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Abstract
Acylphosphane oxide photoinitiators play an important role in radiation curing owing to their
excellent efficiency and activity. In the present work the phospha-Michael addition of 1 to
olefinic acceptors allowing the facile synthesis of functionalized bis(acyl)phosphane oxide
derivatives (BAPOs) is presented. Various applications of the obtained BAPOs were
investigated in detail.

Scheme 1. Synthesis of BAPO derivatives via phospha-Michael addition.

An improved synthetic process of the starting material 1 was developed on a kilogram scale.
2 was prepared by the phospha-Michael addition of methyl methacrylate with 1. Based on this
model reaction, 3 was achieved. It was fixed to glass surfaces for polymer grafting or covalently
attached onto porous silica particles to obtain photoactive inorganic fillers. 6 was obtained as a
i

multifunctional photoinitiator which can be selectively excited at different irradiation
wavelengths for the synthesis of star polymers. 8 and 9 were synthesized by phospha-Michael
addition of 1 onto cyclohex-2-en-1-one and a subsequent Baeyer−Villiger oxidation. 4-BAPOsubstituted lactone (8) and 6-BAPO-substituted lactone (9) were obtained with a ratio of 1 :
0.28 (Scheme 1).
Cellulose nanocrystals (CNCs) were functionalized with methacryloyl groups to which 1 was
attached by a phospha-Michael addition. Subsequent oxidation with H2O2 generated
photoactive groups, which serve as initiators for free radical polymerization of acrylic
monomers. Hybrid materials with excellent graft yields were obtained rapidly under mild and
acid-free conditions (Scheme 2).

Scheme 2. (left): Functionalization of CNCs with a BAPO photoinitiator. (right): Graft polymerization of CNCBAPO.

Multifunctional cellulose nanocrystals were achieved by facile surface immobilization of
photoactive groups. They serve as highly efficient visible light photoinitiators, cross-linkers
and covalently embedded nanofillers for 3D printing of nanocomposite hydrogels. Aqueous
formulations containing the modified nanocrystals and a mono-functional methacrylate as the
only monomer, result in shape-persistent and free-standing 3D structured objects, which can
absorb water more than ten times their own weight (Figure 1).
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Figure 1. All-in-One Cellulose Nanocrystals for 3D Printing of Nanocomposite Hydrogels.

A highly efficient water-soluble photoinitiator was prepared in a facile one-pot synthesis. It
shows excellent water-solubility, good storage stability and higher reactivity under visible light
irradiation. A well-defined gyroid structure was successfully printed by a digital light
processing (DLP) 3D printer equipped with visible LEDs (Figure 2).

Figure 2. Photograph of a 3D printed hydrogel with gyroid structure.
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10 was prepared and applied as an initiator for the ring-opening polymerization of D, Llactide, generating a photoactive polylactic acid with a terminal BAPO group (Scheme 3).

Scheme 3. Synthesis of PLA-BAPO with a terminal BAPO group.

15 was prepared for the synthesis of photoactive polyurethanes (PUs) (Scheme 4). The
polycondensation of 15 with other diols and diisocyanates results in PUs with side-chain
BAPOs. Preliminary tests indicate that these photoactive polymers can be used as polymeric
photoinitiators for free-radical polymerization of unsaturated monomers.

Scheme 4. Synthesis of BAPO-Diol (15).
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Zusammenfassung
Acylphosphanoxid-Photoinitiatoren spielen aufgrund ihrer hervorragenden Effizienz und
Aktivität eine wichtige Rolle bei der photoinduzierten Polymerisation. In dieser Arbeit wird die
Phospha-Michael Addition von 1 mit olefinischen Akzeptoren, die eine einfache Synthese von
funktionalisierten Bis(acyl)-phosphanoxid – Derivaten (BAPOs) erlaubt, gezeigt. Verschiedene
Anwendungen der erhaltenen BAPOs wurden ausführlich untersucht.

Scheme 5. Synthese von BAPO – Derivaten via phospha-Michael Addition.

Es wurde eine verbesserte Synthese des Eduktes 1 im Kilogramm Maßstab entwickelt. 2
wurde durch eine Phospha-Michael Addition von Methyl-Methacrylat mit 1 dargestellt.
Basierend auf dieser Modell-Reaktion konnte 3 erhalten werden, welches auf Glas-Oberflächen
fixiert wurde, die dann photochemisch mit Polymeren beschichtet werden können. 3 wurde
auch kovalent an poröse Silika-Partikel gebunden und es wurden photoaktive anorganische
v

Füllstoffe erhalten. Die Verbindung 6 ist ein multifunktioneller Photoinitiator, der selektiv bei
verschiedenen Wellenlängen angeregt werden kann und so die Synthese von sternenartigen
Polymeren ermöglicht. 8 und 9 wurden durch phospha-Michael Addition von 1 mit Cyclohex2-en-1-on und nachfolgender Baeyer-Villiger Oxidation synthetisiert. Das 4-BAPO
substituierte Lacton (8) und das 6-BAPO substituierte Lacton (9) wurden im Verhältnis 1:0.28
erhalten (Scheme 5).
Zellulose Nanokristalle (CNCs) wurden mit Methacryloyl–Gruppen funktionalisiert und
dann mit 1 in einer phospha-Michael Addition umgesetzt. Durch eine anschliessende Oxidation
mit H2O2 wurden photoaktive Gruppen gebildet, die als Initiatoren für die photochemische
Polymerisation von Acryl-Monomeren dienen. Hybridmaterialien können mit exzellenten
Ausbeuten unter milden, säurefreien Bedingungen erhalten werden (Scheme 6).

Scheme 6. Funktionalisierung von CNC mit einem BAPO Photoinitiator (rechts). Polymerisation auf einem CNCBAPO.

Multifunktionelle Zellulose-Nanokristalle wurden durch einfache Immobilisierung von
photoaktiven Gruppen an Oberflächen erhalten. Sie können als hoch effiziente Photoinitiatoren
in sichtbaren Bereichen des Lichtes, als Cross-Linker und als kovalent eingebettete Nanofüller
für das 3D Drucken von nanokompositen Hydrogelen dienen. Wässrige Formulierungen mit
den modifizierten Nanokristallen und monofunktionalen Methacrylat, als einziges Monomer,
vi

führen zu Form-persistenten und frei stehenden 3D strukturierten Objekten, die mehr als das
Zehnfache ihres eigenen Gewichtes an Wasser absorbieren können (Figure 3).

Figure 3. All-in-One Zellulose Nanokristalle für das 3D Drucken von Nanokomposithydrogelen.

Ein hoch effizienter wasserlöslicher Photoinitiator wurde in einer Eintopf-Synthese
dargestellt. Er ist ausgezeichnet wasserlöslich, hat eine gute Lagerungs-Stabilität und zeigt eine
höhere Reaktivität unter Bestrahlung mit sichtbarem Licht. Eine gut definierte Gyroid - Struktur
wurde erfolgreich mit einem Digital Light Processing (DLP) 3D Drucker, der mit LEDs die im
sichtbaren Bereich des Lichtes strahlen ausgerüstet war, gedruckt (Figure 4).

Figure 4. Foto eines 3D gedruckten Hydrogel mit Gyroid-Struktur.
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Die Verbindung 10 wurde als Initiator für die Ringöffnungspolymerisation von D, L-Lactid
unter Bildung einer photoaktiven Polymilchsäure-Säure mit einer terminalen BAPO-Gruppe
eingesetzt (Scheme 7).

Scheme 7. Synthese von PLA-BAPO mit einer terminalen BAPO – Gruppe.

15 wurde dargestellt zur Synthese von photoaktiven Polyurethanen (PUs) (Scheme 8). Die
Polykondensation von 15 mit anderen Diolen und Diisocyanaten führt zu PUs mit Seitenketten
– BAPOs. Vorläufige Tests deuten darauf hin, dass diese photoaktiven Polymere als
Photoinitiatoren für die radikalische Polymerisation von ungesättigten Monomeren verwendet
werden könnten.

Scheme 8. Synthese von BAPO-Diol (15).
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1 Introduction
1.1 Photopolymerization
The Sun provides the ultimate source of light which can be readily harvested for chemical
transformations to make life possible on Earth.1 After absorbing light, molecules are promoted
to an electronically excited state that can significantly change their chemical properties and
reactivities.2 This allows access to compounds otherwise difficult to obtain with ground-state
reactions.3-5
The use of light to control the formation, structure, and biochemomechanical properties of
polymeric materials is one of the most powerful paradigms in polymer science.6 Absorption of
a mole of photons at 365 nm provides energy 130 times higher than the thermal energy available
to activate a reaction at 25 ℃. This massive amount of energy input provided by light would
overcome energy barriers for many chemical reactions occurring rapidly at room temperature.7
Because of this, photoinitiated polymerization has striking advantages over thermal and redox
polymerizations, and has found widespread applications in industry, such as coatings, inks,
adhesives, optoelectronics, laser imaging, stereolithography and biomedical applications.8
Photoinitiators play a key role in photopolymerization. A photoinitiator or photoinitiator
system can be defined as a molecule or combinations of molecules that, upon absorption of
light, initiate polymerization by the generated reactive species.9 In the case of free radical
polymerization, photoinitiators are classified as cleavage (Norrish type I) and H-abstraction
type (Norrish type II) initiators. The main type I photoinitiators are aromatic carbonyl
compounds which undergo “α-cleavage”, generating free radicals upon absorption of light
(Figure 1.1a). A bimolecular reaction with a co-initiator (e.g., alcohols, tertiary amines, or thiols)
1

is necessary for type II photoinitiators (Figure 1.1b), resulting in slower curing rate and easier
to be quenched by monomers with low triplet energy or by oxygen.8

Figure 1.1 Reaction schemes for the free radical photoinitiators of type I (a) and type II (b) upon light
irradiation.

1.2 Acylphosphane oxide photoinitiators
Due to the long wavelength absorption characteristics, thermal stability and high reactivity,
both mono(acyl)phosphane oxides (MAPOs) and bis(acyl)phosphane oxides (BAPOs) are used
as photoinitiators since 1980s.10 Their photobleaching properties have made them prime
photoinitiators for clear coatings and inks.11 Short-lived (< 1 ns) excited triplet state enables
these photoinitiators to be less affected by triplet quenchers including styrene. Even a weak
visible-light irradiation can lead to the formation of a phosphinoyl and an acyl radical through
an efficient type I cleavage. The phosphinoyl radical is about 1000 times more reactive than the
acyl radicals.12 BAPOs show superior efficiencies, as their molar extinction coefficients at 400
nm are usually higher than those of the corresponding MAPOs.13
Some commercially available MAPOs and BAPOs are shown in Scheme 1.1. While MAPOs
are easily available through an Arbuzov reaction of alkoxyphosphanes with acyl chloride, the
synthesis of BAPOs are more complicated than that of MAPOs. Conventional synthetic routes
involve a primary phosphane (RPH2) or a metallated derivative (RPH2-xMx) with an acyl

2

chloride. These have inherent safety problems and a low functional-group compatibility, only
aryl or alkyl substituents are bound to the phosphorus.13

Scheme 1.1 Structures of commercially available MAPOs (a) (Lucirin® TPO), (b) (Lucirin® TPO-L) and BAPOs
(c) (BAPO part in Irgacure® 1700), (d) (Irgacure® 819).

Recently, a simple one-pot procedure for the conversion of white or red phosphorus to
sodium bis(mesitoyl)phosphide NaP(COMes)2 was developed in the group of Prof.
Grützmacher.12, 14-15 The nucleophilic substitution of NaP(COMes)2 with alkyl halides (R-X)
provides a straightforward method to obtain P-functionalized BAPO derivatives (Scheme 1.2).

Scheme 1.2 Synthesis of P-functionalized bis(acyl)phosphane oxides from NaP(COMes)2.
3

The protonation of NaP(COMes)2 with acetic acid results in HP(COMes)2 which can be used
as another building block for the synthesis of functionalized BAPO photoinitiators (Scheme
1.3).16-17

Scheme 1.3 Synthesis of P-functionalized bis(acyl)phosphane oxides from HP(COMes)2.

1.3 Cellulose nanocrystals
Cellulose constitutes the most abundant renewable polymer resource produced in the
biosphere on Earth. Cellulose-based materials (wood, hemp, cotton, linen, etc.) have been used
by human beings for thousands of years and their use continues today as verified by the
magnitude of the world wide industries in forest products, paper, textiles, etc.18 Controlled acid
hydrolysis of cellulose fibers results in defect-free rod-like cellulose nanocrystals (CNCs),
which have attracted tremendous attention in the past few years. These stiff rod-like
4

nanoparticles have a typical width of 2 - 50 nm and length of 100 - 2000 nm. They can be used
as reinforcing fillers, security papers, emulsifying agents and medical implants, owing to their
low cost, availability, renewability, light weight, nanoscale dimension, and unique
morphology.19 However, due to the inherent hydrophilicity, their utilization is restricted to
applications involving hydrophilic or polar media. Various surface chemical modification
strategies, including oxidation, esterification, amidation, carbamation, etherification, click
chemistry and polymer grafting, have been developed to extend their use to highly sophisticated
applications.20-21
Compared to modifications by covalently attaching small molecules, polymer grafting could
lead to extraordinary properties. The grafted polymer chains can act as binding sites for drug
delivery and toxin removal. The covalent bonding between the reinforcement and the matrix
may result in near-perfect stress transfer at the interface with superior mechanical properties of
the composite as a result.22 The two most common approaches are “grafting onto” and “grafting
from”. In the former approach, the pre-synthesized polymer chains are attached to hydroxyl
groups on the surfaces via reactive end groups. The properties of the obtained materials are well
controlled because the attached polymer can be fully characterized before grafting, but high
grafting densities are difficult to achieve due to steric hindrance and high viscosity of the
reaction medium. The latter method consists of mixing the cellulose with monomers and
initiators to induce polymerization from the surfaces, which gives high grafting densities due
to less steric hindrance and lower viscosity of the medium. However, it is not easy to control
and properly determine the molecular weight of the grafted polymers.
Native CNCs have an axial elastic modulus ranging from 110 to 220 GPa, while the tensile
strength is in the range of 7.5−7.7 GPa. These make CNCs ideal candidates as a reinforcement
5

material comparable to other nanofillers, such as clay nanoplatelets or carbon nanotubes.23
Moreover, CNCs possess excellent biodegradability and low ecotoxicological risk. The
incorporation of CNCs either as nanofillers or multifunctional cross-linkers into several
polymeric hydrogel matrices have been reported,24-31 showing the great potential of their
applications as higher performance materials.

1.4 Objective and Outline
In this work, a series of phosphorous-functionalized BAPO photoinitiators with specific
properties are prepared by the efficient phospha-Michael addition of HP(COMes)2 to a variety
of olefinic acceptors. Various applications of the obtained BAPOs are investigated in detail.
The phospha-Michael addition of HP(COMes)2 to olefinic acceptors is further studied in
chapter 2. Based on this convenient strategy, a tri(methoxy)silyl-substituted BAPO derivative
is obtained and has been fixed to the surfaces of non-porous glass or porous silica particles for
further applications. A multifunctional BAPO photoinitiator comprising three photoactive
groups, which can be selectively excited at different irradiation wavelengths, is obtained for the
synthesis of star polymers. BAPO functionalized ε-caprolactones are synthesized by phosphaMichael addition and a subsequent Baeyer−Villiger oxidation.
Chapter 3 and 4 describe the surface functionalization of cellulose nanocrystals (CNCs) with
immobilized BAPO photoinitiators. The first approach (Chapter 3) consists of modifying the
surfaces of CNCs with methacrylate functions in a first step, to which bis(acyl)phosphane oxide
functions were added in a second step. Acrylic monomers have been grafted from the
photoactive surfaces with excellent graft yields. The second strategy involves a new BAPO
with an isocyanate end group directly binding covalently to CNCs without any further
6

modification of their surfaces. The obtained versatile cellulose nanocrystals are applied as
visible light photoinitiators, cross-linkers, as well as covalently embedded nanofillers for 3D
printing of nanocomposite hydrogels. Shape-persistent and free-standing 3D structured objects
have been rapidly printed, showing a superior swelling capacity and improved mechanical
properties.
Chapter 5 presents a polyethylene glycol functionalized BAPO photoinitiator, which has
higher solubility and reactivity than state of the art water-soluble PIs. Under visible light
irradiation (460 nm), a hydrogel with well-defined structure was successfully printed by a
digital light processing (DLP) 3D printer.
Two strategies to prepare polymeric BAPO photoinitiators are demonstrated in Chapter 6.
One includes introducing a BAPO group in the terminal position of a polylactic acid chain, the
other involves preparing polyurethanes with side-chain BAPOs by polycondensation.
Preliminary results show the possibility of using these polymers for free-radical polymerization.
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2 Synthesis of bis(acyl)phosphane oxide photoinitiators via
phospha-Michael addition
2.1 Introduction
Phosphorus is one of the six biogenic elements in living systems.1 Many natural products
containing P-C bonds show important biological activities.2 Similar to the well-established
Michaelis-Arbuzov and Michaelis-Becker reactions, the phospha-Michael addition could
become a versatile method to form P-C bonds.3 A library of P-functionalized BAPO derivatives
were prepared through this synthetic strategy in the group of Prof. Grützmacher.4,5 In this
process, acylphosphanes reacted readily with activated olefins in the presence of catalytic
amounts of triethylamine (10 mol%) via a phospha-Michael addition (Scheme 2.1).
Subsequently, the corresponding acylphosphane oxide photoinitiators were obtained in high
yields after oxidation.

Scheme 2.1 General reaction scheme for phospha-Michael addition to obtain acylphosphane oxides. EWG =
electron withdrawing group.
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Scheme 2.2 General reaction scheme of phospha-Michael addition between bis(acyl)phosphane and
methacrylates.

In this chapter, the method was further developed, resulting in a series of new
bis(acyl)phosphane oxide derivatives for various applications. Particularly, the phosphaMichael addition between bis(acyl)phosphane and methacrylates (derivatives of methacrylic
acid), which was inaccessible before, is also described (Scheme 2.2).

2.2 Synthesis of phosphane starting material: bis(2,4,6-trimethylbenzoyl)
hydrogenphosphane (BAP-H, 1)
It was found that bis(2,4,6-trimethylbenzoyl)hydrogenphosphane (BAP-H) is a versatile
starting material to prepare BAPO photoinitiators.5 Herein, an improved synthetic route to
BAP-H (1) has been developed on a kilogram scale (Figure 2.1). The reaction of red phosphorus
with three equivalents of sodium metal in the presence of 10 mol% naphthalene as promoter in
dimethoxyethane (DME) results in Na3P as a black suspension. Subsequent addition of an
equimolar amount of tert-butanol and two equivalents of 2,4,6-trimethylbenzoyl chloride
(MesCOCl) yielded sodium bis(mesitoyl)phosphide (BAP-Na) as a yellow solution. The
desired product BAP-H (1) was obtained after the protonation of BAP-Na with acetic acid. The
12

salts generated during the synthesis were removed by washing with deionized water instead of
filtration over Celite®. After recrystallization from toluene, BAP-H was obtained in excellent
yield (90%), which is higher than the previous protocol (81 %).5 The air-stable crystalline
yellow substance exists in an equilibrium between tautomers 1 and 1’ in solution (Scheme 2.3).

