insets 

corresponding to the second derivate spectra and the spectral components resulting from 

the Gaussian fitting of both the -C=O an -OH stretching regions; b) influence of the 

composition of the methacrylates-based photocurable system on the spectral components 
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corresponding to the specific H-bonding vibrations identified via Gaussian fitting 

(crosslinked polymers prepared from precursor formulations containing 100% of either 

HEMA or PEGMEMA are used as reference). 

 

Moreover, the fraction of H-bonded C=O increases with increasing content of 

HEMA within the precursor formulation, as evidenced by the ever-higher intensity 

of the absorption band of the H-bonded C=O at 1703 cm-1. Likewise, also the 

intensity of the bands at around 3320 cm-1 increases, suggesting an ever-higher 

density of O-H···O-H aggregates. Note that the latter are considered to be mainly 

responsible for the suppression of chain mobility in PHEMA and to the generation 

of a rigid amorphous polymer.[298] 

These findings are in good agreement with the trend observed in the DMTA 
plots, since the higher density of H-bonds with increasing concentration of HEMA 
in the PHEMA-co-PEGMEMA polymers is reflected by ever-higher glass 
transition temperatures. In other words, this means that the Tg can be tuned by 
adding PEGMEMA, which serves as flexible spacer to soften the network while 
reducing the local density of -OH groups available to form H-bonded aggregates. 

6.3.3 Thermally triggered shape memory behavior 
The significant drop of E’ over the Tg region, along with the presence of chemical 
net-points and additional physical interactions via side terminal RBGs, make these 
PHEMA-co-PEGMEMA thermosets promising thermoresponsive SMP candidates. 
Indeed, the high elasticity ratio (Eg/Er > 103) would allow an acceptable 
stretchability at T > Tg and a good resistance to deformation at T < Tg.[304–306] 
Likewise the covalent crosslinking generated by using BAPO-γ-CyD should 
provide dimensional stability, thermal resistance and prevent chain slippage upon 
deformation at T > Tg.[47,280,287] Moreover, the multiple H-bonding interactions 
can serve to stabilize the TS during the programming stage.[288] 

To validate this expectation, the response of the PHEMA-co-PEGMEMA upon 
the application of specifically designed thermo-mechanical cycles was monitored 
via additional DMA investigations and the shape memory parameters Rf and Rr 
were calculated based on the quantitative analysis of the strain evolution (see 
subsection 6.2.2, shape memory). As already mentioned, the thermo-mechanical 
cycle involves a programming step followed by a recovery stage. First the sample 
is heated at Tg + 50°C and kept unloaded at this temperature for 5 min before being 
deformed under a stress of 0.02 MPa for 10 min. Subsequently, the sample is cooled 
down to Tg - 50°C (- 40 °C/min) under fixed strain conditions to fix the TS. Then, 
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the load is removed. Finally, the sample, fixed in its TS, is reheated up to Tg + 50°C 
(+ 40 °C/min) under quasi stress-free conditions (0.2 kPa) to promote the recovery 
of the PS. Note that, the programming temperatures, i.e. deforming temperature, 
(TD) and fixing temperature (TF) were set at Tg ± 50°C, respectively, for all the 
PHEMA-co-PEGMEMA X:Y samples, to maximize the elasticity ratio in 
accordance to the drop of E’ observed in the DMTA curves (see Figure 6.5). In this 
sense, setting the heating stages (both deformation and recovery) at Tg + 50°C never 
bothers the thermal stability of the PHEMA-co-PEGMEMA thermosets, since no 
degradation was observed up to about 250°C according to preliminary TGA 
measurements.  