Figure 2.1 Synthesis of BAP-H on a kilogram scale.

Scheme 2.3 One-pot synthesis of BAP-H (1) from red phosphorus and sodium.
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2.3 Synthesis

of

methyl

3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)-2-

methyl-propanoate (BAPO-MMA, 2)
Due to the electron-donating property of the α-methyl group, the addition of methyl
methacrylate (MMA) with 1 is not available in DME as a solvent in the presence of
trimethylamine (NEt3, pKa = 10.756) as a catalyst. It was found that the P-C bond could be
formed when a protic solvent, ethanol, was used instead of DME. Alternatively, 1,5diazabicyclo(4.3.0)non-5-ene (DBN, pKa = 23.47) or 1,1,3,3-tetramethylguanidine (TMG, pKa
= 23.37) in DME can be applied to the same purpose. Subsequently, the corresponding
bis(acyl)phosphane oxide (2) was obtained in high yield after oxidation with tert-butyl
hydroperoxide (tBuOOH). Based on this, surface functionalization of cellulose nanocrystals
with an immobilized BAPO was achieved, see chapter 3.

Scheme 2.4 Synthesis of BAPO-MMA (2).

2.4 Synthesis and application of 4-(trimethoxysilyl)butyl-3-[bis(2,4,6trimethylbenzoyl)-phosphinoyl]-2-methyl-propionate (TMESI2-BAPO,
3)
A tri(methoxy)silyl-substituted BAPO derivative has been developed for grafting of
fluorinated acrylates onto cotton fabrics in earlier work.8 However, the tedious synthetic process
is the main limitation of this compound for broad use. To overcome this, we developed a simple
14

and efficient one-pot synthesis of a new tri(methoxy)silyl-substituted BAPO derivative in
toluene. The Michael addition reaction of 1 onto 3-(trimethoxysilyl)propyl methacrylate,
followed by the oxidation of the phosphane, provides TMESI2-BAPO (3) as a yellow oil in high
yield (Scheme 2.5).

Scheme 2.5 Synthesis of TMESI2-BAPO (3).

TMESI2-BAPO (3) was successfully fixed to glass surfaces allowing coating via the
“grafting-from” method (Figure 2.2). This was achieved by immersing the glass slide in an
ethanol-water solution of 3 at 80 °C for four hours. 3 was thus grafted onto the glass surface via
hydrolysis and condensation reactions taking place between the silanol groups present on the
glass surface and the alkoxy silane groups in 3. Subsequent irradiation with UV light in the
presence of either a partially fluorinated acrylate (1H,1H,2H,2H-perfluorooctyl acrylate) or a
specifically synthesized polysiloxane containing polymerizable acrylate functions (4, Scheme
2.6) allowed to generate polymer chains which grew from the surface in an efficient radical
polymerization process (“grafting-from” procedure). Durable hydrophobic surfaces were
prepared which give contact angles between 93° and 95°. The silanization process with the
photoinitiator and the grafting process were followed and analyzed with various techniques
including high-resolution X-ray photoelectron spectroscopy (XPS).9
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Figure 2.2 Schematic representation of the “grafting-from” process.

Scheme 2.6 Synthesis of acrylated polydimethylsiloxane (4)

TMESI2-BAPO (3) was also covalently attached onto silica particles to obtain photoactive
inorganic fillers. The immobilization of the photoactive groups is evidenced by spectroscopic
16

measurements and thermal gravimetric analysis. The modified particles are then incorporated
into thiol-ene resins to study the efficiency of the Norrish type I photofragmentation reaction
of the covalently bound 3. The photopolymerization kinetics of the thiol-ene system is
monitored by FT-IR spectroscopy and photo-DSC upon prolonged exposure with UV-light and
compared to the results achieved with Irgacure® 819. Rapid curing and high conversion yields
were obtained evidencing the high efficiency of the photoactive particles. In addition, negativetoned patterns are inscribed in thin thiol-ene films by photolithographic processes and
characterized by microscopic techniques demonstrating the versatile applicability of the
photoactive particles. This offers a new approach for the efficient initiation of radical-mediated
thiol-ene chemistry, whilst simultaneously reducing the amount of extractable and volatile
residues in thiol-ene compounds. (Figure 2.3).10

Figure 2.3 Schematic representation of the immobilization of TMESI2-BAPO on silica surfaces and subsequent
photoinitiation of radical-mediated thiol-ene reactions.
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2.5 Synthesis of multi-wave photoinitiators for producing star polymers via
free radical polymerization
Star polymers consist of several linear polymer chains connected to a central point.11 Unique
shape and associated properties make them promising materials for a variety of applications,
such as drug and gene delivery and imaging, thermoplastics and nanoelectronics.12-14 A broad
range of star polymers have been realized through controlled polymerizations. However, few
was achieved by free radical polymerization,15 which is more reasonable for industrial-scale
synthesis. Two multifunctional PIs comprising three photoactive groups, which can be
selectively excited at different irradiation wavelengths, are presented for the synthesis of
compositional miktoarm star polymers via free radical photopolymerization (Figure 2.4).

Figure 2.4 Schematic representation of multi-wave photoinitiators for producing star polymers.

A previous study revealed that block copolymers can be obtained by the BAPO Irgacure®
819, acting as two-step photoinitiator. Styrene was polymerized first by irradiation at 420 nm,
followed by a second irradiation at 380 nm for the polymerization of methyl methacrylate.16 By
attaching an α-hydroxy ketone (Irgacure® 2959), which absorbs at shorter wavelengths than the
BAPO, the tri-functional PIs were obtained to prepare star polymers (compound 5 and 6).
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Scheme 2.7 Synthesis of 2-(4-(2-hydroxy-2-methylpropanoyl)phenoxy)ethyl 2-(bis(2,4,6-trimethylbenzoyl)
phosphoryl)acetate (5).

First, BAPO-AA was converted to the corresponding acid chloride (BAPO-AA-Cl) in the
presence of excess amount of oxalyl chloride. Subsequent reaction with Irgacure® 2959
generates the desired product 5 as a yellow solid (prepared by Dr. Alex Huber, Scheme 2.7).

Scheme 2.8 Synthesis of 2-(4-(2-hydroxy-2-methylpropanoyl)phenoxy)ethyl 3-(bis(2,4,6-trimethylbenzoyl)
phosphoryl)propanoate (6).

6 was prepared in a more convenient way. The Michael addition of 1 onto 4-(2acryloyloxyethoxy)phenyl-2-hydroxy-2-propyl ketone (ZLI-3331), followed by the oxidation
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with tBuOOH, provides 2-(4-(2-hydroxy-2-methylpropanoyl)phenoxy)ethyl 3-(bis(2,4,6trimethylbenzoyl)phosphoryl)propanoate (6) as a yellow solid in good yield (Scheme 2.8).
5 and 6 were both tested for synthesizing star polymers (Figure 2.5): The first benzoyl moiety
of the BAPO is addressed by LED at 420 nm, followed by the MAPO-type benzoyl moiety of
the macroinitiator I2 (LED at 400 nm or 385 nm). Finally, the α-hydroxy ketone of I3 reacts by
irradiation with a Hg-Xe UV lamp (λmax = 365 nm).

Figure 2.5 Strategy for star polymer synthesis based on absorption properties. Compound 6 was chosen for
demonstration.

As a proof of concept, a polymer containing three poly(methyl methacrylate) (pMMA)
blocks was prepared using 5 as the photoinitiator. Diblock and star polymer formation is evident
from size-exclusion chromatography (SEC) analysis (Table 2.1), showing an increase in Mn as
well as Mw after each polymerization step.
The successful synthesis of multi-wave PIs 5 and 6 enabled the preparation of strictly defined
star polymers by performing successive radical polymerizations. This provides access to
materials with tailor-made properties under robust and environmentally favorable conditions.
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Table 2.1 SEC analysis of pMMA, pMMA-pMMA and pMMA-pMMA-pMMA synthesized with 5.
Mn / 10³ [g/mol]

Mw / 103 [g/mol]

Mw/Mn

pMMA

5.1

15.4

3.04

pMMA-pMMA

9.0

51.0

5.69

pMMA-pMMA-pMMA

13.1

56.9

4.33

Sample

A star polymer consisting of three different polymer blocks was synthesized with 6, utilizing
the monomers MMA, butyl methacrylate (BMA) and benzyl methacrylate (BzMA). SEC data
presented in Table 2.2 and Figure 2.6 confirms the success of diblock and star polymer synthesis.

Table 2.2 SEC analysis of pMMA, pMMA-pBMA and pMMA-pBMA-pBzMA synthesized with 6.
Mn / 10³ [g/mol]

Mw / 103 [g/mol]

Mw/Mn

pMMA

4.6

14.5

3.13

pMMA-pBMA

35.2

125.7

3.57

pMMA-pBMA-pBzMA

110.2

309.5

2.81

Sample

Figure 2.6 SEC curves of pMMA, the diblock copolymer pMMA-pBMA and the star polymer pMMA-pBMApBzMA.
21

2.6 Synthesis of BAPO functionalized ε-caprolactones
Aliphatic polyesters are being used in various fields, ranging from agricultural implements
to biomedical applications.17 Lactones and lactides are key monomers used to prepare versatile
aliphatic polyesters.18 Polycaprolactones (PCLs) are of great interest for tissue engineering and
drug delivery, due to their biodegradability and biocompatibility.19 Herein, BAPO
functionalized ε-caprolactones (BAPO-CLs) were synthesized by the efficient phosphaMichael addition of 1 onto cyclohex-2-en-1-one and subsequent Baeyer−Villiger oxidation of
the cyclohexanone derivative (Scheme 2.9).

Scheme 2.9 Synthesis of BAPO functionalized ε-caprolactones.

3-BAP-substituted cyclohexanone (7) was prepared by using the commercially available
cyclohex-2-en-1-one as the starting material and triethylamine as the catalyst. Subsequent
Baeyer-Villiger oxidation was performed under conventional reaction conditions, using metachloroperoxybenzoic acid (mCPBA) as oxidant and dichloromethane as solvent.
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Figure 2.7 31P NMR studies during the Baeyer−Villiger oxidation.
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P NMR studies during oxidation revealed that the phosphane was oxidized first, full

conversion to phosphane oxide was observed in one hour. The subsequent oxidation of the
ketone to the ester took 2 days after stirring the reaction mixture at room temperature in the
presence of an excess of mCPBA (Figure 2.7). 4-BAPO-substituted lactone (8) and 6-BAPOsubstituted lactone (9) were obtained with a ratio of 1 : 0.28. These two compounds could be
used as monomers to obtain photoactive poly(ε-caprolactones) by a controlled ring-opening
polymerization.

2.7 Conclusion
The phospha-Michael addition of BAP-H (1) to a broad range of activated olefins offers an
atom economic and convenient process to prepare substituted bis(mesitoyl)phanes (BAPs),
which can be easily oxidized to afford the corresponding BAPOs. With these functionalized
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PIs, interesting applications such as surface modifications, photoactive and star polymer
synthesis, can be achieved.
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3 Surface functionalization of cellulose nanocrystals for polymer
grafting
3.1 Introduction
Cellulose nanocrystals (CNCs), which are generated by hydrolysis of cellulose fibers,
have attracted tremendous attention in the past few years.1-5 This material can be used as
reinforcing fillers, security papers, emulsifying agents and medical implants, owing to
its excellent mechanical properties, optical transparency, biodegradability, and
renewability.6-11 However, the inherent hydrophilicity and self-aggregation upon drying
often limit its applications. Polymer grafting offers a way to overcome these obstacles.
The two most commonly used approaches are “grafting onto” and “grafting from”. 12,13
In the former approach, the pre-synthesized polymer chains are attached to hydroxyl
groups on the surfaces via reactive end groups. The latter method consists of mixing the
cellulose with monomers and initiators to induce polymerization from the surfaces,
which gives high grafting densities due to less steric hindrance. 14 Free radical
polymerization (radicals are generated by various methods from an initiator in the
presence of cellulose and monomer),15-17 controlled radical polymerization [atom
transfer radical polymerization (ATRP)18 or reversible addition−fragmentation chain
transfer polymerization (RAFT)19], and ring opening polymerization20 (cellulose surface
hydroxyl groups act as initiating sites) were used as the “grafting from” strategy. Free
radical polymerization is able to polymerize a wide range of monomers in a short time
and is tolerant to water or other impurities, but rather harsh conditions are required to
generate radicals in most cases.
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In this chapter, a new “grafting from” approach to functionalize CNC surfaces via free
radical polymerization of acrylic monomers initiated by an immobilized photoinitiator
bis(acyl)phosphane oxide (BAPO) is discussed.

3.2 Synthesis and Characterization
In order to functionalize CNCs (derived from wood pulp by sulfuric acid treatment,
provided by the University of Maine), methacryloyl groups were attached to their
surfaces as shown in Scheme 3.1. To these, BAP-H (1) was added to give CNC-BAP
and subsequent oxidation with aqueous H2O2 generated quantitatively CNC-BAPO.
Elemental analysis of the final yellow powder indicates a phosphorus content of 1.0%
which corresponds to 0.33 mmol bis(acyl)phosphane oxide (BAPO) per gram of CNC.

Scheme 3.1 Functionalization of cellulose nanocrystals with a BAPO photoinitiator. Mes = mesityl.

The successful immobilization was confirmed by Fourier transform infrared
spectroscopy (FT-IR), see Figure 3.1. The peaks at 1716 cm-1 and 1635 cm-1 in the CNC28

MMA sample are attributed to the stretching vibration of the carbonyl (νC=O) and alkene
groups (νC=C), respectively. After the addition of BAPO, a new absorption at 1608 cm-1
is observed which is assigned to the stretching vibration of the C=C bonds in the mesityl
(Mes) ring while νC=O is shifted to a higher wavenumber at 1732 cm-1.

Figure 3.1 FT-IR spectra of unmodified CNC, CNC-MMA and CNC-BAPO.

The presence of BAPO was further proved by
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spectroscopy (Figure 3.2). A single signal at 23.7 ppm in

C and
31

31

P CP-MAS NMR

P CP-MAS NMR spectrum

of CNC-BAPO is characteristic for an alkyl bound BAPO group. Typical

13

C signals of

cellulose nanocrystals at δ = 105.0 (C1), 88.6 (C4 crystalline), 83.8 (C4 amorphous),
74.7/72.4 (C2,3,5), 65.0 (C6 crystalline), and 62.9 ppm (C6 amorphous) are observed in
all spectra.21 In the CNC-BAPO sample, the characteristic signals of the BAPO unit at δ
= 216.4 (COMes), 141.4 (C4 Mes), 136.1 (C2,6 Mes), 129.4 (C3,5 Mes), and 20.0 (o,pCH3 Mes) are clearly observed, which are absent in the spectrum of CNC-MMA. The
13

C signal of the C=O group from methacrylate unit is shifted from 168.1 to 174.7 ppm,

due to the addition of the BAPO group.
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Figure 3.2 13C CP-MAS NMR spectra of: (a) unmodified CNC, (b) CNC-MMA, (c) 13C and 31P CP-MAS
NMR spectra of CNC-BAPO.
Table 3.1 Gravimetrically determined graft yield (G), graft efficiency (GE), molecular weight and polydispersity
(PDI) of the cleaved polymers after grafting to CNC, and results from elemental analyses.
Sample

G (%) GE (%) Mn (kg/mol) Mw (kg/mol)

PDI

C (%)

H (%)

P (%)

S (%)

Unmodified CNC

41.88

6.40

1.00

CNC-MMA

43.43

6.27

0.95

CNC-BAPO

46.10

6.32

1.02

0.60

CNC-g-PMMA

477.2

79.7

76.7

250.6

3.27

57. 07

7.99

0.16

0.11

CNC-g-PBuA

311.2

75.4

9.5

17.4

1.82

61.02

9.06

0.21

0.13

CNC-g-PNIPAAm

292.4

73.5

25.2

69.5

2.76

58.41

9.37

0.21

0.12

CNC-g-PHEA
197.8 66.3
48.85 6.96
0.30
0.16
The sulfur content decreased after adding BAPO, which is likely caused by nucleophilic displacement of the
sulfate group, which acts as leaving group.

The TEM images in Figure 3.3 show that the morphology of the CNC was maintained during
the modification procedure with BAPO units. The unmodified nanocrystals exhibit an average
diameter of 5-10 nm and lengths of 100-150 nm. The BAPO functionalized nanocrystals are
30

less individualized. This aggregation may be due to a decrease of sulfate groups or activation
of the surface BAPO groups under the conditions of the TEM experiment (Table 3.1).

Figure 3.3 Transmission electron micrographs of unmodified CNC (a), and CNC-BAPO (b).
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Figure 3.4 X-ray diffraction patterns of the unmodified, methacrylate and BAPO functionalized nanocrystals with
crystallinity indices.

The X-ray diffraction patterns of unmodified CNC, methacrylate, and BAPO
modified CNC show that all three samples have similar crystallinity and exhibit patterns
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typical of the native crystalline form of cellulose Iβ (Figure 3.4). Similar crystallinity
indices (CI) around 72% were determined for unmodified CNC, CNC-MMA and CNCBAPO, respectively. This suggests that the modification is limited to the surfaces of
CNCs.

3.3 Polymer Grafting

Scheme 3.2 Graft polymerization of CNC-BAPO.

CNC-BAPO was used to polymerize acrylic monomers under UV light irradiation at room
temperature for 1 hour. The dimension of CNC was preserved after UV irradiation (Figure 3.5).
The monomers used include methyl methacrylate (MMA), butyl acrylate (BuA), Nisopropylacrylamide (NIPAAm) and 2-hydroxyethyl acrylate (HEA). Graft yield (G), graft
efficiency (GE) and elemental analysis of the polymer graft CNC are recorded in Table 3.1.

32

Figure 3.5 Transmission electron micrographs of CNC-BAPO after UV irradiation in the absence of monomer.
Cellulose nanocrystals were crosslinked, but the dimension was preserved.

High graft yields (after removing the homopolymers by Soxhlet extraction) were obtained
for all tested monomers. The highest mass gain of up to 477% was achieved with MMA. BuA
and NIPAAm both formed grafted polymers with masses three times greater than that of the
starting CNC. HEA was less prone to graft, but the mass still increased by 200%. Elemental
analysis was performed to quantify the composition of the grafted materials. The mass gain
calculated according to phosphorus content correlates well with the gravimetric value.
Homopolymers, generated by cleaved acyl radicals, were formed in smaller amounts which
confirms that phosphinoyl radicals are more reactive than acyl radicals.22
The obtained samples were characterized by FT-IR (Figure 3.6). Intense absorption bands
attributed to the νC=O of the carboxyl groups of the grafted polymers were observed in all spectra.
The bending vibration of the N-H bond was detected at 1531 cm-1 in the CNC-g-PNIPAAm
sample. Moreover, the intensities of the O-H stretching bands of cellulose backbones at 3300
cm-1 decreased significantly in PMMA and PBuA grafted samples. This is likely caused by the
grafting of the polymers from the CNC surfaces.20 In contrast, the intensities increased in the
PNIPAAm and PHEA grafted samples, due to the overlapping of N-H and O-H groups present
in the grafted polymer chains.
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Figure 3.6 FT-IR spectra of the polymer grafted samples.

Figure 3.7 13C CP-MAS NMR spectra of the polymer grafted samples with assignments of resonances.
13

C CP-MAS NMR spectroscopy was used to characterize the polymer grafted CNC. In

addition to the signals of cellulose, the resonances of the 13C nuclei in the polymers were clearly
observed, confirming the success of grafting (Figure 3.7).
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Figure 3.8 1H NMR spectra of the cleaved polymers with assignments of resonances.

The grafted polymer chains were cleaved from the CNC and independently investigated. 1H
NMR indicated that the structures were maintained except for PHEA (Figure 3.8). The
molecular weight of the polymers varies with the monomer (see Table 3.1). MMA generated
the longest chains, and the weight average molecular weight (Mw) is 250 kg/mol. BuA and
NIPAAm gave shorter chains with Mw of about 17 kg/mol and 70 kg/mol, respectively.

Figure 3.9 Pictures of solvent casting films. Blank: background picture without film (left), with PMMA film
(middle), and with CNC-g-PMMA film (right). Films of about 0.1 mm thickness were placed about 2 cm above
the background and photographed.
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Polymeric films of CNC-g-PMMA can be obtained by solvent casting, because of
sufficiently long polymer chains. A film of about 0.1 mm thickness is shown to the right of
Figure 3.9 and is less transparent than a neat PMMA film (Figure 3.9 middle).

3.4 Properties of grafted hybrid materials.
In order to confirm the efficiency of the surface modification, the behavior of dispersions of
unmodified and polymer grafted CNC were examined in THF. As shown in Figure 3.10, the
unmodified CNC suspension sedimented quickly, the polymer grafted samples remained
dispersed for more than four hours and still exhibited noticeable turbidity after 24 hours.

Figure 3.10 Dispersion test of unmodified and polymer grafted cellulose nanocrystals (0.5 wt%) in THF. The
CNC-g-PHEA sample was not tested, since the homopolymer is insoluble in THF. Pictures recorded: immediately
after stirring stopped (top), and four hours later (bottom).
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Table 3.2 TGA and DSC data of samples
TGA

DSC

Sample
T5%[a] [°C]

Tm[b] [°C]

Yc[c] [%]

Unmodified CNC

251

306

0.8

CNC-BAPO

247

294

18.3

CNC-g-PMMA

241

397

CNC-g-PBuA

275

CNC-g-PNIPAAm
CNC-g-PHEA

Tg [°C]

TH[d] [°C]

TC[e] [°C]

1.3

123

114

105[f]

420

5.6

-46

-51

-54[f]

273

417

3.7

143

136

130[f]

277

447

1.3

-4

-13

-15[g]

[a] Temperature at which 5 % weight loss occurred. [b] Temperature at which the maximum rate of degradation is observed. [c] Char yield at
800°C. [d] Glass transition temperature during heating. [e] Glass transition temperature during cooling. [f] Reference values of homopolymers
from Polymer handbook (4th ed.), John Wiley & Sons, 1999, pp. 199-204. [g] Reference value from CRC Handbook of Enthalpy Data of
Polymer-Solvent Systems, CRC Press, 2006, page 423.

Figure 3.11 DSC thermograms of grafted samples, the data of cooling and reheating were recorded.

DSC and TGA thermograms were recorded (Figure 3.11 and 3.12, respectively, and Table
3.2). Glass transition temperatures (Tg) of the grafted products are slightly higher than the
reported values of the homopolymers. The increase can be explained by the restriction of the
mobility of grafted polymer chains to the CNC surfaces.23 In TGA thermograms, a significant
increase of the onset temperature was observed for CNC grafted with PBuA, PNIPAAm and
PHEA. The char yield of CNC-BAPO sample at 800 °C (18.3%) is much higher than the others
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because on cellulose substrates, organo phosphorus compounds favor char formation and
suppress the concentration of combustible volatile species during thermal decomposition.24
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Figure 3.12 TGA thermograms of samples.

The reinforcing properties of CNC-g-PMMA in a PMMA matrix were evaluated by tensile
tests. The elastic modulus (E), tensile strength (σ), and elongation at break of the specimens are
given in Figure 3.13. The incorporation of unmodified CNC (20 wt%) in a PMMA matrix
decreases both the elastic modulus and the tensile strength by 25% and 56%, respectively. This
finding can be explained by the poor compatibility between the hydrophilic CNC and the
hydrophobic PMMA. The addition of CNC-g-PMMA (20 wt%) into PMMA proved to enhance
the elastic modulus by 8% without loss of the tensile strength. Elongation at break decreases
significantly but the values still remain better than the composites filled with unmodified CNC.
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Figure 3.13 Tensile tests of PMMA composites. (a) Elastic modulus, (b) Tensile strength, (c) Elongation at break.

3.5 Conclusion
A new approach to modify CNCs with an immobilized bis(acyl)phosphane oxide was
developed. The functionalized CNCs were used for polymer grafting. Under mild and acid-free
conditions, excellent graft yields were achieved. The obtained hybrid materials have been
characterized and show long-term dispersion stability in THF. The PMMA grafted CNCs show
an improved mechanical performance when dispersed in a PMMA matrix.

3.6 Methods
3.6.1

Materials

Cellulose nanocrystals were purchased from the University of Maine, with a sulfur content
of 0.99%, and were purified by Soxhlet extraction with ethanol for 24 h before further
modification.25 Acrylates were passed through basic alumina columns to remove inhibitors
immediately before the polymerization experiment, except N-isopropylacrylamide, which was
recrystallized from hexane three times. Poly(methyl methacrylate) was obtained from Alfa
Aesar with Mw = 550 kDa.
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3.6.2

Synthesis of CNC-MMA

CNC-MMA was prepared according to a modified literature procedure.26 In a 500 mL
Schlenk flask, 5.06 g dry CNCs (about 94 mmol total hydroxyl groups) were dispersed in 200
mL DMF using an ultrasonication treatment at 0 °C for 0.5 h. Then, 15.1 mL dry pyridine and
29.7 mL degassed methacrylic anhydride (6 eq. to CNCs) were added. The suspension was
heated to 60 °C and stirred for further 18 h under argon. After the reaction has completed, the
suspension was centrifuged and the modified CNCs were subsequently washed three times with
a toluene/ethanol/acetone mixture (4/1/1 by vol.). Further purification was achieved with a
Soxhlet extraction with acetone for 24 h.
3.6.3

Synthesis of CNC-BAPO

The remaining acetone in the purified CNC-MMA was exchanged for ethanol by three
centrifugations and redispersion operations. After the last centrifugation step, the CNC-MMA
suspension in ethanol was introduced in a 500 mL Schlenk flask and 250 mL of ethanol was
added. The suspension was degassed with argon for 30 min, then 10.2 g HP(COMes)2 (1 eq. to
the glucose chain units of CNC) and 0.43 mL triethylamine (0.1 eq) were added. The mixture
was allowed to stir for 2 days at 60 °C under argon. The flask was covered with aluminum foil
in order to prevent decomposition of the product. Subsequently, 4.7 mL of aqueous H2O2 (1.5
eq., 35%) was added dropwise to the suspension at 0 °C. The mixture was allowed to slowly
warm to r.t. and stirred vigorously for 12 h. Then, the suspension was centrifuged and the
modified nanocrystals were purified by Soxhlet extraction for 1 day. After drying in a vacuum
oven at 45°C for 2 days, a yellow powder was obtained and stored in a desiccator over P2O5.
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3.6.4

Polymerization of acrylic monomers

Typically, 0.25 g CNC-BAPO were introduced into a quartz tube with a stirring bar and the
reaction vessel degassed. In a separate flask, a solution of 25 mmol acrylate monomer in 10 mL
DMF was prepared and degassed by three freeze-pump-thaw cycles. This solution was injected
into the quartz tube. A yellow suspension was obtained after stirring for 30 min at 0 °C.
Subsequently, the sample was irradiated with UV light for 1 hour under vigorous stirring at
room temperature.
The yellow suspension turned white after the irradiation and was precipitated into 100 mL
cold ethanol. The solid substance was collected by filtration and washed with cold ethanol to
remove residual monomer. For 2-hydroxyethyl acrylate and N-Isopropylacrylamide, diethyl
ether was used instead of ethanol. This precipitate was then purified by Soxhlet extraction with
acetone for 1 day to separate the homopolymer from the grafted copolymer, except for CNCg-PHEA, which was treated with methanol instead. The homopolymer was obtained by
removing the solvent and dried together with the grafted CNC in a vacuum oven at 65 °C until
constant masses were obtained.
3.6.5

Gravimetric calculations

The weights of grafted CNC and retrieved homopolymers were used to calculate graft
yield(G), and graft efficiency(GE) in each product with the following formulae (1)-(2):
𝑚𝐺
× 100%
𝑚𝐶𝑒𝑙𝑙
𝑚𝐺
𝐺𝑟𝑎𝑓𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝐺𝐸 =
× 100%
𝑚𝐺 + 𝑚𝑃
𝐺𝑟𝑎𝑓𝑡 𝑦𝑖𝑒𝑙𝑑 = 𝐺 =

(1)
(2)

where 𝑚𝐺 is the mass of the grafted polymer; 𝑚𝑃 is the mass of the homopolymer; 𝑚𝐶𝑒𝑙𝑙 is
the mass of the cellulose nanocrystals.
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3.6.6

Isolation of grafted polymer

Cellulose backbone was hydrolyzed by methods adapted from the literature.23,27
For CNC-g-PMMA and CNC-g-PBuA, 200 mg of grafted CNC were mixed in a flask with
10 mL of acetone and 15 mL of THF. After addition of 1 mL of concentrated sulfuric acid
(98%), the mixture was refluxed for 12 hours. The resulting brown slurry was poured into cold
ethanol and the precipitated polymer was washed with ethanol, dissolved in acetone, filtered,
and precipitated again in cold ethanol.
For CNC-g-PNIPAAm, 200 mg were placed in 30 mL of 2% NaOH solution for 48 h under
stirring. Following the saponification, the dispersion was brought to neutral pH with 6 N HCl
and then centrifuged (12’000 rpm at 10 °C for 20 min) to separate the CNC from the cleaved
polymer in the supernatant. The supernatant was then dialyzed against DI water until a
minimum in conductivity was reached.
Cleaved and purified polymers were dried for further analysis.
3.6.7

Preparation of PMMA composites

Cellulose nanocrystals were first dispersed in toluene by stirring at room temperature for 14
h. The desired amount of PMMA (4% in toluene) was added and the resulting suspension was
homogenized by using a Ultra-Turrax at 15’000 rpm for 3 min. Solid films were obtained by
casting the suspension on Teflon plates and evaporation of toluene at room temperature. To
remove any traces of solvent, the films were heated at 50 °C for 24 h and subsequently stored
in a desiccator that contained silica gel until they were analyzed. The thickness of composite
films was around 0.1 mm.
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3.6.8

TEM Characterization

TEM samples were measured by using a JEOL 2200FS instrument (JEOL, USA) at an
accelerating voltage of 200 kV. 5 µL of untreated nanocrystal suspension in water (0.01 wt%)
or of the BAPOs modified nanocrystal in ethanol, were deposited on holey carbon-coated
copper grid (200 mesh), negatively stained with uranyl acetate and allowed to dry before
measurement.
3.6.9

X-ray Diffraction Analysis

X-ray diffraction (XRD) measurements of all samples were performed using a Bruker D8
Advanced diffractometer (Cu Kα radiation: l = 1.54184 Å; tube parameters: V = 40 kV, I = 40
mA) with a parallel incident beam prepared by a Göbel Xray mirror. The patterns were recorded
with a 1D position sensitive detector (VÅNTEC). The powder samples were measured using a
flat sample holder in reflection mode. The scans were recorded in the 2θ range 5-40°.
3.6.10 Crystallinity Index (CI)
The crystallinity index (CI) was evaluated using the Buschle-Diller and Zeronian equation:28

𝐶𝐼 = 1 −

𝐼𝑎𝑚
𝐼200

where I200 is the intensity of the 200 lattice plane at 2θ = 22.4° and Iam represents the peak
intensity at 18°, which corresponds to the amorphous material in cellulose.
3.6.11 Thermogravimetric Analysis (TGA)
TGA analyses were conducted by using a TGA7 apparatus (PerkinElmer, USA). The dried
samples (~5 mg) were heated from 30 to 800 °C at a constant rate of 20 °C/min under a He
atmosphere.
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3.6.12 Differential Scanning Calorimetry (DSC)
DSC analyses were conducted by using a DSC7 apparatus (PerkinElmer, USA). The dried
samples (~5 mg) were measured by a heat-cool-reheated method at a constant rate of 20 °C/min
under a He atmosphere.
3.6.13 Tensile tests
PMMA composite films were cut into dog-bone-shaped specimens with a length of 50 mm,
a width of 8.5 mm at the clamping zone, and a width of 4 mm at the stretching zone. The
modulus of elasticity (E), nominal tensile strength (σ), and elongation at break of the composites
were analyzed by using a Universal Testing System Z010 (Zwick, Germany) with a loading
cell of 200 N and a deformation rate of 2 mm/min. Measurements were performed in a
conditioned room (50% RH and 23°C), and the results were the average of five measurements.
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4 All-in-One cellulose nanocrystals for 3D printing of
nanocomposite hydrogels
4.1 Introduction
Cellulose nanocrystals (CNCs)1 possess remarkable physicochemical properties and are
promising reinforcing components2 for nanocomposite hydrogels.3 Nanocellulose-based
nanocomposite hydrogels can be fabricated using 3D printing.4 However, conventional crosslinkers are often added which result in mechanically weak and brittle hydrogels.5
Photoinitiators (PIs) play a critical role in determining the polymerization rate and the
properties of the printed objects.6 The mostly used commercially available PI (Irgacure 2959,
Scheme 4.1d) is poorly water-soluble and little efficient in the ultraviolet-visible range.7
In chapter 3, we succeeded to attach BAPO functions onto CNCs for polymer grafting. This
approach consisted in modifying the surfaces of CNCs with methacrylate functions in a first
step to which bis(acyl)phosphane oxide functions could be added in a second step. This
procedure proves to be rather tedious on larger scale also because a special synthetic protocol
needs to be worked out for every cellulosic or related support material. In this chapter, we
introduce a new strategy where we use a suitably functionalized BAPO derivative that can be
directly used to bind covalently to CNCs without any further modification of their surfaces.
That is the surface bound hydroxyl groups are directly addressed. Subsequently, a monofunctional monomer was successfully grafted from the obtained photoactive nanomaterial
without introducing any additional crosslinking between individual polymer chains, resulting
in a stable network structure which is otherwise impossible to achieve with conventional
photoinitiators. Using this water dispersible nanomaterial, 3D structured objects were
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fabricated under mild conditions with a digital light processing (DLP) 3D printer, which is
equipped with energy-efficient UV-LEDs (405 nm). The obtained nanocomposite hydrogels
show enhanced mechanical properties, outstanding swellability and good shape stability.

4.2 Synthesis of BAPO derivatives and functionalization of cellulose
nanocrystals

Scheme 4.1 The photoinitiators and the mono-functional monomer. (a) Synthesis of BAPO derivatives and
functionalization of cellulose nanocrystals. (b) Chemical structure of the mono-functional methacrylate PEGMEM,
Mn = 950 g/mol. (c) Chemical structure of BAPO-OH and BAPO-ONa. (d) Chemical structure of Irgacure 2959.

2-Hydroxyethyl 3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)propanoate (10, BAPO-HEA)
was first synthesized via phospha-Michael addition of BAP-H (1) onto 2-hydroxyethyl acrylate
(HEA), followed by oxidation with aqueous H2O2. Adding a THF solution of BAPO-HEA
dropwise to an excess of the commercially available hexamethylene diisocyanate (HDI, 3 eq.)
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in the presence of 1.3 mol% dibutyltin dilaurate (DBTDL) as promotor results in 2-([{6isocyanatohexyl}carbamoyl]oxy)ethyl 3-(bis(2,4,6-trimethylbenzoyl) phosphoryl)propanoate
(11, BAPO-NCO) as a yellow solid in 93% yield (Scheme 4.1a). Under these conditions, the
double addition of BAPO-HEA to both of the isocyanate groups is suppressed.
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Figure 4.1 FTIR-ATR spectra of BAPO-NCO, neat CNCs and CNC-BAPO.

In the FTIR-ATR spectrum of BAPO-NCO, the strong absorbance of the isocyanate group
at 2259 cm-1 is clearly observed (Figure 4.1). The two BAPO derivatives, BAPO-HEA and
BAPO-NCO, show similar UV-Vis absorption spectra with a maximum absorbance at 290 nm
assigned to the π→π*CO band of the BAPO chromophore. As is commonly observed for BAPO
derivatives, the n→π*CO excitation is observed as weaker band in the range between 360 to 440
nm (Figure 4.2).
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Figure 4.2 UV-Vis absorption spectra of BAPO-HEA, BAPO-NCO, BAPO-ONa and Irgacure 2959 in different
solvents recorded at the same concentrations (0.1 mM).

CNC-BAPO was prepared by reacting the surface hydroxyl groups of cellulose nanocrystals
with BAPO-NCO in DMF again using 4 mol% DBTDL as promotor. Unreacted BAPO-NCO
was removed with acetone as solvent in a Soxhlet extractor. The obtained nanomaterial was
dispersed in water and kept in the dark for later use. Elemental analysis of dry CNC-BAPO
indicates a phosphorus content of 0.94%. This suggests that about 2’100 BAPO units are bound
to one single cellulose nanocrystal. The corresponding surface density of BAPO units can be
estimated to be 7.0 × 10-8 g/cm2 (see subsection 4.6.3 for details).
The successful immobilization was confirmed by various spectroscopic techniques. In the
UV-Vis spectrum (Figure 4.3), the wavelength of maximum absorbance (λmax, π→π*CO) is blue
shifted compared to a physical blend of BAPO-NCO and neat CNCs (λmax = 290 nm) by 21 nm
to 269 nm. The excitation wavelength of n→π*CO transition shows no observable change
(Figure 4.4). We assume that the blue shift may be caused by hydrogen bonds between the
BAPO units and the polar cellulose nanocrystals surfaces. This is supported by an experiment
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in which BAPO-OH (chemical structure see Scheme 4.1c) was mixed with NH4Cl which also
leads to a blue shift of the π→π*CO transition while the n→π*CO band remains unaffected
(Figure 4.5). A suspension of neat CNCs shows negligible absorptions in the relevant range
from 220 nm to 460 nm.
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Figure 4.3 UV-Vis absorption spectra of neat CNCs (288 µg/mL), a blend of BAPO-NCO and CNCs (containing
72 µg of BAPO-NCO and 288 µg of neat CNCs per mL), and CNC-BAPO (360 µg/mL) in ethanol. The amounts
of CNCs and BAPO-NCO were calculated based on the phosphorus content determined by elemental analysis of
the CNC-BAPO sample.

Figure 4.4 UV-Vis absorption spectra in the selected range from 340 nm to 420 nm. For an extended view of the
UV-Vis spectra see figure 2b in the main text. (a) The physical blend of BAPO-NCO and CNCs. (b) CNC-BAPO.
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Figure 4.5 UV-Vis absorption spectra of BAPO-OH mixed with (blue line) and without NH4Cl (red line) in ethanol
recorded at a concentration of 0.1 mM. The π→π*CO transition is blue shifted while the n→π*CO band shows no
visible shift.