The 3D-plot given in Figure 6.7a shows the stress/strain evolution during the 
shape memory cycle of a PHEMA-co-PEGMEMA 75:25 specimen: (A) heating of 
the PS up to TD; (A → B) deforming stage; (B → C) fixing of the TS; (C → D) load 

removal and (D → A) recovery of the PS. The thermomechanical cycling resulted 
in Rf  and Rr ratios near to 99%, in good agreement with the values already reported 
in the literature for thermoresponsive SMPs prepared via DLP-printing from 
different polymeric systems.[202,203] These results confirmed that the PHEMA-
co-PEGMEMA 75:25 thermosets can both efficiently hold a temporary strained 
configuration and memorize their original shape, being able to recover it from 
mechanical deformation. In this sense, the in-depth analysis of the recovery stage 
(strain recovery and recovery rate curves reported in Figure 6.7b) proved that the 
sample starts to regain its PS when heated to above its Tg, as expected for 
amorphous SMPs.  

 

 
 

Figure 6.7. a) Shape memory cycle for a sample from PHEMA-co-PEGMEMA 75:25. A-
B: heating at TD = Tg + 50°C and deformation upon load application (0.02 MPa); B-C: 
cooling down at TF = Tg - 50°C under fixed strain condition; C-D unloading; D-A shape 
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recovery under quasi stress-free conditions (0.2 kPa). b) strain recovery and recovery rate 
during (D-A). 
 

Notably, both Rf and Rr remain stable after three consecutive thermo-
mechanical cycles, which means the sample can hold a TS and recover its PS with 
high repeatability. Similar Rf and Rr ratios were measured for the other PHEMA-
co-PEGMEMA X:Y samples (Table 6.2), proving definitively the excellent shape 
memory behavior of these novel DLP-printable thermosets. 

 
Table 6.2 Results of the shape memory investigation performed on the PHEMA-co-
PEGMEMA X:Y thermosets (X and Y refer to weight concentration of the two 
photopolymerizable species in the precursor formulation); the given Rf and Rr ratios are 
obtained after three thermo-mechanical cycles. 
 

Sample code 
Tg 

[°C] 
Shape memory parameters 

Rf [%] Rr [%] 
PHEMA-co-PEGMEMA 50:50 12 ± 2 98.6 ± 0.3 98.7 ± 0.5 
PHEMA-co-PEGMEMA 65:35 27 ± 2 98.4 ± 0.3 99.0 ± 0.6 
PHEMA-co-PEGMEMA 75:25 63 ± 4 98.8 ± 0.1 98.8 ± 0.4 

 

The proposed mechanism behind the thermoresponsive shape memory 
behavior of these novel SMPs is schematically represented in Figure 6.8, where the 
thermomechanical cycling of a DLP-printed structure from PHEMA-co-
PEGMEMA 75:25 is analyzed at a molecular level. As you can see, the printed part 
displays a high resistance to deformation at RT (i.e. at T < Tg), being able to 
efficiently hold its shape while in its glassy state (Tg = 63°C), when loaded with a 
weight of 50 g. But when the temperature is increased above the Tg, the structure 
can be easily deformed. This is because the polymer softens while in its elastomeric 
state (T > Tg). Notably, intermolecular H-bonding motifs dissociate via fast 
exchange mechanisms upon heating, so that the physical net-point are destroyed 
and the polymer gains additional stretchability, while the chemical net-points (i.e. 
the one generated by using BAPO-γ-CyD as crosslinker) prevent chains 
slippage.[288] Then, the mobility of the chains is frozen out by cooling below the 
Tg. This allows to fix the strained configuration (i.e. TS), which is further stabilized 
by the dynamic re-association of multiple H-bonds serving as newly formed 
physical net-points of a supramolecular network.[287,293,295,299] Finally, 
reheating under stress-free conditions to above the Tg leads the H-bonds to newly 
dissociate, so that the molecular chains move back to their thermodynamically 
preferred highest entropy state and the printed structure recovers its PS.[287,288]  
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The subsequent cooling to room temperature allows to regain the mechanical 
properties due to a final H-bond reassociation. 

 

 
 

Figure 6.8. Proposed molecular mechanism behind the shape memory behavior of a DLP-
printed structure from PHEMA-co-PEGMEMA 75:25 (*the thermodynamically stable 
permanent shape is recovered by reheating above the Tg, while the original mechanical 
properties are regained after cooling to RT, due to H-bonds reassociation). 
 