The FTIR-ATR spectrum of CNC-BAPO (Figure 4.1) shows the typical stretching vibration
of the carbonyl group (νC=O) at 1709 cm-1, corresponding to the urethane linkage which is absent
in the spectrum of unmodified CNCs. Furthermore, the absence of the absorbance of the
isocyanate groups at 2259 cm-1 suggests that the unreacted BAPO-NCO was completely
removed during purification.
The single signal at 24.1 ppm in the

31

P CP-MAS NMR spectrum of CNC-BAPO (Figure

4.6, inset) is similar to the resonance of BAPO-NCO (24.9 ppm). In the 13C CP-MAS NMR
spectrum, the characteristic signals of the BAPO units at δ = 216.9 (COMes), 172.5 (COCH2),
156.7 (CONH), 140.2 (C4 Mes), 135.9 (C2,6 Mes), 129.1 (C3,5 Mes), 41.2 and 27.7 (CH2 chains
of HDI), and 20.1 ppm (o, p-CH3 Mes) are clearly identifiable.
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Figure 4.6 13C CP-MAS NMR spectrum of unmodified CNCs (i), 13C and 31P CP-MAS NMR spectra of CNCBAPO (ii). Typical

C signals of cellulose nanocrystals at δ = 105.0 (C1), 88.6 (C4 crystalline), 83.8 (C4

13

amorphous), 74.7/72.4 (C2,3,5), 65.0 (C6 crystalline), and 62.9 ppm (C6 amorphous) are observed in both spectra.

AFM confirms that the morphology of the CNCs is maintained and only a slight aggregation
occurs during the treatment with BAPO units (Figure 4.7), since the introduced hydrophobic
BAPO units can decrease the dispersity of cellulose nanocrystals in water.
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Figure 4.7 Tapping mode AFM 2 × 2 µm height image of unmodified CNCs (a) and CNC-BAPO (b). The height
of BAPO functionalized CNCs are similar to the unmodified CNCs. Please notice that AFM heights are almost
half as large as TEM widths (an average diameter of 5–10 nm and lengths of 100–150 nm, data from the University
of Maine), which might be due to counting of a larger fraction of laterally associated CNCs in the TEM images.8

The neat CNCs and CNC-BAPO show similar crystallinity and exhibit typical cellulose Iβ
crystalline patterns,9 suggesting that the modification is limited to the surfaces of CNCs (Figure
4.8).
Upon combustion, CNC-BAPO shows a considerably higher char yield (19.1% at 800 °C,
see Figure 4.9). This is because organo phosphorus compounds grafted on a cellulose substrate
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favor char formation and suppress the concentration of combustible volatile species during
thermal decomposition.10
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Figure 4.8 X-ray diffraction patterns of unmodified CNCs and CNC-BAPO.
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Figure 4.9 TGA thermograms of unmodified CNCs and CNC-BAPO.
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4.3 Photopolymerization studies of different aqueous formulations
CNC-BAPO was tested for the polymerization of the mono-functional monomer:
poly(ethylene glycol) methyl ether methacrylate (PEGMEM, Mn = 950 Da, chemical structure
see Scheme 4.1b) in 50 wt% aqueous solutions. The influence of different amounts of CNCBAPO was investigated. A recently reported water soluble photoinitiator BAPO-ONa11
(chemical structure see Scheme 4.1c), which is more efficient than the widely used
commercially available Irgacure 295912 (UV-Vis absorption spectra of these two PIs see Figure
4.2), was used with or without neat CNCs for comparison (Table 4.1).

Table 4.1 Composition of formulations and the properties of obtained thin films.
Formulation

PEGMEM[a]

BAPOONa[a]

Neat
CNCs[a]

CNCBAPO[a

tan(δ)[c]

Gel
content
(%)

]

DSC
Tm
ΔH
(°C)
(J/g)

Young's
modulus
(MPa)

Crosslinking
density
(mmol/cm3)[d]

Swelling
(%)

I

49.58

0.42

/

0.75

16

55

-96

130 ± 38

/

/

II

47.06

0.40

2.54

0.46

22

49

-94

272 ± 20

/

/

III

46.73

/

/

3.27[b]

0.22

82

48

-85

270 ± 10

0.006

1100±65

IV

43.86

/

/

6.14

0.20

80

47

-79

340 ± 25

0.028

740±40

[a] wt%. [b] reactive species equal to II. [c] calculated based on the final plateau of the curves. [d] calculated according to the statistical theory
of rubber elasticity.

Photorheology was applied to investigate the photopolymerization kinetics of the
formulations. The measurements show the evolution of shear storage modulus (G’) and loss
modulus (G”) during irradiation with visible light (15 mW/cm2) and a cut-off filter at 400 nm
under constant oscillation frequency (Figure 4.10). In all cases, the polymerization reaction
shows a delay after switching on the light, probably because of oxygen inhibition. Formulations
containing CNC-BAPO (Table 4.1, III and IV) show faster kinetics and reach higher G’ values
than the formulations using BAPO-ONa as PI (Table 4.1, I and II). With the doubled amount
of CNC-BAPO (IV), the polymerization starts earlier than with half of that concentration (III).
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Figure 4.10 Photorheology characterization of the photopolymerization kinetics.

In addition, the gelation time of III (less than 1 min) is twice as short compared to I (Figure
4.11). II shows slower kinetics but a higher initial G’ value was observed before the onset of
the gelation process. This phenomenon indicates strong physical interactions between cellulose
nanocrystals and polyethylene glycol chains. I shows a low elastic response at the beginning
beyond the sensitivity limit of the instrument. It also reaches the lowest G’ value of all samples.
Furthermore, the introduction of CNC-BAPO leads to lower damping factors in tan(δ) (Table
4.1).
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Figure 4.11 Time dependence of storage modulus G’ and loss modulus G” for formulations: (a) formulation I; (b)
formulation II; (c) formulation III; (d) formulation IV. The light was switched on 60 seconds after the recording
of data started. The data shown here are obtained after this delay. For samples I and III, G’ is lower than G” before
irradiation, as it is common for liquid formulations. In these two graphs, the gel points were observed and it is
evident that with the use of CNC-BAPO, the gel point,13 which is generally defined as the time required for G’ to
surpass G”, is reached in a shorter time. For samples II and IV, the physical interactions among cellulose
nanocrystals and the monomers in water are high and these formulations gave already “gelly” materials (G’ > G”)
before irradiation. Therefore, a gel point could not be observed.

Frequency sweep measurements (Figure 4.12) show that III and IV present higher G’ elastic
moduli (5.5 and 6 kPa, respectively) than I and II (2.5 and 3.6 KPa, respectively), indicating a
higher mechanical stability of samples containing CNC-BAPO.
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Figure 4.12 Frequency sweep measurements performed on specimens irradiated in the photorheometer.
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Figure 4.13 Amplitude sweep test performed on the cured samples.

Amplitude sweep measurements reveal a strong difference in the behavior under increasing
oscillating amplitude (Figure 4.13). III and IV can stand a strain amplitude up to 100% and
their structure breaks with a brittle fracture for larger deformations, due to a stronger network.
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I and II have a reduced linear viscoelastic region with smoother drops, indicating a more easily
flowing material.
With BAPO-ONa as PI and a mono-functional monomer, linear thermoplastic polymer
chains are expected (Figure 4.14a). In contrast, CNC-BAPO contains thousands of photoactive
BAPO groups on the surface which act as initiating centers for polymerization and as
crosslinking points at the same time. Consequently, covalently cross-linked networks are
obtained (Figure 4.14b).

Figure 4.14 Schematic representation of polymerization in the presence of unmodified CNCs (a) and in the
presence of CNC-BAPO (b). Polymer chains bound to cellulose nanocrystals with both chain ends are generated
by recombination of radical chain ends, while dangling polymer chains bound to cellulose nanocrystals are
obtained by disproportionation.

To confirm this, thin films (0.5 mm thick) were prepared and placed in deionized water for
1 day before ultrasonication (35 kHz) for half an hour. As expected, I and II disintegrated
during sonication, while III and IV remained intact, suggesting robust and covalently crosslinked networks had been generated (Figure 4.15).
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Figure 4.15 Photographs of casted films obtained from formulations according to Table 4.1 after placing them in
deionized water for 5 min (a) and after immersion in water for 24 h followed by 30 min sonication (b).

This is also in agreement with another experiment in which the soluble and insoluble parts
of the polymeric materials were separated by extraction with water. The evaluation of the
insoluble fraction is listed in Table 4.1. High gel content values (≥ 80%) were obtained with III
and IV in contrast to I and II (gel content ≤ 22%). The soluble segments in III and IV are
supposed to be the homopolymers generated by free mesityl radicals which form during the
photolysis CNC-PO(R)(COMes) + h  [CNC-PO(R)]• + MesCO• (R = COMes or polymer
chain)14, schematic representation of the polymerization process see Figure 4.16.

Figure 4.16 Detailed schematic representation of the polymerization process initiated by surface bound
bis(acyl)phosphane oxides.
61

In each of the reaction steps (1) and (3), a phosphorus centered radical is formed, which is
chemically linked to the CNCs surfaces. Both radicals which are generated in two subsequent
photoinitiated cleavage reactions, efficiently initiate the polymerization of acrylic double bonds,
resulting in two polymer chains growing from the surface-fixed phosphorus atom (reaction
steps (2) and (4)). In the same photoinduced cleavage reactions (1) and (3), two mesitoyl
radicals are concomitantly formed, which are not linked to the substrate. Although mesitoyl
radicals are known to be less efficient in the initiation of acrylate polymerization than the
phosphinoyl radicals, this inevitably leads to the formation of nonbound homopolymers as
shown in both reaction steps (2) and (4). These linear photopolymers can, however, easily be
removed from the grafted CNCs surfaces by careful washing with water.
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Figure 4.17 DSC thermograms of the thin films obtained. A second melting peak appears at lower temperature in
BAPO-CNC C1 sample. This can be attributed to different thickness of crystals owing to the varying number of
folds in the polymer chain.15
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DSC measurements indicate that the presence of CNCs, both neat and functionalized, reduces
the melting temperature (Tm) of the polymer. Due to cross-linking, III and IV show reduced
crystallinity indicated by decreased endothermic peak areas (Figure 4.17).16
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Figure 4.18 E’ curves obtained from DMA measurements for thin films.

Dynamic mechanical analyses (DMA) (Figure 4.18) give additional support for the effective
cross-linking of the polymer matrices. III and IV show rubbery plateaus at temperatures above
Tm that remain stable until high temperatures (100 °C). The specimen with no CNCs chemically
linked to the polymer matrices show a viscoelastic flux over Tm. These indicate that thermoset
polymers were generated using CNC-BAPO as cross-linkers. The crosslinking density of the
networks increases as expected with a higher amount of CNC-BAPO (Table 4.1). Tensile
elongation tests of the dried specimen confirm that the presence of CNCs increases the Young's
moduli of the polymer matrices (Table 4.1).
Extraordinary swelling ratios were achieved with III and IV when they are immersed in
water (Table 4.1 and Figure 4.20a). The values are one order of magnitude greater than those
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of other PEG-based hydrogels.17 Since a mono-functional monomer was used, the generated
flexible polymer chains have sufficient mobility for large expansion due to the absence of extra
crosslinking points. They can undergo extensive swelling similar to free and linear polymer
chains.18 IV shows decreased swelling ratio and slower swelling kinetics (Figure 4.19), owing
to the increased crosslinking density.
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Figure 4.19 Swelling kinetics of the dried printed samples at room temperature in PBS.

4.4 3D printing of nanocomposite hydrogels
Formulations III and IV were used in a DLP 3D printer with LEDs (405 nm) for 3D printing.
In spite of the high swellability, shape-persistent, free-standing 3D structured objects can be
printed. No conventional cross-linkers are used in this process. Flat specimen were printed (4
mm thick) and probed by tensile tests in dried and swollen form (Figure 4.20a). The values
obtained for the dried samples were close to those obtained for the specimen prepared
previously by casting, indicating that 3D printing does not affect the mechanical properties. A
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good conservation of the mechanical stability is maintained after swelling, which is comparable
with other PEG-based hydrogels containing significantly less amount of water.19 In both dried
and swollen form, IV shows a higher modulus, confirming a more cross-linked network (Figure
4.21).

Figure 4.20 (a) Flat specimen from III. (b) A dried cubic-lattice structure from III. (c) The same structure after
swelling for 1h. (d) The maintained structure after removing the 20 g weight. (e) A hexagonal structure from IV.
(f) The swollen structure after repeating three times the drying and swelling procedure. The green dye, which was
used to adjust the optical density during 3D printing, was washed out by re-dissolving in water.
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Figure 4.21 Tensile tests performed on the 3D printed samples: dried (a) and swollen (b).

Figure 4.22 SEM images of a 3D printed thin film with the formulation IV. Small white dots, which have been
previously reported,20 indicate the cross-sections of individual cellulose nanocrystals distributed in the
nanocomposite hydrogels. Blue circles suggest aggregates are formed.

A printed cubic-lattice structure can bear a load of 100 g (Figure 4.20b) or 20 g (Figure 4.20c)
in dried and swollen form, respectively, without breaking. Furthermore, the drying and swelling
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process is fully reversible and the samples of various shapes can be dried and swollen several
times without any measurable influence on their integrity (Figure 4.20e-f). A scanning electron
microscopy (SEM) investigation of a fractured surface of a 3D printed thin film shows that
CNCs are well distributed in the nanocomposite, but aggregation is also observed (Figure 4.22).

Figure 4.23 Hardness (a) and reduced elastic modulus (b) values of dried samples of formulation III and IV;
maximum depth values of dried and swollen samples of III and IV (c); hardness values on Z axis planes of samples
of III and IV (d); hardness values along Z axis at different depth on III (e) and IV (f).
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Nanoindentation tests were performed on the printed hydrogels. Because of the higher
crosslinking density, IV shows higher nanohardness, reduced elastic modulus and resistance to
penetration than III in both dried and swollen form (Figure 4.23a-d). The nanohardness in the
Z axis plane along the depth is homogeneous for both samples (Figure 4.23e-f), indicating the
mechanical properties along the layer thickness were maintained during printing.

4.5 Conclusion
In this chapter, a highly photoactive BAPO derivative is described which is covalently bound
to cellulose nanocrystals surfaces. When irradiated in the presence of a mono-functional
monomer, the BAPO functionalized nanocrystals initiate the grafting of multiple polymer
chains from the nanocrystal surfaces, which results in a stable three-dimensional polymer
network with the cellulose nanocrystals acting as covalently embedded nanofillers and
crosslinking points. The generated flexible polymer chains provide extraordinary swelling
properties of the obtained nanocomposites. 3D structured nanocomposite hydrogels are
successfully printed using these multifunctional nanocrystals with a commercially available
DLP 3D printer equipped with UV-LED light sources. The printed structures are mechanically
stable, easy to handle and show a superior swelling capacity. The approach of modifying the
surfaces of nanofillers with photoinitiating groups, as presented here, has the potential to
become a reliable strategy for the functionalization of a variety of nanomaterials possessing
hydroxyl groups at the surfaces. This can further open an eco-friendly way to the rapid 3D
printing of nanocomposite hydrogels including components from renewable resources in
aqueous solutions with curing devices which have a low energy consumption.
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4.6 Methods
4.6.1

Materials

Cellulose nanocrystals obtained from wood pulp by sulfuric acid treatment were provided by
the University of Maine. They were purified by Soxhlet extraction with ethanol for 24 h before
modification as described in chapter 3. PEGMEM (Mn = 950 g/mol) was purchased from
Sigma-Aldrich (Switzerland) and used directly. Brilliant green dye was obtained from Merck
(Germany).
4.6.2

Synthesis of CNC-BAPO

In a 250 mL Schlenk flask, 3.0 g (18.5 mmol) neat cellulose nanocrystals were dispersed in
150 mL dry DMF before ultra-sonication (35 kHz) at 0 °C for 30 min. Subsequently, 12.5 g (20
mmol, 1.1 eq.) BAPO-NCO and a catalytic amount of dibutyltin dilaurate (500 µL) dissolved
in 20 mL dry DMF were added. The suspension was heated to 100 °C and stirred for 24 h under
argon in the dark. After the reaction was completed, the suspension was centrifuged and the
modified cellulose nanocrystals were subsequently washed with acetone in a Soxhlet extractor
for 24 h. The purified CNC-BAPO was suspended in H2O (0.05 g/mL) and stored in the fridge.
Elementary analysis [found %]: C, 46.79; H, 6.66; N, 2.53; S, 0.76; P, 0.94. The final weight
of dry CNC-BAPO, measured gravimetrically by drying an aliquot of the water suspension,
was 3.6 g. The value correlates well with the elementary analysis, which gives 3.7 g.
4.6.3

Estimation of the number of BAPO-NCO units bound on one CNC

The cellulose nanocrystals exhibit an average diameter of 5–10 nm and lengths of 100–150
nm as declared by the material supplier at the University of Maine.
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Under the assumption that a nanocrystal has a rod-like form,21 the volume VCNC of a single
nanocrystal is given by:

VCNC 


4

d 2l

d = average width of the nanocrystals = 8 nm;

l = average length of the nanocrystals = 125 nm.

Mass, mCNC, of a single nanocrystal:

mCNC  VCNC  
 = density of the nanocrystals = 1.5 g/cm3 (density of crystalline cellulose21).
Numbers, nCNC, of nanocrystals in 1 g CNCs:

nCNC 

1
mCNC

The weight content, mBAPO, of BAPO-NCO grafted onto 1 g of CNC-BAPO is given by:

mBAPO 

1 EP
 M BAPO
MP

E P = phosphorus content of the sample = 0.94% as determined by elemental analysis;
M P = molecular weight of phosphorus = 31 g·mol1;

M BAPO = molecular weight of the BAPO-NCO = 626.7 g·mol1.
Number, nBAPO, of BAPO-NCO molecules grafted onto 1 g of CNC-BAPO:

70

nBAPO 

mBAPO
 NA
M BAPO

N A = Avogadro constant = 6.022×1023 mol1
Mass of CNCs in 1 g of CNC-BAPO:
mCNC  BAPO  1  mBAPO

Numbers of CNCs, nCNC-BAPO, in 1g of CNC-BAPO:

nCNC  BAPO  nCNC 

mCNC  BAPO
1

The ratio between BAPO-NCO and CNCs in 1 g of CNC-BAPO:

R

nBAPO
nCNC  BAPO



mCNC
EP  N A
E  N A VCNC  

 P

 2.1 103
MP
mCNC  BAPO
MA
1  mBAPO

Surface density calculation, A, of BAPO-NCO units on one single nanocrystal:

A 

4.6.4

mBAPO
ACNC  BAPO



mBAPO
 7.0 108 g / cm 2
4
 mCNC  BAPO
 d

Preparation of formulations

A weight of 20 g for each formulation was prepared according to Table 4.1. PEGMEM was
dissolved in water first, followed by adding photoinitiators and cellulose nanocrystals.
Suspensions containing cellulose nanocrystals were homogenized using an Ultra-turrax stirrer
(IKA, T10) for 10 min in the dark. The homogenized suspension was degassed at a reduced
pressure.
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4.6.5

Photopolymerization kinetics and rheological characterizations

Rheological measurements in real time were performed using an Anton Paar rheometer
(Physica MCR 302) in parallel plate mode. For photorheology tests the light source used was a
Hamamatsu LC8 lamp with a bulb emitting visible light (15 mW/cm2) and a cutoff filter below
400 nm equipped with a 7 mm light guide. The set-up has a lower plate in quartz, the gap
between the two plates was set to 0.1 mm and the sample was kept at a constant temperature
(25 °C). Under a constant shear frequency of 60 rad/sec, light was turned on after 1 min in order
to stabilize the system. Concomitant changes in viscoelastic material moduli (G’ and G”) during
illumination were measured as a function of exposure time. The measurements were carried out
in the linear viscoelastic region (strain amplitude 0.1%).
For the frequency and amplitude sweep tests the formulation were placed on the quartz plate,
the gap was set at 0.1mm and the material was cured for 4 minutes. Frequency sweep tests were
performed over a frequency range of 0.1-100 rad/sec and with a constant strain amplitude of
1%. Amplitude sweep tests were performed over a strain range of 0.1-10000% at a constant
frequency of 10 rad/sec.
4.6.6

Preparation of thin films

Thin films (0.5 mm thick) were prepared by casting the formulations in a plastic mold and
irradiating 2 min with visible light (Hamamatsu LC8, 25 mW/cm2) under nitrogen atmosphere.
All samples were dried for 2 days in vacuum at room temperature before removing from the
mold.
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4.6.7

Dynamic mechanical analysis and tensile test

Thin films were cut into rectangle-shaped specimens with a length of 30 mm, a width of 5
mm. The measurements were performed with a Triton Technology TTDMA in tensile
configuration. All experiments were performed with a temperature ramp of 3 °C/min, applying
a force with a frequency of 1 Hz and with 10 µm of displacement. The same equipment was
used for performing tensile tests on printed samples (30 mm length, 5 mm width, 4 mm thick)
in controlled-force mode (force increase 0.5 N/min). 4 specimens were tested for each
composition to give the average Young’s modulus (E) values. The mechanical experiments
were carried out at 25 °C both on dried samples and on samples after 5h of swelling in water.
4.6.8

Calculation of Crosslinking density

The crosslinking density is calculated from the measured storage modulus (E’) values above
Tm, according to the statistical theory of rubber elasticity.22 The number of moles of crosslinking
points per unit volume, i.e. the crosslinking density for a network can be obtained from the
equation: E’ = νRT, where ν is the crosslinking density, R is the universal gas constant, and T
is the temperature.
4.6.9

3D printing of model structures

Three-dimensional hydrogels were printed by UV-curing the formulations containing CNCBAPO (III and IV). Brilliant green dye (0.05 wt% of the monomer) was used to limit the light
penetration. The predesigned digital models were 3D printed using a Freeform Pico Plus 39
DLP printer (Asiga) with XY pixel resolutions of 39 microns using a UV-LED light source
(405nm, 22 mW/cm2). The layer thickness was settled at 20 µm and the layer exposition time
varied from 3 to 6 seconds according to the design. After printing, the structures were rinsed
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with water in a sonicator for 3 min to remove residual non-cured materials. A subsequent post
curing process was performed with a medium pressure mercury lamp for 5 min (provided by
Robot Factory).
4.6.10 Nanoindentation tests
Hardness (H) and reduced elastic modulus (Er) were performed using the NanoIndenter
Ti950 (Hysitron) with a higher load head (3D OmniProbe) designed to accommodate a wide
range of applications. The tests were performed by applying and removing controlled loads to
the specimens using a geometrically well-defined probe.23 A cono-spherical probe was used.
Conical-spherical probe is a conical shaped probe with a spherical end (with a radius of 5 μm).
Three different loads (3 mN, 10mN and 20 mN) are used to test the dried samples on the XY
axis plane. The swollen samples were tested only with a load of 3 mN. Because if higher loads
are used, the depth is over of instrument limits. The dried samples are also tested in Z surface
with a load of 10 mN. To test the homogenity of hardness along the depth, the indentation on
Z axis plane were realized at the distance of 190 µm. The loads were applied with a rate of 0.25
mN/s with a permanence time at the maximum load of 5 s. The swollen samples were valued
in terms of maximum depth (hmax), because the depth is extremely high in relation to the load
and the hardness value is not reliable. It is clear that the samples with a maximum depth have
the highest resistance to penetration.
4.6.11 Swelling kinetics
The swelling kinetics of the gels in PBS was measured gravimetrically at room temperature.
The vacuum dried samples were immersed in PBS. At different time intervals, the hydrogels
were removed from the solution and the weight was determined after wiping off the liquid on
the surfaces with wet filter papers. The swelling ratio (SR) is defined as follows SR = 100 ×
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(Wt − Wd)/Wd, where the Wt is the weight of the hydrogel at a certain time and Wd in the weight
of the dried hydrogel.
4.6.12 Atomic-force microscopy (AFM)
The AFM measurements were performed on a commercial AFM system (BioScope Catalyst,
Bruker Nano, Santa Barbara, California) that is mounted onto an inverted confocal laserscanning microscope (FluoView FV500, Olympus, Center Valley, Pennsylvania). 10 µL of
diluted aqueous suspension (0.001 wt%) of each sample was deposited onto freshly cleaved
mica and left to dry at room temperature. The height images were obtained using tapping mode
AFM with ATEC NC cantilever probes (Nanosensors, Neuchatel, Switzerland). The images are
2 x 2 µm in size, with a resolution of 512 x 512 pixels, and a scan rate of 0.5 Hz was used.
4.6.13 Differential scanning calorimetry (DSC)
DSC analyses were performed using a Netzsch DSC 204 F1 Phoenix instrument, equipped
with a low temperature probe. The experiments were carried out between -50 and 100 °C with
a scan rate of 10 °C min-1.
4.6.14 Gel content determination
The insoluble fraction (gel content) of the products was determined according to the
following procedure: the samples were held in a metal net, weighted and subsequently
submitted to extraction for 24 hours at room temperature in water to dissolve the non-crosslinked polymers. Then the samples were dried for 2 days in vacuum at room temperature. The
insoluble fraction percentage was determined as weight difference before and after solvent
extraction.
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4.6.15 Determination of swelling ratio
The thin films were immersed in deionized water for 24 h at room temperature. Then, the
samples were removed from the water and blotted dry to gently remove excess water. The
swollen sample mass was recorded. Afterwards, the hydrogels were dried for 2 days in vacuum
at room temperature and then the dry mass was recorded. 3 specimens were tested for each
composition. The swelling percentage of the cross-linked samples was calculated as:

Swelling (%) 

Ws  Wd
100 ;
Wd

Wd = Weight of dry sample, Ws = Weight of swollen sample.
4.6.16 Focused Ion Beam Scanning Electron Microscopes (FIB-SEM)
The samples were mounted with conductive Silver paint on aluminium SEM-stubs and were
sputter coated with 2 nm Iridium while rotating. Perpendicular cross section milling was
performed in a FEI Helios 600i FIB-SEM with a Gallium ion beam at 30 kV and 2.5 nA.
Polishing was done at 30 kV and 790 pA. The polished cross section was imaged with an
electron beam at 2 kV and 0.17 nA by detecting backscatter and secondary electrons (throughthe-lens detector in different detection modes: TLD BSE, TLD SE).
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5 A highly efficient waterborne photoinitiator for visible-lightinduced 3D printing of hydrogels
5.1 Introduction
Hydrogels are three-dimensional (3D) networks formed by hydrophilic polymer chains.1,2
They possess tunable physical and chemical properties and have been widely used in
biomedicine, soft electronics, sensors and actuators.3,4 With the expansion from initial
prototyping to the fabrication of commercial products, 3D printing finds widespread use for the
construction of complex and functional volumetric objects, which helps promoting essential
innovations in many areas.5-10 One especially promising application is fabricating hydrogelbased scaffolds through photopolymerization with predesigned structures and functionality for
tissue engineering.11-13
Photoinitiators (PIs) play a critical role in determining the photopolymerization efficiency
and the properties of the printed objects.14,15 Currently, the commercially available Irgacure
2959 (Scheme 5.1) is the most frequently used PI in aqueous photocuring systems. However,
limited water-solubility (0.5 wt%) and low efficiency under ultraviolet-visible light irradiation
are serious drawbacks. Several approaches were developed to convert water-insoluble PIs into
water compatible derivatives, but tedious synthetic procedures are often involved.16-19 Waterdispersible nanoparticles as PIs were recently reported for use in waterborne formulations.20,21
A variety of Norrish type II PIs show good solubility and biocompatibility, but exhibit lower
reactivity than type I systems.22
In this chapter, a new poly(ethylene glycol) substituted BAPO derivative (PEG-BAPO) was
developed as a visible light photoinitiator for 3D printing of hydrogels. It can easily be dispersed
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in water forming micelles, showing good storage stability and high photo-reactivity. A gyroid
hydrogel structure was successfully printed on a commercially available digital light processing
(DLP) 3D printer.

5.2 Synthesis and characterization of PEG-BAPO
PEG-BAPO (12) was synthesized following a straightforward one-pot procedure as shown
in Scheme 5.1. The atom economic and efficient phospha-Michael addition of
bis(mesitoyl)phosphane (1) onto a commercially available poly(ethylene glycol) methyl ether
methacrylate (PEGMEM, Mn = 950 Da), followed by oxidation with aqueous H2O2 resulted in
PEG-BAPO (12) as a yellow solid in good yield (72.1%).

Scheme 5.1 One-pot synthesis of PEG-BAPO and three other PIs studied in this chapter.

PEG-BAPO shows excellent dispersibility in water evidenced by the fact that 3 g can be
easily dispersed in 7 mL of water at ambient temperature, resulting in a 30 wt% stable
transparent solution. Since the BAPO group is hydrophobic while the polyether is hydrophilic,
PEG-BAPO is supposed to form micelles in aqueous solution. This amphiphilic property was
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verified by a comparison of 1H NMR spectra of the compound in CDCl3 and in D2O with the
same concentration (20 g/L). The weaker peak intensity of the methyl groups and up-field shifts
in D2O can be attributed to the formation of micelles (Figure 5.1).23,24

Figure 5.1 Comparison of 1H NMR spectra of PEG-BAPO in D2O and CDCl3 with the same concentration (20
mg/mL). The ratio of BAPO group and polyether group is 1:28 in CDCl3 and 1:33 in D2O. The peak positions of
methyl groups (a-c) of PEG-BAPO in D2O are moved to up-field in comparison to the spectrum in CDCl3.

The critical micellar concentration (CMC) of PEG-BAPO was determined by surface tension
measurements via Wilhelm plate method25 in aqueous solutions at various concentrations. The
CMC value is determined to be 1.07 mM at 25 °C (Figure 5.2), which is in good agreement
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with the one determined from the analysis of 1H NMR chemical shifts observed upon increasing
the concentration of PEG-BAPO in D2O (Figure 5.3). Dynamic light scattering (DLS) analysis
suggests that micelle sizes of PEG-BAPO are around 10 nm when the concentrations are higher
than CMC (Table 5.1). These micelles are hence much smaller than that of the water-dispersible
nanoparticles of 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (≥ 180 nm).20
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Figure 5.2 Determination of critical micelle concentration (CMC) of PEG-BAPO with a tensiometer in H2O at 25
°C. The point of intersection of two lines indicates the CMC value (1.07 mM = 1.38 g/L).
Table 5.1 DLS measurement of PEG-BAPO in H2O at different concentrations.

Conc. [g/L]

Zave [nm]

PDI

5

12.1

0.28

10

8.4

0.24

15

7.1

0.12

20

7.1

0.11

Zave = Z-average particle size; PDI = polydispersity index
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Figure 5.3 Selected regions of 1H NMR spectra of PEG-BAPO at various concentrations in D2O at 25 °C. An
obvious up-field shift of methyl groups (a-c) is observed when the concentration of PEG-BAPO in aqueous
solutions increased from 1 g/L to 2 g/L, this suggests that the CMC is between these two concentrations.

The UV-Vis absorption spectrum of PEG-BAPO was measured and compared with those of
other three PIs using a 1 mM aqueous solution (Figure 5.4). Irgacure 2959 only absorbs light
in the UV-region. The two BAPO salts (BAPO-OLi22 and BAPO-ONa26, Scheme 5.1) have
strong absorption bands above 385 nm in water, which is the typical long-wave absorption for
the n→π* excitation of the C=O group in a BAPO structure. PEG-BAPO exhibits higher molar
extinction coefficients in the visible region from 390 to 430 nm as compared to the two BAPO
salts. This makes it more efficient for photopolymerization of aqueous formulations under
visible light irradiation.
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Figure 5.4 UV-Vis absorption spectra of the studied PIs in H2O recorded at the same concentration (1 mM).

Photo-curable formulations, containing PIs, monomers, oligomers, and additives, often show
acidic or basic properties because of impurities from the production process, or functional
groups of the monomers and additives.22 Acylphosphane oxides are prone to nucleophilic attack
and may undergo hydrolysis in an acidic and especially in a basic aqueous medium which
severely limits the storage times of formulations containing these compounds.27 The storage
stability of PEG-BAPO was tested under neutral, acidic (pH = 2) and basic (pH = 11) conditions
in the dark at room temperature during 20 days. PEG-BAPO shows good storage stability under
all conditions (Figure 5.5). The remaining concentration is 92% in a basic environment, while
higher values (> 96%) are achieved under neutral and acid conditions. The values are in the
same range as state of the art acylphosphane oxide PIs,22 this makes PEG-BAPO possible for
industrial applications.

84

3.0
0 day
20 days

Absorbance

2.5
2.0
1.5
1.0
0.5
0.0

240

280

320

360

400

440

Wavelength (nm)

Figure 5.5a Storage stability test of PEG-BAPO in a neutral solution (MeCN/H2O = 50/50 v/v). The remaining
concentration is 97% after storing for 20 days in the dark at room temperature.
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Figure 5.5b Storage stability test of PEG-BAPO in an acidic solution (MeCN/H2O = 50/50 v/v with a few drops
of HCl, pH = 2). The remaining concentration is 96% after storing for 20 days in the dark at room temperature.
85

3.0
0 day
20 days

Absorbance

2.5
2.0
1.5
1.0
0.5
0.0

240

280

320

360

400

440

Wavelength (nm)

Figure 5.5c Storage stability test of PEG-BAPO in alkaline solutions (MeCN/H2O = 50/50 v/v with a few drops
of NaOH, pH = 11). The remaining concentration is 92% after storing for 20 days in the dark at room temperature.

5.3 Photoreactivity of PEG-BAPO
Photo-DSC measurements were performed to determine the efficiency of the four PIs (Figure
5.6). Aqueous formulations containing 50 wt% of poly(ethylene glycol) diacrylate (PEGDA,
Mn = 700 Da) and 5 mM of PIs (BAPO-OLi, BAPO-ONa, PEG-BAPO, and Irgacure 2959)
were irradiated with a LED-lamp (460 nm, 8 mW/cm2). This wavelength is well suited for
biomedical or dental applications and avoids higher energy radiation which is harmful to
biological materials. Irgacure 2959 is inactive at this wavelength due to the lack of absorption
in the visible range. PEG-BAPO stands out and gives the shortest tmax (the time until the
maximum heat of polymerization is reached) and t95% (the time until 95% of the total
polymerization enthalpy is reached) values of all the investigated photoinitiators (Table 5.2).
Moderate values of double bond conversion (DBC) were achieved for all three BAPOs. This
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might due to the low extinction coefficient of these BAPOs at 460 nm and the low intensity of
the LED-lamp.
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Figure 5.6 Photo-DSC curves of the four formulations.

Table 5.2 Photo-DSC data of PEGDA formulations.
PI
Irgacure 2959

tmax [s]
-

t95% [s]

DBC [%]

-

-

BAPO-ONa

23

76

52

BAPO-OLi

19

70

56

PEG-BAPO

14

53

55

Short tmax [s] and t95% [s] and high DBC values indicate high efficiency of the PI in a given formulation.

The three formulations with BAPO-OLi, BAPO-ONa, or PEG-BAPO were then studied by
photo-rheology measurements28 under the same irradiation conditions. Figure 5.7a compares
the evolution of the shear moduli of the formulations during photopolymerization. PEG-BAPO
shows higher reactivity than the other two PIs in agreement with the photo-DSC data. The delay
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time (td) of PEG-BAPO is significantly shorter (Figure 5.7b), and the slope (ΔG’/Δt), which is
a measure for the polymerization rate, is about three times as high as for the two BAPO salts
(Figure 5.7c). The final storage modulus reached with PEG-BAPO (561 kPa) is higher than that
obtained with the other two PIs (they both reached 516 kPa).
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Figure 5.7 Photo-rheology measurements of the three formulations. (a) Photo-rheometer curves. The light was
automatically turned on after 120 seconds. (b) Delay time (td) of the three different PIs. (c) Slope ΔG’/Δt of the
three different PIs.
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5.4 3D printing of hydrogel model using PEG-BAPO
Finally, the efficiency of PEG-BAPO as PI was evaluated for 3D printing of hydrogels. An
aqueous formulation (Figure 5.8) containing the same amount of PEDGA and PEG-BAPO as
before was tested on a DLP 3D printer (Lithoz CeraFab 7500, 460 nm, 64.2 mW/cm2, Figure
5.9). 0.02 wt% of tartrazine was added as a visible light absorber to limit light penetration (see
results of penetration tests, Table 5.3; printing parameters are listed in Table 5.4). Water soluble
Na and Li salts of bis- and mono-acylphosphane oxides22 were also investigated but found to
be inefficient initiators under these conditions.

Figure 5.8 The aqueous formulation for 3D printing of hydrogels.

Figure 5.9 Schematic setup of CeraFab 7500 printer: 1 – building platform; 2 – rotating container; 3 – optical
system; 4 – LEDs.
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Table 5.3 Penetration tests of aqueous formulations.
Tartrazine conc.

Exposure time

Penetration depth

[wt%]

[s]

[µm]

0

5

0

0

10

230

0

15

250

0.01

10

150

0.01

15

260

0.01

20

278

0.02

5

0

0.02

10

56

Table 5.4 Printing parameters for the gyroid hydrogel structure.
Parameter [units]

Value

Layer thickness [µm]

25

Light intensity [mW/cm²]

64.2

Exposure time [s]

10

Waiting time [s]

4

Tilt up speed [steps/s]

20

Tilt down speed [steps/s]

20

Time per layer [s]

36

A well-defined gyroid structure could be successfully printed with PEG-BAPO and
the stiffness of the structure was sufficient for further processing without breaking the
structure (Figure 5.10a). Light microscopy images show good lateral precision (Figure
5.10b). A deviation in the z-direction (Figure 5.10c) can be attributed to the generally
high penetration depth of the light in the aqueous formulation, which cannot be fully
compensated by the limited amount of tartrazine (Table 5.3).
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Figure 5.10 Photograph of a 3D printed hydrogel with gyroid structure (a). Light microscopy image of
the hydrogel, the depicted view of the x,y-plane (b) and the z,y-plane (c).

5.5 Conclusion
An efficient one-pot procedure for the preparation of the highly efficient waterborne
photoinitiator (PEG-BAPO) has been developed. PEG-BAPO shows good storage stability and
higher reactivity than the state of the art visible light PIs. The unrivalled efficiency of PEGBAPO is demonstrated by the 3D printing of an aqueous formulation to give a gyroid hydrogel
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structure with LED light at 460 nm which now allows the simple and fast fabrication of other
hydrogels in the future.