The shape memory behavior was also confirmed qualitatively, by monitoring 
the capability of different DLP-printed structures to recover their original shape 
from a programmed configuration when exposed to a thermal trigger (Figure 6.9).  

Remarkably, one of the main advantages of the system here described is the 

opportunity to suitably design the Tg of the SMP by tuning the concentration of the 

photopolymerizable methacrylates in the precursor formulations. This can 
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ultimately enable to fabricate structures having a multiple shape memory response 

by just changing the composition of the photocurable system during the printing 

stage.  

As evidence of this, the flower-shaped structure shown in Figure 6.9 (CAD 

model 4) was prepared using two different formulations for the fabrication of the 

stem and the petals, each one having different concentrations of HEMA and 

PEGMEMA, and using different dyes (MR and brilliant green). The structure is 

obtained by simply changing the resin vat during the printing process. Hence, after 

being fixed into a bended TS, the flower shows a sequential recovery upon heating: 

the stem regains its permanent shape first because of the lower Tg of the photocured 

resin being used (Resin 2, PHEMA-co-PEGMEMA 65:35, Tg = 27°C), while the 

petals open up at higher temperatures (Resin 1, PHEMA-co-PEGMEMA 75:25, Tg 

= 63°C). 

 

 
 

Figure 6.9. Shape memory cycles of different DLP-printed PHEMA-co-PEGMEMA 
structures. TS programmed by deforming the structures at TD = T  > Tg and fixed by rapid 
cooling below at TF = T < Tg. The shape recovery is carried out at TR = T  > Tg.  
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6.3.4 DLP 4D-printing of a smart thermoresponsive device 
As already mentioned, the implementation of SMPs in AM gave the opportunity to 
fabricate highly complex structures with time-programmable and stimuli-
responsive properties. Therefore, aimed to demonstrate the potential integration of 
such PHEMA-co-PEGMEMA SMPs to develop DLP-printed smart devices, we 
fabricate a prototype of a structure (Figure 6.10) able to divert an airflow depending 
on its temperature.  
 

 
 

Figure 6.10. a) CAD model of the prototype; detailed views of b) component 1 (SMP), 
with relative programming of the vertical configuration (TS) and final assembly into C1 
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and c) component 2 (double chamber box); d) exploded view of the final assembly with 
section views of the adaptors and the semi-open chamber (component 3 and 5, 
respectively). 
 

The designed device (Figure 6.10a) consists of a SMP element (component 1, 
Figure 6.10b) assembled in a double chamber box (component 2) having a single 
inlet and two separate outlets (O1 and O2, see the section view given in Figure 
6.10c). Adaptors (components 3) and tubes (components 4) are used to connect the 
output channels of component 2 to two semi-open chambers (component 5), where 
two pinwheels (component 6) are positioned. The exploded view of the assembly 
is given in Figure 6.10d). All the elements of the device were DLP-printed, except 

for the connecting tubes made of PVC (components 4). More specifically, the SMP 

element is fabricated from H75P25 since the resulting PHEMA-co-PEGMEMA 

thermoset can efficiently store a mechanically stable temporary-strained 
configuration at RT. Whereas the other structural elements (components 2, 3, 5 and 

6) were prepared using PEGDA-based formulations (see subsection 6.2.2). A 

photograph of the final assembled device is shown in Figure 6.11. 

 

 
 

Figure 6.11. Photograph of the device after final assembly. 
 

The device functioning can be described as follows. First the SMP component 

is programmed in a temporary vertical configuration. In particular, the cantilever-

shaped element is deformed when heating the structure up to the Tg of PHEMA-co-

PEGMEMA 75:25 and the TS is subsequently fixed by rapid cooling below Tg, 

following a programming cycle similar to those previously reported in subsection 

6.3.3. Then, once the SMP component in its TS has been inserted into the first 

chamber (C1) of component 2 (see Figure 6.10b) and the assembly of the device is 

completed, air is blown from the inlet channel (air speed = 4.5 m/s).  