5.6 Methods
5.6.1

Critical micelle concentration (CMC) determination

The critical micellar concentration (CMC) of PEG-BAPO was determined by surface tension
measurements via Wilhelm plate method4 in aqueous solutions at various concentrations, using
a tensiometer DCAT 21 (Dataphysics, Germany) with a PT11 Wilhelmy plate (L: 10mm, W:
19.9mm, T: 0.2mm) at 25.0 ± 0.2 °C.
5.6.2

Dynamic light scattering (DLS) measurement

The sizes of micelles under different concentrations were characterized by DLS. The particle
dispersions were measured at 25 °C in disposable plastic sizing cuvettes. All measurements
were performed at an angle of 173° in backscattering mode and each sample was measured 3
times.
5.6.3

Storage Stability

The storage stability test was performed in three different solvents. MeCN/H2O = 50/50 v/v
for stability in neutral solutions, MeCN/H2O = 50/50 v/v with a few drops of HCl (pH = 2) for
stability in acidic solutions and MeCN/H2O = 50/50 v/v with a few drops of NaOH (pH = 11)
for stability in alkaline solutions. PEG-BAPO was dissolved in each solvent in a concentration
of 1×10-3 mol/L and at t = 0 day UV-Vis spectra were measured. Afterward, the solutions were
stored in the dark for 20 days at room temperature. At t = 20 days UV-Vis spectra were
measured again. The concentration was diluted to 2×10-4 mol/L for all UV-Vis measurements
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to ensure that the absorbance stays in the detection range of the UV-Vis spectrometer. The
percentage of decline in absorbance at the maximum π→π* transition of the C=O group (λmax
= 294 nm) is directly proportional to the percentage in concentration decline, therefore directly
providing the remaining concentration of PEG-BAPO.
5.6.4

Photo-Differential Scanning Calorimetry (DSC)

Photo-DSC measurements were performed on a Netzsch DSC 204 F 1 at 25 °C under
nitrogen atmosphere (20 mL/min) using a LED-lamp (Omnicure LX, 460 nm) at 8 mW/cm2.
Photoinitiators (PEG-BAPO, BAPO-ONa, BAPO-OLi and Irgacure 2959) were used in a
concentration of 5 mM in an aqueous solution containing 50wt% of PEGDA. 10 ± 0.5 mg of
the samples were weighed into the aluminum crucibles that were closed by a glass lid. At the
beginning of the measurements, an isothermal period of 240 s was scheduled before the
irradiation was activated for 300 s. Subsequently, another isothermal period of 60 s was
observed before the second irradiation period of another 300 s was started. The DSC curve from
the second irradiation period was subtracted from the first in order to provide a DSC curve,
which excludes all thermal effects due to light dissipation. From the resulting DSC curves, tmax,
the time to reach the maximum of heat flux, t95%, the time to reach 95% of double bond
conversion (DBC, Equation 1), and the DBC itself were extracted from the data obtained.

𝐷𝐵𝐶 =

∆𝐻𝑃 ×𝑀𝑤
∆𝐻0,𝑃

ΔHP

Heat of polymerization [J/g] (area of the peak)

MW

Molecular weight of the monomer [g/mol]

(1)

ΔH0,P Theoretical heat of polymerization of the monomer [J/mol] (for PEGDA 700, 155
kJ/mol was used)
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5.6.5

Photorheological characterization

Rheometric measurements29 were performed using an Anton Paar Modular Compact
Rheometer MCR 302 WESP with a plate-to-plate measuring system consisting of a 25 mm steel
stamp, a glass plate and a gap size of 50 μm in oscillation mode with 1 Hz and amplitude of
0.1 % strain at 25 °C. Samples were irradiated with a LED-lamp (Omnicure LX, 460 nm)
bottom-up through the glass plate with light intensity (8 mW/cm2) as measured at the top of the
glass plate with an Oceanoptics USB200+ radiometer. Storage modulus G’ was measured every
second; the light was automatically turned on after 120 seconds and the measurement was
continued for different, predefined periods. All measurements were done at least in triplicate.
The maximum storage modulus (G’max) is a measure of the mechanical integrity and the
crosslink density, respectively. The slope ΔG’/Δt of this linear fit was taken as a measure for
the reactivity of the hydrogel formulation while the delay (or induction) time td (at the
intersection of the linear fit with the abscissa) was defined as an indicator for the affinity of the
formulation to gel. The gel point tg, the intersection of the curves G’ and G’’, was found to be
equivalent to td, as no substantial increase of G’ is observable before tg is attained.
5.6.6

Penetration tests

A microscope slide was coated with a thin layer of formulation and subsequently exposed to
a circular light spot with a diameter of 10 mm. This light exposure (460 nm) was performed for
different durations at a light intensity of 64.2 mW/cm². The light exposure initiated local
photopolymerization in the exposed area and selectively cured the aqueous formulation. The
non-solidified formulation was afterwards removed and the thickness of the cured hydrogel was
measured using a micrometer screw. The thickness of the solidified hydrogel is equal to the
light-penetration depth for the corresponding energy dose, which equals to the product of
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irradiance value and light exposure time. Due to the low stiffness of the hydrogel, the obtained
values are of course subject to a substantial measurement uncertainty; nonetheless, it is possible
to deduce trends and determine basic parameters for the actual printing process.
5.6.7

3D-printing

3D structuring was done using a Lithoz CeraFab 7500 printer. The assembly of the CeraFab
7500-system comprises a rotating vat filled with the feed material. The light source illuminates
the bottom side of the vat via a digital micro-mirror device. The building platform is above the
vat and moves upwards the z-axis during the fabrication process.
The building envelope of the CeraFab-system is 76 x 43 x 150 mm. The resolution in the
x/y-plane is 40 x 40 µm and for the structuring of the photocurable aqueous formulation, the
layer thickness was set to 25 µm. The 3D-printing process relies on the concept of
photopolymerization. A thin layer of resin is automatically coated onto the vat, the building
platform approaches the vat, only leaving a small gap of a couple of 25 µm which remains filled
with resin, this gap corresponds to the thickness of an individual layer in the printed object.
Approximately 15 mL of the freshly prepared aqueous formulation comprising PEGDA (50
wt%), PEG-BAPO (5 mM, 0.7 wt%) and tartrazine (0.02 wt%) were poured into the vat before
starting the printing process. The photosensitive compounds in the formulation are then cured
by selective exposure with light of 460 nm wavelength - where the light hits the formulation
the diacrylate compound photopolymerizes into a 3-dimensional network. After completing the
layer, including a waiting time of 4 s, the building platform is elevated and the whole sequence
is repeated all over again. The waiting time corresponds to the period before each curing
sequence and the tilting parameters (tilt up and tilt down speed of 20 steps per second)
correspond to the speed for approaching the part towards the vat before curing or separating the
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part from the vat after curing, respectively. The total time per layer corresponds to a printing
speed of approximately 2.4 mm/h in the z-direction. After the layer-by-layer structuring, the
cured structures are removed from the building platform using a razorblade. Subsequently, they
were carefully cleaned from the excess formulation by immersing the part in water.
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6 Bis(acyl)phosphane oxide-based polymeric photoinitiators
6.1 Introduction
Polymeric photoinitiators are macromolecules containing covalently bonded photoactive
groups, which can initiate polymerization of monomers or oligomers under light irradiation.1
Compared to their corresponding low molecular weight analogues, polymeric photoinitiators
possess various advantages, such as reduced migration, low volatility and improved
compatibility in the formulations.2-7 Two strategies can be utilized in the preparation of
polymeric photoinitiators. One is introducing a photoactive group as a pendant or in the terminal
position into a polymer chain, the other is polymerization of monomers with photoactive
groups.8-11 In this chapter, polymeric photoinitiators with bis(acyl)phosphane oxide groups
were synthesized according to these two strategies.

6.2 Polylactic acid with terminal BAPO group
Polylactic acid (PLA), currently the most synthetic biobased polymer on the market,12 is a
biodegradable and renewable thermoplastic polyester.13-14 It can be produced through the
polycondensation of lactic acid or the ring-opening polymerization of lactide. The later route
can produce PLA in a controlled manner, resulting in monodisperse PLA with a higher
molecular weight.15 PLA is widely used in packaging, biomedical applications (such as bone
fixations, tissue engineering, and drug delivery), inkjet printing and 3D prinitng.16-17
A photoactive PLA with a terminal BAPO unit (PLA-BAPO, 14) was achieved by using
BAPO-HEA (10) as an initiator for the ring-opening polymerization of D, L-lactide catalyzed
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by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in DCM (Scheme 6.1). PLA-BAPO exhibits a
narrow molecular weight distribution with PDI = 1.26 and Mn = 17.1 kg/mol (Figure 6.1).

Scheme 6.1 Synthesis of PLA-BAPO (14).

Figure 6.1 GPC analysis of PLA-BAPO.
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Figure 6.2 31P NMR spectra of a THF solution of PLA-BAPO. Before (upper) and after (lower) irradiation with a
Hg vapor lamp for 10 min.

Upon irradiation (Hg vapor lamp, 10 min radiation time), PLA-BAPO shows rapid
photobleaching to allow its application in block copolymer synthesis (Figure 6.2).

6.3 Polyurethane with side-chain BAPO (PU-BAPO)
Polyurethanes (PUs) are one of the key polymeric materials with various applications ranging
from high-performance structural applications to foam padding.18-19 Linear PUs are commonly
formed by reacting diols with diisocyanates in the presence of a catalyst. Here, a BAPO
derivative with a diol functional group was synthesized for the preparation of photoactive PUs.
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6.3.1

Synthesis of 2,3-dihydroxypropyl 3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)
propanoate (BAPO-Diol, 15)

Scheme 6.2 Synthesis of BAPO-Diol.

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl acrylate (DMA) was prepared from methacryloyl
chloride and solketal, according to the literature.20 The Michael addition of 1 onto DMA,
followed by the oxidation of the phosphane, provided BAPO-Solketal as a yellow oil in high
yield. A Lewis acid Zn(NO3)2·4H2O21 was applied for hydrolysis of BAPO-Solketal, resulting
in BAPO-Diol (15) as a diol for PUs synthesis (Scheme 6.2).
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6.3.2

Preparation of PUs-BAPO

Scheme 6.3 Synthesis of PU-BAPO1.

Figure 6.3 31P NMR spectra of a THF solution of PU-BAPO1. Before (upper) and after (lower) irradiation with a
Hg vapor lamp for 10 min.

PU-BAPO1 (16) was prepared by polycondensation of BAPO-Diol (15) with 1,4-butanediol
(3 eq.) and isophorone diisocyanate (IPDI, 4 eq.) catalyzed by 1,4-diazabicyclo[2.2.2]octane
(DABCO) in THF (Scheme 6.3). A GPC analysis gives the number average molecular weight
(Mn) of PU-BAPO1 for 3.0 kg/mol and PDI = 1.93. A THF solution of PU-BAPO1 shows rapid
photobleaching upon irradiation (Hg vapor lamp, 10 min radiation time, Figure 6.3).
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PU-BAPO1 was used to initiate the polymerization of methyl methacrylate under UV light
irradiation, resulting in a graft polymer with higher molar mass (Mn = 16.5 kg/mol, PDI = 2.14,
Figure 6.4).

Figure 6.4 GPC analysis of PU-BAPO1 (left) and PMMA graft polymer (right).

PU-BAPO2 (17) was synthesized by polycondensation shown in scheme 6.4. Hexamethylene
diisocyanate (HDI, 5 eq.) was used as a diisocyanate and polyethylene glycol 600 (PEG 600, 4
eq.) was used as a second diol to react with BAPO-Diol in the presence of dibutyltin dilaurate
(DBTDL) as promotor. PU-BAPO2 was precipitated in a large amount of n-hexane/diethyl ether
mixed solvent (5 : 3) and isolated as a yellow powder (Figure 6.5 A). A GPC analysis gives the
number average molecular weight (Mn) of PU-BAPO2 for 12.6 kg/mol and PDI = 1.50. A thin
film of PU-BAPO2 can be obtained by solvent casting (Figure 6.5 B), due to sufficiently long
polymer chains.

Scheme 6.4 Synthesis of PU-BAPO2.
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Figure 6.5 PU-BAPO powder (A). A thin film of PU-BAPO2 by solvent casting of a 1 wt% THF solution (B).

6.4 Conclusion
Photoactive polymers with bis(acyl)phosphane oxide units were prepared via two strategies.
One uses BAPO-HEA (10) as an initiator for the ring-opening polymerization of D, L-lactide,
while the other utilizes the polycondensation of BAPO-Diol (15) with other diols and
diisocyanates to make polyurethanes. Preliminary results show the possibility of using these
polymeric photoinitiators for free-radical polymerization of unsaturated monomers.
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7 Summary and Outlook
This work describes the use of BAP-H (1) as a building block for the synthesis of
functionalized BAPO photoinitiators. This is achieved by the atom-economic and convenient
phospha-Michael addition of 1 to a variety of olefinic acceptors, resulting in phosphorousfunctionalized BAPs, which can be easily oxidized to afford the corresponding BAPO
derivatives. Various applications of the obtained BAPOs have been investigated in detail.
In Chapter 2, the synthetic route to the starting compound 1 has been improved on a kilogram
scale. The salts generated during the synthesis were removed by washing with deionized water
instead of filtration over Celite®. Excellent yield (90%) was obtained, which is higher than the
previous protocol (81 %). In this route, shelf-stable red phosphorus was used instead of the
toxic and flammable white phosphorus, but sodium was applied as the strongly reducing agent
to activate red phosphorus. Facile methods for activating red phosphorus under mild conditions,
and new atom-efficient synthetic strategy which avoids the generation of salts could be
developed in future.
The phospha-Michael addition of methyl methacrylate with 1, which was unsuccessful
before, was achieved under two different reaction conditions. This extends the choice of active
olefinics. Optimized procedures, including the choice of solvents and catalysts could be further
studied.
A tri(methoxy)silyl-substituted BAPO derivative (3) was successfully fixed to non-porous
glass surfaces for polymer grafting or covalently attached onto porous silica particles to obtain
photoactive inorganic fillers. Other surfaces of diverse solids, such as silicon, ceramics,
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titanium and aluminium could be further tested to form covalent bonds between solid surfaces
and polymers. This favors interfacial interactions which eventually lead to superior properties.
A multifunctional BAPO photoinitiator comprising three photoactive groups (6) was
obtained for the synthesis of star polymers via free radical photopolymerization. 6 can be
selectively excited at different irradiation wavelengths, resulting in a star polymer consisting of
three different polymer blocks, pMMA-pBMA-pBzMA. This provides access to materials with
tailor-made properties under robust and environmentally favorable conditions. However,
homopolymers generated by the cleaved acyl radicals require further purifications. New BAPOs
with additional interactions between acyl groups and the phosphorous center could be
developed for future applications.
BAPO functionalized ε-caprolactones (8 and 9) were synthesized by phospha-Michael
addition of 1 onto cyclohex-2-en-1-one and subsequent Baeyer−Villiger oxidation. 4-BAPOsubstituted lactone (8) and 6-BAPO-substituted lactone (9) were obtained with a ratio 8 : 9 =
1 : 0.29. Future work may concentrate on the ring-opening polymerization of these two
compounds and applications of the generated photoactive polycaprolactones.
In Chapter 3, cellulose nanocrystals were functionalized with methacryloyl groups to which
bis(acyl)phosphane was added by a phospha-Michael addition. Subsequent oxidation with H2O2
generated photoactive groups, which serve as initiators for free radical polymerization of acrylic
monomers. Under mild and acid-free conditions, hybrid materials with excellent graft yields
can be rapidly obtained, showing long-term dispersion stability in THF. Furthermore, the
obtained PMMA grafted cellulose nanocrystals show an improved mechanical performance
when dispersed in a PMMA matrix. In future work, other nanocellulose including cellulose
nanofibers, bacterial nanocellulose and eventually wood surfaces could be functionalized using
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the same modification strategy. This could render the wood surface more water repellent and
insensitive to light.
In Chapter 4, a new BAPO with an isocyanate end group (11) was directly used to bind
covalently to CNCs without any further modification of their surfaces. Subsequently, a monofunctional monomer was successfully grafted from the obtained photoactive nanomaterial
without introducing any additional crosslinking between individual polymer chains, resulting
in a stable network structure, which is otherwise impossible to achieve with conventional
photoinitiators. Using this water dispersible nanomaterial, 3D structured objects were
fabricated under mild conditions with a DLP 3D printer, which is equipped with energyefficient UV-LEDs (405 nm). The obtained nanocomposite hydrogels show enhanced
mechanical properties, outstanding swellability and good shape stability. A variety of
nanomaterials possessing surface hydroxyl groups could be functionalized with this method,
which may provide tougher hydrogels, elastomers or thermosets with superior functionalities
in future.
In Chapter 5, a highly efficient water-soluble photoinitiator was synthesized for visible-lightinduced 3D printing of hydrogels. The photoinitiator shows good storage stability in the same
range as state of the art PIs but exceed them by far in solubility and reactivity. The biomedical
applications need further studies.
In Chapter 6, BAPO-HEA (10) was applied as an initiator for the ring-opening
polymerization of D, L-lactide, generating a photoactive polylactic acid with terminal BAPO
group. Besides, the polycondensation of BAPO-Diol (15) with other diols and diisocyanates
results in photoactive polyurethanes with side-chain BAPOs. Preliminary tests indicate that
these photoactive polymers can be used as polymeric photoinitiators for free-radical
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polymerization of unsaturated monomers. Same strategies might result in new polymeric
photoinitiators with reduced migration, low volatility and improved compatibility in the
formulations. However, the proper synthesis and applications of these polymeric photoinitiators
require further investigations.
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8 Experimental procedures
8.1 General techniques and chemicals
General techniques
All air- and moisture-sensitive manipulations were carried out using standard vacuum line
Schlenk techniques or in a M Braun dry-box containing an atmosphere of purified argon.
DME, DMF, THF, n-hexane, diethyl ether and toluene were degassed and purified using an
Innovative Technologies PureSolv system.
Chemicals
Standard chemicals were purchased from ABCR, Acros, Alfa Aesar, Fluka, Merck, SigmaAldrich and Strem or provided by BASF Switzerland.

8.2 Analytic methods
Solution NMR spectroscopy
NMR spectra were recorded on Bruker Avance 200, 250, 300, 400 and 500 spectrometers
operating at room temperature if not specified otherwise. Chemical shifts δ were measured
according to IUPAC and are given in parts per million (ppm) relative to TMS (1H, 13C, 29Si)
and H3PO4 (31P). The multiplicity of the signals is indicated as s (singlet), d (doublet), t (triplet),
q (quartet) or m (multiplet). The abbreviation br describes broad signals. Absolute values of
coupling constants J are given in Hertz (Hz).
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Solid-state 13C and 31P CP-MAS NMR spectroscopy
Solid-state 13C and 31P CP-MAS NMR spectra were recorded at RT on a Bruker Avance 400
NMR spectrometer (Bruker BioSpin AG, Fällanden, Switzerland) using a 4 mm CP-MAS probe.
Approximately 30 - 40 mg of dried material was packed in a 4 mm zirconia rotor. The 13C and
31

P CP-MAS NMR spectra were recorded at 100.6 and 162.0 MHz, respectively, using the

following parameters: 3.5 μs 90° excitation pulse on 1H channel, 3 ms contact time with a ramp
from 100 to 50% of power level on the proton channel, 10,000 (13C) and 13,000 Hz (31P) MAS
rates, 4 s relaxation delays, 71 kHz SPINAL 64 proton decoupling was applied during
acquisition, and appropriate numbers of scans were recorded to yield reasonable signal-to-noise
ratios.
Infrared spectroscopy (FTIR-ATR)
FT-IR spectra of the dried samples were recorded using a Tensor 27 FT-IR spectrometer
(Bruker, Switzerland). For each sample, the diamond crystal of an Attenuated Total Reflectance
(ATR) accessory was brought into contact with the area to be analyzed. The contact area was a
circle of about 1.5 mm in diameter. All spectra were recorded between 4000 and 600 cm-1 with
a resolution of 4 cm-1 and 32 scans per sample.
UV/vis spectroscopy
UV/vis spectra were recorded on an UV/vis/NIR lambda-19-spectrometer (range 200-600
nm) in 10 mm Quartz cells.
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Mass spectrometry (MS)
Mass spectrometry measurements were carried out by the MS Service (Laboratory of Organic
Chemistry) at ETH Zürich.
Elemental analysis (EA)
Analyses were carried out by the Micro-Laboratory (Laboratory of Organic Chemistry) at
ETH Zürich.
Melting point determination
The melting points were determined with a Büchi M-560 device.
Gel permeation chromatography (GPC)
Measurements were performed on a Viscotek GPC unit. Detection: Triple Detector Array
TDA 302 (refractive index, small and wide angle light diffraction and viscosity) and UV
detector Viscotek 2500 (λ = 254 nm). The solution of a polymer sample is passed through two
columns (Polymer Laboratories, PLgel 5 µm Mixed-C and PLgel 5 µm Mixed-D) to achieve a
separation of polymers by size. The temperature was maintained at 35 °C during the
measurement. The sample concentration was 1 mg/mL in DMF, the injection volume 100 µL
and the flow-rate 1 mL/min. Data analysis: universal calibration with 13 monodisperse PS
standards.
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8.3 Synthetic protocols
Bis(2,4,6-trimethylbenzoyl)hydrogenphosphane (1, BAP-H)

A suspension of red elemental phosphorus (127.71 g, 4.0 mol, 1 eq.,
97%), naphthalene (51.78 g, 0.4 mol, 99.8%), and freshly cut sodium
metal pieces (276.31 g, 12 mol, 3 eq., 99.8%) in DME (3 L) was prepared
in a 6 L flask. The mixture was stirred at 0°C first by cooling in an ice
bath, then stirred further for 2d at r.t. to yield a black suspension. After
adding tert-butanol (377.2 mL, 4.0 mol, 1 eq, ρ=0.79, 99.5%) diluted in
200 mL DME dropwise at 0°C, the mixture was allowed to warm to r.t.
and stirred for 7 h. Mesitoyl chloride (1491 g, 8.0 mol, 2 eq., 98%) was
then added dropwise at 0°C. The mixture was allowed to warm to r.t. and
stirred for 12h. Glacial acetic acid (240.93 g, 4.0 mol, 1 eq., 99.7%) was added to the yellow
suspension dropwise at 0°C, then was allowed to warm to r.t. and stirred for 4 h, before moving
the solvent under reduced pressure. The residual yellow solid was suspended in 12 L toluene,
and washed with 5 L of deionized water. The residual yellow solution was dried over Na2SO4.
After a filtration over celite, the solvent was removed under reduced pressure. The residual
yellow solid was dried under high vacuum for 2 d to yield 1173.91 g (3.6 mol, 90%, M = 326.38
g/mol) of BAP-H.
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Methyl 3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)-2-methyl-propanoate (2, BAPOMMA)
1. Synthesis of Methyl 3-(bis(2,4,6-trimethylbenzoyl)phosphaneyl)-2-methylpropanoate
(BAP-MMA)

Route 1: A solution of BAP-H (3.264 g, 10 mmol) and tetramethylguanidine (0.12 mL, 1 mmol,
0.1 eq.) in DME (25 mL) was prepared in a 100 mL Schlenk flask. Methyl methacrylate (1.1
mL, 10.4 mmol, 1.04 eq.) was added. After stirring for 16 h at 50 °C, the solution was reduced
in vacuo to 10 mL and layered with hexane (5 mL). The obtained pale yellow solid was
collected by filtration and dried under high vacuum for 12 h to yield 3.92 g of BAP-MMA (9.2
mmol, 92%).
Route 2: A suspension of BAP-H (3.264 g, 10 mmol, 1 eq.) and triethylamine (0.14 mL, 1 mmol,
0.1 eq) in ethanol (25 mL) was prepared in a 100 mL Schlenk flask. Methyl methacrylate (1.1
mL, 10.4 mmol, 1.04 eq.) was added. After stirring for 20 h at 50 °C, the solvent was removed
in vacuo. Subsequently, the yellow oil was dissolved in 20 mL Et2O and layered with hexane
(5 mL). The obtained pale yellow solid was collected by filtration and dried under high vacuum
for 12 h to yield 3.79 g of BAP-MMA (8.9 mmol, 89%).
1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.23 (d, 3 H, CHCH3, 3JHH = 6.9 Hz), 2.19

(s, 12 H, o-CH3 Mes), 2.26 (s, 6 H, p-CH3 Mes), 2.38 (m, 2 H, CH2P), 2.64 (m, 1 H, CHCO),
3.66 (s, 3 H, OCH3), 6.74 (s, 4 H, Har Mes);
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 18.5 (d, CHCH3,), 20.2 (d, 4JPC = 5.3

Hz, o-CH3 Mes), 21.3 (s, p- CH3 Mes), 24.7 (d, 1JPC = 9.8 Hz, CH2P), 37.7 (d, 2JPC = 18.9 Hz,
CHCO), 52.0 (s, OCH3), 129.1 (s, C3,5 Mes), 133.7 (s, C2,6 Mes), 138.8 (d, 2JPC = 27.9 Hz, C1
Mes), 139.6 (s, C4 Mes), 176.0 (d, 3JPC = 6.0 Hz), 217.3 (d, 1JPC = 47.6 Hz, COMes);
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 48.9 ppm.
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2. Oxidation of BAP-MMA

A solution of BAP-MMA (1.279 g, 3 mmol) in toluene (8 mL) was prepared in a 25 mL Schlenk
flask. tert-Butyl hydroperoxide (0.6 mL, 3.3 mmol, 1.1 eq., 5.5 M in decane) was added
dropwise at 0 °C. After stirring vigorously at r.t. for 7 h, the solvent was removed under reduced
pressure. After recrystallization from diethyl ether/pentane (10 mL/5 mL, -20 °C), a yellow
powder (2, BAPO-MMA) was obtained after removing the solvent under high vacuum for 14
h (1.075 g, 81.0%).
1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.29 (d, 3 H, CHCH3, 3JHH = 7.2 Hz), 2.24

(s, 6 H, o-CH3 Mes), 2.25 (s, 6 H, o-CH’3 Mes), 2.27 (s, 6 H, p-CH3 Mes), 2.27-2.33 (m, 1 H,
PCH2), 2.69-2.82 (m, 1 H, PCH2), 2.83-3.00 (m, 1 H, CHCO), 3.63 (s, 3 H, OCH3), 6.84 (s, 4 H,
Har Mes).
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.4 (d, 3JPC =7.9 Hz, CHCH3), 19.9 (s,

o-CH3 Mes), 21.3 (s, p-CH3 Mes), 29.2 (d, 1JPC = 54.3 Hz, CH2P), 33.8 (d, 2JPC = 3.6 Hz,
CHCO), 52.2 (s, OCH3), 129.4 (s, C3,5 Mes), 135.8 (d, 2JPC = 41.4 Hz, C1 Mes), 135.9 (d, 2JPC
= 40.9 Hz, C1’ Mes), 136.0 (d, 3JPC = 16.4 Hz, C2,6 Mes), 141.5 (d, 5JPC = 3.2 Hz, C4 Mes),
175.3 (d, 3JPC = 7.9 Hz, COCH), 215.5 (d, 1JPC = 53.9 Hz, COMes), 215.9 (d, 1JPC = 53.2 Hz,
C’OMes).
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.6 ppm.

IR (ATR [cm-1]): 2982 (w), 2955 (w), 2920 (w), 2878 (w), 1731 (s), 1669 (s), 1643 (s), 1606
(s), 1454 (m), 1435 (m), 1383 (m), 1356 (m), 1300 (m), 1210 (s), 1188 (s), 1152 (s), 1121 (s),
1034 (s), 989 (w), 858 (s), 801 (s), 767 (s), 619 (m), 444 (m).
UV/Vis λ[nm] = 231(sh.), 282, 353, 384.
ESI MS [M + H]+ m/z = 443.1982, meas. 443.1981.
m.p. 65 °C.
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4-(Trimethoxysilyl)butyl-3-[bis(2,4,6-trimethylbenzoyl)-phosphinoyl]-2-methylpropionate (3, TMESI2-BAPO)

A solution of BAP-H (11.984 g, 36.7 mmol) and 1,1,3,3tetramethylguanidine (0.46 mL, 3.7 mmol, 0.1 eq.) in 50 mL toluene was
prepared in a 100 mL Schlenk flask. 3-(Trimethoxysilyl)propyl
methacrylate (9.305 g, 36.7 mmol, 1 eq.) was added. After stirring for 24
h at 60 °C, tert-butyl hydroperoxide (8 mL, 40.4 mmol, 1.1 eq., 5.5 M in
decane) was added dropwise at 0 °C. After stirring vigorously at r.t. for
12 h, the solvent was removed under reduced pressure. The obtained
yellow oil was washed with hexane (3 x 20 mL) and dried under high
vacuum for 12 h to yield 19.51 g of the desired product TMESI2-BAPO (3) (33.0 mmol, 90%).
1

H-NMR (300.13 MHz, C6D6, 298 K): δ [ppm] = 0.51-0.58 (m, 2 H, SiCH2,), 1.17 (d, 3 H,

CHCH3, 3JHH = 6.9 Hz), 1.62-1.74 (m, 2 H, SiCH2CH2), 1.95 (s, 6 H, p-CH3 Mes), 2.35(s, 6 H,
o-CH3 Mes), 2.41 (s, 6 H, o-CH’3 Mes), 2.40-2.46, 2.91-3.11 (m, 3 H, PCH2CHCO), 3.39 (s, 9
H, Si(OCH3)3), 3.94 (t, 2 H, OCH2, 3JHH = 6.9 Hz), 6.54 (d, 4 H, Har Mes, 4JHH = 2.4Hz).
13

C{1H}-NMR (75.47 MHz, C6D6, 298 K): δ [ppm] = 5.7 (s, SiCH2,), 19.4 (d, 3JPC =8.5 Hz,

CHCH3), 20.2 (d, 4JPC =6.4 Hz, o-CH3 Mes), 21.1 (s, p- CH3 Mes), 22.5 (s, SiCH2CH2), 29.7
(d, 1JPC = 54.4 Hz, CH2P), 34.4 (d, 2JPC = 3.6 Hz, CHCO), 50.3 (s, OCH3), 67.1 (s, OCH2),
129.5 (d, 4JPC = 5.0 Hz, C3,5 Mes), 136.4 (d, 3JPC = 29.0 Hz, C2,6 Mes), 136.8 (d, 2JPC = 41.4 Hz,
C1 Mes), 137.1 (d, 2JPC = 40.9 Hz, C1’ Mes),141.1 (d, 5JPC = 9.6 Hz, C4 Mes), 174.8 (d, 3JPC =
6.8 Hz, COCH), 216.7 (d, 1JPC = 54.6 Hz, COMes), 217.0 (d, 1JPC = 53.8 Hz, C’OMes).
29

Si NMR (59.64 MHz, C6D6, 298 K) from 1H - 29Si HMQC: δ [ppm] = -42.3 ppm.

31

P-NMR (121.49 MHz, C6D6, 298 K): δ [ppm] = 24.7 ppm (q, 3JPH = 10.21 Hz).

IR (ATR [cm-1]): 2942 (w), 2840 (w), 1732 (m), 1673 (m), 1607 (m), 1456 (m), 1192 (s), 1081
(s), 849 (m), 815 (s), 616 (m), 444 (m).
UV/Vis λ[nm] = 232 (sh.), 282, 353, 384.
ESI MS: [M + H]+ m/z = 591.2538, meas. 591.2537.

119

Acrylated polydimethylsiloxane (4)

3-(Trimethoxysilyl) propyl methacrylate (2.5 mL, 2.60 g, 10.5 mmol, 1 eq.),
dimethyldimethoxysilane (13.1 mL, 11.33 g, 94 mmol, 9 eq.), ethanol (60 ml), and aqueous
hydrochloric acid (1 M, 15 ml) were added in a 250 ml round bottom flask. The solution was
stirred for four days in a closed vessel and eight additional days in an open vessel. The residual
solution was dried at 60 °C under high vacuum. The acrylate functionalized silicone 4 was
obtained as co(polymer) in form of a colorless oil.
1

H-NMR (300.13 MHz, CDCl3): δ [ppm] = 6.11 (br., 1H, acrylate), 5.54 (br., 1H, acrylate),

4.12 (t, J = 6.30 Hz, 2H, OCH2), 1.95 (br., 3H, CqMe), 1.79–1.72 (br., 2H, CH2CH2Si), 0.64–
0.59 (br., 2H, CH2Si), 0.13–0.09 (br., 6H, SiMe2).
13

C{1H}-NMR (75.47 MHz, CDCl3): δ [ppm] = 167.4 (CO), 136.5 (Cq), 125.0 (CH2, acrylate),

66.8– 66.5 (br., OCH2), 22.6 (br., CH2CH2Si), 18.3 (CqMe), 10.3–9.7 (br., CH2Si), 1.5–0.9 (br.,
SiMe).
GPC (PMMA calibration): Mn = 1.85 kDa, Mw = 3.59 kDa, PDI = 1.94.

120

2-(4-(2-Hydroxy-2-methylpropanoyl)phenoxy)ethyl 2-(bis(2,4,6-trimethylbenzoyl)
phosphoryl)acetate (5, prepared by Dr. Alex Huber)
In an 100 mL Schlenk flask, 2.023 g (5.05 mmol) of 2-(bis(2,4,6trimethylbenzoyl)phosphoryl)acetic acid (BAPO-AA) was suspended in 60 mL
toluene at 0 °C. Subsequently a slight excess of 0.813 g of oxalyl chloride (0.55
mL, 6.41 mmol, 1.27 eq.) and three droplets of anhydrous DMF were added. The
yellow suspension was warmed to room temperature and degassed under slight
vacuum to remove gas until a clear solution is obtained. All volatiles were
removed under vacuum and the residue was re-dissolved in 15 mL of DCM. In a
separate flask, 1.122 g of Irgacure® 2959 (5 mmol) were suspended in 15 mL
DCM and to this suspension the solution of BAPO-AA-Cl was added within 10 minutes. The
reaction mixture was kept under stirring at room temperature for one hour and then the solvent
was removed under vacuum. The residue was dissolved in a small amount of chloroform and
purified by column chromatography with hexane/ ethylacetate (2:1) as eluent to give 1.823g
(3.01 mmol) of 5 as bright yellow powder (60 % isolated yield).
1

H-NMR (300.13 MHz, C6D6): δ [ppm] = 8.01 (d, J = 7.6 Hz, 2H, arom.), 6.91 (d, J = 7.6 Hz,

2H, arom.), 6.51 (s, 4H, Mes), 3.84 (t, J = 6.2 Hz, 2H, OCH2), 3.63 (br., 1H, OH), 3.38 (d, J =
12.0 Hz, 2H, PCH2), 2.34 (s, 12H, o-Me), 2.34 – 2.24 (m, 2H, OCH2CH2CH2), 1.93 (s, 6H, pMe), 1.55-1.48 (m, 2H, 2H, OCH2CH2), 1.44 (s, 6H, CH3).
13

C{1H}-NMR (75.5 MHz, C6D6): δ [ppm] = 213.9 (d, J = 54.4 Hz, PCO), 203.5 (CO), 165.2

(d, J = 2.3 Hz, COO), 146.8 (arom.-C1), 141.5 (Mes-C4), 136.6 (Mes-C2), 136.0 (Mes-C1),
132.2 (arom.-C4), 130.4 (arom.-C2), 129.5 (Mes-C3), 128.5 (arom.-C3), 76.4 (Cquart), 64.9
(OCH2), 34.9 (d, J = 48.6 Hz, PCH2), 31.7 (OCH2CH2CH2), 29.7 (OCH2CH2), 28.4 (CH3),
20.9 (p-Me), 20.0 (o-Me).
31

P{1H}-NMR (121.5 MHz, C6D6): δ [ppm] = 18.3.

IR (ATR [cm-1]): 3418 (br.), 2975 (w), 2927 (w), 1736 (s), 1669 (s), 1599 (s), 1507 (m), 1454
(m), 1420 (m), 1378 (m), 1246 (s), 1161 (s), 1106 (s), 1071 (m), 1036 (m), 957 (m), 848 (m),
765 (m), 738 (m), 618 (m), 590 (m), 559 (m).
ESI MS [M + Na]+ m/z = 629.2275, meas. 629.2274.
m.p. 190 °C (decomp.)
121

2-(4-(2-hydroxy-2-methylpropanoyl)phenoxy)ethyl 3-(bis(2,4,6-trimethylbenzoyl)
phosphoryl)propanoate (6)
A solution of BAP-H (3.264 g, 10 mmol) and triethylamine (0.14 mL, 1 mmol,
0.1 eq.) in DME (40 mL) was prepared in a 100 mL Schlenk flask. 4-(2Acryloyloxyethoxy)phenyl-2-hydroxy-2-propyl ketone (2.783 g, 10 mmol, 1 eq.)
was added. After stirring for 18 h at room temperature, the solvent was removed
under reduced pressure. The oily residue was dissolved in toluene (30 mL), tertbutyl hydroperoxide (2 mL, 11 mmol, 1.1 eq., 5.5 M in decane) was added
dropwise at 0 °C. After stirring vigorously at r.t. for 6 h, the solvent was removed
under reduced pressure. After recrystallization from a diethyl ether/pentane
mixture (50 mL/20 mL, -20 °C), a yellow solid was obtained (5.142 g, 82.8%).

1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.62 (s, 6 H, CH3), 2.22 (s, 12 H, o-CH3

Mes), 2.27 (s, 6 H, p-CH3 Mes), 2.47-2.59 (m, 2 H, PCH2), 2.63-2.75 (m, 2 H, COCH2), 4.23
(m, 2 H, COOCH2), 4.46 (m, 2 H, CH2O), 6.84 (s, 4 H, Har Mes), 6.93 (d, 2 H, 3JHH = 9.0 Hz,
Har Ph), 8.06 (d, 2 H, 3JHH = 9.0 Hz, Har Ph).
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.9 (s, o-CH3 Mes), 21.4 (s, p- CH3

Mes), 21.4 (d, 1JPC = 55.6 Hz, CH2P), 26.2 (d, 2JPC = 2.9 Hz, CH2CO), 28.8 (s, CH3), 63.2 (s,
OCOCH2), 66.0 (s, CH2O), 76.0 (s, C quat.), 114.4 (s, Car Ph), 126.6 (s, Car Ph), 129.5 (s, C3,5
Mes), 132.5 (s, Car Ph), 135.8 (d, 2JPC = 41.2 Hz, C1 Mes), 135.9 (s, C2,6 Mes), 141.7 (s, C4
Mes), 162.3 (s, Car Ph), 171.8 (d, 3JPC = 13.4 Hz, COCH2), 202.8 (s, COPh), 215.4 (d, 1JPC =
53.1 Hz, COMes).
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.6 ppm.