Hence, when the temperature of the airstream is lower than the Tg of PHEMA-

co-PEGMEMA 75:25 (case study A: T1 = 15°C), the cantilever retains its 

temporary-strained vertical configuration locking O1. This means the air can freely 
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flow just through O2 making only one pinwheel spin, while the airflow through O1 

is blocked so that the other pinwheel stands still (Figure 6.12-top). Note that the 

geometry of the inlet channels of component 5 was suitable designed with a 

pronounced flare to increase the pressure of the incoming airstream (see detailed 

view of the semichamber box given in Figure 6.10d), while the pressure buildup in 

C1 is released from the hole positioned on the upper wall of the chamber (see 

detailed view of component 2 in Figure 6.10c).  

On the contrary, when the temperature of the airstream is increased to above 

the Tg of PHEMA-co-PEGMEMA 75:25 (case study B: T2 = 85°C), the cantilever 

starts to lower against the airflow gradually recovering its horizontal PS. Therefore, 

O1 is unlocked, the airstream can flow through both the outlet channel and both the 

pinwheels spin (Figure 6.12-bottom). 

 

 
 

Figure 6.12. Functioning of the device depending on the inlet air temperature. 
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6.4 Conclusions 
In this chapter, a novel photocurable system based on monofunctional 
methacrylates (HEMA and PEGMEMA) and the phosphaneoxide BAPO-γ-CyD, is 
proposed to prepare thermoresponsive SMPs via DLP-printing. Preliminary 
photorheology investigations served to optimize the concentration of BAPO-γ-CyD 
and proved the high reactivity of the photocurable system, suggesting its potential 
use to prepare DLP-printable formulation. The printability was then assessed, since 
different 3D-models were successfully reproduced with a good resolution. Besides, 
this proved the possibility to print stable thermosets (GC values up to 94%) using 
just BAPO-γ-CyD as a two-in-one photoinitiator and crosslinking agent, without 
the need of any of the multifunctional crosslinkers typically added to DLP-printable 
formulations to get thermosetting polymers upon photopolymerization. DMTA 
revealed that the thermomechanical properties of the PHEMA-co-PEGMEMA 
thermosets can be tailored by tuning the concentration of the photopolymerizable 
methacrylates in the precursor formulation.  This allowed to prepare DLP-printable 
materials whose Tg can be easily designed by simply adjusting the formulation 
compounding. The excellent shape memory response confirmed that the printed 
PHEMA-co-PEGMEMA thermosets can efficiently memorize their shape, being 
able to recover their original configuration from a mechanical deformation (strain 
recovery near 99%). Moreover, the presence of side terminal -OH groups which 
thermoreversibly associate into an H-bonding network allows to stabilize the 
thermodynamically-unfavorable temporary shapes below the Tg, as confirmed by 
the high strain fixity values observed (close to 99%). Finally, a smart airflow 
diverter was successfully fabricated as a proof of concept, envisaging the potential 
implementation of these PHEMA-co-PEGMEMA SMPs for the development of 
thermoresponsive devices. 

In conclusions the results reported here, besides proving the versatility of the 
chosen monomethacrylates-based system for the preparation of SMPs with tunable 
properties, further confirmed the effectiveness of using amorphous polymers 
bearing RBGs as valuable alternatives to fabricate thermoresponsive SMPs via 
DLP-printing. In particular, the possibility to develop SMPs with a tailorable Tg 
allowed to not be strictly bound to the specific Tm of a crystalline phase and to 
suitably design a transition temperature for specific application purposes. Future 
studies may be focused on alternative and non-thermal shape triggering strategies 
inherently entailed when using RBGs, such as those based on changes in chemical 
environment or light, which may ultimately allow to develop multifunctional 
materials. 
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General conclusions 
 

 

 

Throughout this dissertation, γ-cyclodextrins are presented as interesting building 
blocks for the synthesis of bio-based multifunctional derivatives for DLP-printing 
applications. Indeed, the predisposition of these macrocyclic oligosaccharides to 
undergo many different chemical modifications by means of hydroxyl groups 
substitution was exploited to prepare molecularly well-defined photopolymerizable 
and photoactive derivatives.  

A multi-substituted photopolymerizable cyclodextrin derivative is presented in 
the first experimental contribution (chapter 3) as a novel bio-based macromer for 
DLP-printing. The target molecule was successfully synthetized by following one 
of the main strategies used to impart photopolymerizable functionality to natural 
molecules, i.e. the conversion of hydroxyl groups into acrylate functions. The high 
photoreactivity displayed by the so obtained multi-acrylated macromer reflected 
into an excellent DLP-printability, as confirmed when using it either to prepare all 
CyD-based thermosets or as crosslinker of a monofunctional methacrylate 
oligomer. In this sense, the latter strategy was found to be the most interesting, since 
it allows to modulate the thermomechanical properties of the printed thermosets by 
merging the high crosslinking efficiency of the macromer and the plasticizing effect 
of the monofunctional methacrylate. In the framework of an ever-growing interest 
for a greener and sustainable manufacturing, these findings gave further evidence 
that bio-based molecules can be successfully used to prepare valuable alternatives 
to the current palette of printable photopolymers. Remarkably, the synthetic route 
here presented could provide a defined trail to follow in the future to prepare other 
DLP-printable natural photopolymers.   

Nevertheless, the use of a multi-acrylated monomer for the preparation of DLP-
printable photoresins entails anomalous behaviors, above all the incomplete 
conversion of the acrylate functions upon photopolymerization. However, 
preliminary investigations carried out in the second experimental contribution 
(chapter 4), demonstrated that those C=C bonds which inevitably remained 
unreacted after the printing step can be successfully exploited for post-printing 
surface modification. In this sense, Michael-addition reactions were proved to be 
particularly effective to tune the surface-wettability of PEGDA-AcγCyD printed 



 
 

118 
 

parts enabling the grafting-to or photografting-from of hydrophobic/hydrophilic 
polymeric brushes. Moreover, the surface grafting of a thiolated interface was 
successfully exploited to immobilize on the surface photoreduced AgNPs. It is 
important to emphasize that the possibility to take advantage of residual unsaturated 
functionalities for further reactions might give a boost to the development of 
functionalized 3D-printing since it allows to implement special properties to the 
printed parts without the need to add specific chemicals in the printable formulation.  

In the third experimental contribution (chapter 5), γ-cyclodextrins were 
exploited as core molecule for the grafting of multiple photoactive BAPO units. 
This allowed to prepare a molecularly well-defined MFPI (BAPO-γ-CyD) having 
a high photoinitiating efficiency even when used at much lower molar 
concentrations than molecular PIs. But mostly, BAPO-γ-CyD stand out over the 
conventional molecular PIs serving simultaneously as photo-crosslinking agent to 
convert monounsaturated monomers into mechanically stable thermosets without 
the need of any additional crosslinkers. Notably, this unique feature can be 
exploited to develop innovative printable formulations using just monofunctional 
monomers.  

The feasibility of this strategy has been confirmed in the last experimental 
contribution (chapter 6), wherein BAPO-γ-CyD was successfully employed as a 
two-in-one PI and crosslinking agent to enable the DLP-printing of mechanically 
stable thermosets from a photocurable system containing only the monofunctional 
HEMA and PEGMEMA. As demonstrated, by virtue of 1) the covalently 
crosslinked net-points generated by BAPO-γ-CyD, which impart dimensional 
stability at T > Tg, 2) the significant elasticity ratio in the Tg region, which allows 
an acceptable stretchability at T > Tg, and 3) the presence of side terminal hydroxyl 
RBGs, which serve to stabilize the temporary strained configurations at T < Tg, the 
PHEMA-co-PEGMEMA thermosets displayed excellent shape memory properties 
and were successfully implemented in the development of a smart device via DLP 
4D-printing. 
 

 

  



119 
 

Appendix A 
 

 

 

A1 List of abbreviations 
 
13C-NMR    Carbon NMR 
1H-NMR    Proton NMR 

2PP     Two photon polymerization 
31P-NMR    Phosphorous NMR 

3D     Three dimensional 

4D     Four dimensional 

AA     Acrylic acid 

Ac-γ-CyD    Acrylated-γ-cyclodextrin 

AgNO3     Silver nitrate 

AM     Additive manufacturing 

A-PDMS Poly(dimethylsiloxane) bis(3-aminopropyl) 

terminated 

ATR     Attenuated total reflectance 

BAPO     Bis(acyl)phosphane oxide 

BE Binding energy 

CAD     Computer aided design 

CAL     Computer axial lithography 

Cd     Curing depth 

CLIP     Continuous interface liquid production 

CyD     Cyclodextrin 

DBC Double bond conversion 

DEE Diethyl ether 
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DI-H2O     Deionized water 

DLP     Digital light processing 

DMD     Digital micromirror device 

DME Dimethoxyethane 

DMSO     Dimethyl sulfoxide 

DMTA     Dynamic mechanical thermal analysis 

Dp     Penetration depth 

DSC Differential scanning calorimetry 

E’     Storage modulus 

Ec     Critical energy exposure 

Eg Glassy modulus 

Er Rubbery modulus 

EtOH     Ethanol 

Ex     Excess energy exposure 

ɛ     Molar extinction coefficient 

FESEM    Field emission scanning electron microscopy 

FTIR     Fourier-transform infrared spectroscopy 

GC     Gel content 

H2O2 Hydrogen peroxide 

HCl Hydrogen chloride 

HDDA hexanediol diacrylate 

HEMA 2-Hydroxyethyl methacrylate 

HP(COMes)2 Bis(mesitoyl)hydrogenphosphane 

HR High resolution 

IA     Absorbed light intensity 

IPOH     Isoprophanol 

Irgacure 2959 2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone 

ISC     Intersystem crossing 

LED     Light emitting diodes 
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MeCN     Acetonitrile 

MFPI Multifunctional photoinitiator 

Mw     Molecular weight 

MR     Methyl red 

MS     Mass spectrometry 

NMP     N-methyl pyrrolidone 

NMR     Nuclear magnetic NMR spectroscopy 

NT1     Norrish type 1 

NT2     Norrish type 2 

OH     Hydroxyl group 

Omnirad 819/Irgacure 819 Phenylbis(2,4,6-trimethylbenzoyl)phosphine 

oxide  

OPA     One photon absorption 

PAG     Photoacid generator 

PEGDA    Poly(ethylene glycol) diacrylate 

PEGMEMA    Poly(ethylene glycol) methyl ether 

methacrylate 

PETMP Pentaerythritol tetrakis(3-

mercaptopropionate) 

phr Per hundred resin 

PI     Photoinitiator 

ppm     Part per million 

PS Permanent shape 

R*     Initiating radical 

RBG Reversible binding group 

Rf Strain fixity 

Ri     Reaction rate 

RM*     Chain carrier/propagating radical 

RP     Rapid prototyping 

Rr Strain recovery 
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RT     Room temperature 

S0     Ground state 

S1     Singlet state 

SH Thiol group 

SLA     Stereolithography 

SMP     Shape memory polymer 

STL     Standard triangulation language 

SWeq Equilibrium swelling 

T1     Triplet state 

tanδ     Damping factor 

Tc Crystallization temperature 

Tg     Glass transition temperature 

TGA     Thermogravimetric analysis 

tgel Gel time 

tind Induction time 

Tm Melting temperature 

TMG Tetramethylguanidine 

TPA     Two photon adsorption 

TS Temporary shape 

Ttrans Transition temperature 

UV     Ultraviolet 

ve      Crosslinking density 

Vis     Visible 

VP     Vat polymerization 

WCeq Equilibrium water content 

XPS     X-ray photoelectron spectroscopy 

φ     Quantum yield 
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