IR (ATR [cm-1]): 3395 (br.), 2983 (w), 2968 (w), 2924 (w), 1737 (m), 1674 (s), 1599 (m), 1456
(m), 1187 (m), 1130 (m), 1058 (m), 952 (m), 846 (m), 815 (m), 700 (m);
UV/Vis λ[nm] = 258, 297(sh.), 352, 386;
ESI MS [M + H]+ m/z = 621.2612, meas. 621.2605.
m.p. 117 °C, 213 °C (decomp.)

122

((3-Oxocyclohexyl)phosphanediyl)bis(mesitylmethanone) (7)

A solution of BAP-H (6.528 g, 20 mmol) and triethylamine (0.28 mL, 2
mmol, 0.1 eq.) in DME (50 mL) was prepared in a 100 mL Schlenk flask.
Cyclohex-2-en-1-one (2.0 mL, 20 mmol, 1 eq.) was added. After stirring
for 12 h at r.t., the solution was reduced in vacuo to 15 mL and layered with
hexane (10 mL). The obtained pale yellow solid was collected by filtration and dried under high
vacuum for 12 h to yield 7.613 g of 7 (18.0 mmol, 90 %).

1

H-NMR (400.13 MHz, C6D6, 298 K): δ [ppm] = 1.22-1.36, 1.57-1.68 (m, 2 H, 2), 1.86-1.91,

2.16-2.24 (m, 2 H, 4), 1.91-1.97, 2.02-2.10 (m, 2 H, 3), 1.95 (s, 6 H, p-CH3 Mes), 2.12 (s, 12
H, o-CH3 Mes), 2.73-2.80, 2.93-3.02 (m, 2 H, 6), 2.80-2.89 (m, 1 H, 1).
13

C{1H}-NMR (100.61 MHz, C6D6, 298 K): δ [ppm] = 20.4 (d, 4JPC = 5.9 Hz, o-CH3 Mes),

21.0 (s, p- CH3 Mes), 26.9, 27.0 (s, 2), 28.4, 28.5 (s, 3), 34.4, 34.5 (s, 1), 41.1 (s, 4), 44.2, 44.2
(s, 6), 129.1 (s, C3,5 Mes), 133.8 (s, C2,6 Mes), 139.3 (s, C4 Mes), 139.4 (d, 2JPC = 28.3 Hz C1
Mes), 206.9 (d, 1JPC = 9.6 Hz, COMes), 216.4 (d, 1JPC = 51.7 Hz, C’OMes).
31

P{1H}-NMR (161.98 MHz, C6D6, 298 K): δ [ppm] = 71.0 ppm.

IR (ATR [cm-1]): 2942 (m), 2919 (m), 2859 (m), 1714 (s), 1626 (s), 1609 (s), 1446 (s), 1421
(s), 1376 (m), 1205 (m), 1142 (m), 1027 (m), 955 (w), 889 (m), 840 (m), 723 (m), 614 (m).

123

((2-oxooxepan-4-yl)phosphoryl)bis(mesitylmethanone) (8) & ((7-oxooxepan-3-yl)
phosphoryl)bis(mesitylmethanone) (9)
The cyclohexanone substrate 7 (4.23 g, 10 mmol)
was dissolved in 35 mL DCM and cooled with an
ice bath. Subsequently, mCPBA (6.725 g, 30
mmol, 3 eq.) suspended in 55 mL DCM was
added dropwise at 0 °C then the reaction mixture
was stirred for 2 days at room temperature. The
reaction mixture was filtered and washed with 20
mL cold DCM. The solution was collected and washed with saturated NaHCO3 (40 mL × 2)
and the organic layer was concentrated under vacuum. After recrystallization from a diethyl
ether/pentane mixture (50 mL/20 mL, -20 °C), a yellow solid was obtained (3.103 g, 68.3%).
4-BAPO-substituted lactone (8) and 6-BAPO-substituted lactone (9) were obtained with the
ratio 8 : 9 = 1 : 0.28.
1

H-NMR (500.2 MHz, CDCl3, 298 K): δ [ppm] = 1.64-1.73 (m, 1 H, 5’), 1.80-2.16 (m, 2 H of

5, 1H of 6, 1H of 5’), 2.15-2.31 (o-CH3 and p-CH3 Mes of compound 8 and 9), 2.32-2.39 (m, 2
H, 6), 2.41-2.49 (m, 2 H, 4’), 2.62-2.79 (m, 4 H, 4, 3’ and 6’), 2.82-2.98 (m, 2 H, 3), 4.15-4.24
(m, 1 H, 7), 4.29-4.38 (m, 1 H, 7), 4.48-4.56 (m, 1 H, 7’), 4.58-4.66 (m, 1 H, 7’), 6.84, 6.85 (s,
4 H, Har Mes of compound 8), 6.79-6.96 (4 H, Har Mes of compound 9).
13

C{1H}-NMR (125.7 MHz, CDCl3, 298 K): δ [ppm] = 19.8, 20.0 (s, o-CH3 Mes of compound

9), 19.9, 20.0 (s, o-CH3 Mes of compound 8), 21.4, 21.4 (s, p-CH3 Mes), 23.1, 23.2 (s, 5’), 27.8,
27.9 (s, 6), 28.2, 28.2 (s, 4’), 29.3, 29.5 (s, 5), 33.6 (s, 3), 33.9 (s, 3’), 33.9 (d, 1JPC = 50.3 Hz,
4), 40.7 (d, 1JPC = 45.3 Hz, 6’), 67.1, 67.1 (s, 7’), 68.7 (s, 7), 129.5, 129.7 (s, C3,5 Mes of
compound 8), 129.5, 129.6 (s, C3,5 Mes of compound 9), 135.7 (d, 2JPC = 41.5 Hz, C1 Mes of
compound 9), 135.8 (d, 2JPC = 40.2 Hz, C1 Mes of compound 8), 135.8 (d, 2JPC = 40.2 Hz, C1’
Mes of compound 8), 136.0, 136.2 (s, C2,6 Mes of compound 9), 136.1, 136.5 (s, C2,6 Mes of
compound 8), 141.9, 142.2 (s, C4 Mes of compound 8), 142.0, 142.1 (s, C4 Mes of compound
9), 172.7, 172.9 (s, 2), 174.9 (s, 2’), 214.0 (d, 1JPC = 46.5 Hz, COMes of compound 8), 214.1
(d, 1JPC = 46.5 Hz, C’OMes of compound 8), 214.6 (d, 1JPC = 45.3 Hz, COMes of compound
9).
31

P{1H}-NMR (202.4 MHz, CDCl3, 298 K): δ [ppm] = 27.3 ppm (8), 24.8 ppm (9).

ESI MS [M + NH4]+ m/z = 472.2247, meas. 472.2243.
124

2-Hydroxyethyl 3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)propanoate (10, BAPO-HEA)

A solution of bis(mesitoyl)phosphane (13.06 g, 40 mmol, 1 eq.) and
triethylamine (0.56 mL, 4 mmol, 0.1 eq.) in DME (100 mL) was prepared
in a 250 mL Schlenk flask. 2-Hydroxyethyl acrylate (4.3 mL, 40 mmol,
1 eq.) was added. After stirring for 12 h at room temperature, the solvent
was removed under reduced pressure. The yellow oily residue was
dissolved in toluene (80 mL) and aqueous hydrogen peroxide (7.9 mL,
80 mmol, 2 eq., 35%) was added dropwise at 0 °C. After stirring vigorously at r.t. for 6 h, the
solvent was removed under reduced pressure. After recrystallization from diethyl ether/pentane
(80 mL/30 mL, -20 °C), a yellow powder was obtained after removing the solvent under high
vacuum for 14 h (16.42 g, 89.5%).

1

H NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 2.24 (s, 12 H, o-CH3 Mes), 2.28 (s, 6 H, p-

CH3 Mes), 2.53-2.75 (m, 4 H, PCH2CH2), 2.98 (b, 1 H, OH), 3.67 (t, 2 H, 3JHH = 4.5 Hz, CH2OH),
4.20 (m, 2 H, 3JHH = 5.1 Hz OCH2), 6.86 (s, 4 H, Har Mes).
13

C{1H} NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.9 (s, o-CH3 Mes), 21.4 (s, p- CH3

Mes), 21.7 (d, 1JPC = 54.8 Hz, CH2P), 26.9 (d, 2JPC = 4.2 Hz, CH2CO), 60.7 (s, OCOCH2), 67.1
(s, CH2OH), 129.5 (s, C3,5 Mes), 135.7 (d, 2JPC = 41.4 Hz, C1 Mes), 136.0 (s, C2,6 Mes), 141.8
(s, C4 Mes), 171.6 (d, 3JPC = 8.2 Hz, COCH2), 215.2 (d, 1JPC = 53.7 Hz, COMes).
31

P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.8 ppm.

IR (ATR [cm-1]): 2951 (w), 1743 (m), 1672 (m), 1643 (m), 1604 (m), 1182 (s), 1070 (m), 1042
(m).
ESI MS [M + H]+ m/z = 459.1931, meas. 459.1928.
m.p. 78°C.

125

2-([{6-isocyanatohexyl}carbamoyl]oxy)ethyl 3-(bis(2,4,6-trimethylbenzoyl) phosphoryl)
propanoate (11, BAPO-NCO)
A solution of hexamethylene diisocyanate (11.7
mL, 72 mmol, 3 eq.) and catalytic amounts of
DBTDL (200 µL) in 30 mL THF was prepared in
a 250 mL Schlenk flask. BAPO-HEA (11.00 g,
24 mmol, 1 eq.) dissolved in 60 mL THF was
added dropwise at room temperature. After
stirring for 16 h at 50°C in the dark, the reaction
mixture was concentrated to 30 mL and
precipitated in 150 mL hexane. The yellow
precipitate was filtered off and recrystallized
from diethyl ether/hexane (30 mL/ 10 mL, r.t. to -20°C, 20 h). A yellow solid was obtained
after removing the solvent under high vacuum for 14 h (14.03 g, 93.2 %).
1

H NMR (300.13 MHz, CD2Cl2, 298 K): δ [ppm] = 1.26-1.41 (m, 4 H, CH2CH2CH2CH2NCO),

1.41-1.53 (m, 2 H, CH2CH2NH), 1.53-1.66 (m, 2 H, CH2CH2NCO), 2.22 (s, 12 H, o-CH3 Mes),
2.30 (s, 6 H, p-CH3 Mes), 2.47-2.57 (m, 2 H, PCH2CH2), 2.60-2.71 (m, 2 H, PCH2CH2), 3.11
(q, 2 H, CH2NH), 3.28 (t, 2 H, 3JHH = 6.6 Hz, CH2NCO), 4.15-4.22 (m, 2 H, CH2OCONH),
4.22-4.30 (m, 2 H, CH2OCOCH2), 5.01 (b, 1 H, NH), 6.89 (s, 4 H, Har Mes).
31

P{1H} NMR (121.49 MHz, CD2Cl2, 298 K): δ [ppm] = 24.9 ppm.

13

C{1H} NMR (75.47 MHz, CD2Cl2, 298 K): δ [ppm] = 20.1 (s, o-CH3 Mes), 21.5 (s, p-CH3

Mes), 21.7 (d, 1JPC = 55.5 Hz, CH2P), 26.5 (d, 2JPC = 2.9 Hz, CH2CO), 26.7 (s, CH2CH2CH2NH),
26.8 (s, CH2CH2CH2NCO), 30.4 (s, CH2CH2NH), 31.7 (s, CH2CH2NCO), 41.4 (s, CH2NH ),
43.5 (s, CH2NCO), 62.8 (s, CH2OCONH), 63.8 (s, CH2OCOCH2), 122.5 (s, NCO), 129.8 (s,
C3,5 Mes), 136.3 (s, C2,6 Mes), 136.4 (d, 2JPC = 41.1 Hz, C1 Mes), 142.2 (s, C4 Mes), 172.0 (d,
3

JPC = 12.6 Hz, COCH2), 216.3 (d, 1JPC = 53.5 Hz, COMes).

IR (ATR [cm-1]): 2929 (w), 2895 (w), 2259 (s), 1738 (m), 1712 (s), 1680 (s), 1606 (m), 1542
(m), 1254 (m), 1197 (s), 1142 (s).
ESI MS [M + NH4]+ m/z = 644.3095, meas. 644.3089.
m.p. 61°C.
126

Polyethylene glycol with terminal BAPO group (12, PEG-BAPO)

A suspension of bis(mesitoyl)phosphane (3.59 g, 11 mmol, 1.1 eq.)
and triethylamine (0.15 mL, 1.1 mmol, 10 mol%.) in ethanol (100 mL)
was prepared in a 250 mL Schlenk flask. Poly(ethylene glycol) methyl
ether methacrylate (Mn = 950 g/mol, 9.50 g, 10 mmol, 1 eq.) was
added. After stirring for 24 h at 60°C, aqueous hydrogen peroxide (1.9
mL, 22 mmol, 2.2 eq., 35%) was added dropwise at 0 °C. After stirring vigorously at r.t. for 6
h, the solvent was removed under reduced pressure. After recrystallization three times from
diethyl ether/pentane (40 mL/10 mL, -20 °C), a yellow solid was obtained after removing the
solvent under high vacuum for 14h (9.31 g, 72.1%).

1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.27 (d, 3 H, CHCH3, 3JHH = 7.2 Hz), 2.21

(s, 6 H, o-CH3 Mes), 2.21 (s, 6 H, o-CH’3 Mes), 2.25 (s, 6 H, p-CH3 Mes), 2.36-2.50, 2.652.99 (m, 3 H, PCH2CHCO), 3.33-3.40 (OCH3), 3.48-3.87, 4.10-4.22 (CH2O), 6.81 (s, 4 H, Har
Mes);
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.4 (d, 3JPC =7.6 Hz, CHCH3), 19.9

(s, o-CH3 Mes), 21.3 (s, p- CH3 Mes), 29.0 (d, 1JPC = 54.3 Hz, CH2P), 33.8 (d, 2JPC = 3.5 Hz,
CHCO), 59.1 (s, OCH3), 64.1, 69.0, 70.6, 72.0 (CH2O), 129.3 (s, C3,5 Mes), 135.8 (d, 2JPC =
41.1 Hz, C1 Mes), 135.9 (d, 2JPC = 41.0 Hz, C1’ Mes), 136.0 (d, 3JPC = 15.6 Hz, C2,6 Mes),
141.4 (d, 5JPC = 1.9 Hz, C4 Mes), 174.8 (d, 3JPC = 8.2 Hz, COCH), 215.5 (d, 1JPC = 53. 9 Hz,
COMes), 215.8 (d, 1JPC = 53.1 Hz, C’OMes);
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.7 ppm;

IR (ATR [cm-1]): 2879 (s), 1730 (w), 1552(w), 1466 (w), 1444 (w), 1344 (s), 1278 (m), 1242
(m), 1146 (s), 1105 (s), 1032 (s), 957 (s), 842 (s), 728 (m).
m.p. 35°C.

127

Lithium bis(2,4,6-trimethylbenzoyl)phosphinate (13, BAPO-OLi)

Bis(2,4,6-trimethylbenzoyl)phosphinic acid (BAPO-OH, 716.7 mg, 2
mmol, 1 eq.) was dissolved in the mixture of methanol (5 mL) and water
(3 mL) in a 50 mL round-bottom flask. Lithium carbonate (74.6 mg, 1
mmol, 99 %, 1 eq.) was added and the mixture was stirred for 12 h at room
temperature. The solvent was removed under vacuum to afford a yellowish solid (721.3 mg,
1.98 mmol, 99 %).

1

H-NMR (300.13 MHz, D6-DMSO, 298 K): δ [ppm] = 2.23 (s, 18 H, o- and p-CH3 Mes), 6.77

(s, 4 H, Har Mes);
13

C{1H}-NMR (75.47 MHz, D6-DMSO, 298 K): δ [ppm] = 19.2 (s, o- CH3 Mes), 20.6 (s, p-

CH3 Mes), 127.6 (s, C3,5 Mes), 133.8 (s, C2,6 Mes), 137.0 (s, C4 Mes), 140.5 (d, 2JPC = 39.2 Hz,
C1 Mes), 227.1 (d, 1JPC = 105.7 Hz, COMes);
31
1

P{1H}-NMR (121.49 MHz, D6-DMSO, 298 K): δ [ppm] = 0.8.

H-NMR (300.13 MHz, D2O, 298 K): δ [ppm] = 2.29 (s, 12 H, o-CH3 Mes), 2.29 (s, 6 H, p-

CH3 Mes), 7.02 (s, 4 H, Har Mes);
13

C{1H}-NMR (75.47 MHz, D2O, 298 K): δ [ppm] = 18.6 (s, o- CH3 Mes), 20.2 (s, p- CH3

Mes), 128.5 (s, C3,5 Mes), 134.6 (s, C2,6 Mes), 137.2 (d, 2JPC = 39.2 Hz, C1 Mes), 140.7 (s, C4
Mes), 226.7 (d, 1JPC = 104.9 Hz, COMes);
31

P{1H}-NMR (121.49 MHz, D2O, 298 K): δ [ppm] = 0.0.

IR (ATR [cm-1]): 2918 (m), 1648 (m), 1448 (w), 1244 (vs.), 1088 (vs.), 961 (w), 896 (m), 844
(s), 694(w).
ESI MS [M + H]+ m/z = 365.1489, meas. 365.1487.

128

Polylactic acid with terminal BAPO group (14, PLA-BAPO)

BAPO-HEA (91.6 mg, 0.2 mmol) and D, L-lactide (2.88 g, 10
mmol) were dissolved in 15 mL of dry DCM in a 50 mL Schlenk
flask. DBU (30 μL, 0.2 mol) was injected and the mixture was
stirred for 2 h at room temperature. The polymer was
precipitated in cold methanol twice and isolated by
centrifugation and dried overnight in a vacuum oven to yield
1.35 g of yellowish solid.

1

H NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.23-1.80 (b, 3H, CHCH3), 2.20 (s, 12 H,

o-CH3 Mes), 2.25 (s, 6 H, p-CH3 Mes), 2.43-2.71 (m, 4 H, PCH2CH2), 3.70 (b, 1 H, OH), 4.184.40 (m, 4 H, OCH2CH2O), 5.03-5.32 (b, 1 H, CHCH3), 6.82 (s, 4 H, Har Mes).
GPC (PMMA calibration): Mn = 17.1 kg/mol, Mw = 21.6 kg/mol, PDI = 1.26.
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2,3-Dihydroxypropyl 3-(bis(2,4,6-trimethylbenzoyl)phosphoryl)propanoate (15, BAPODiol)
1. Synthesis of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 3-(bis(2,4,6-trimethylbenzoyl)
phosphoryl)propanoate (BAPO-Solketal)
A solution of BAP-H (6.528 g, 20 mmol) and triethylamine (0.28
mL, 2 mmol, 0.1 eq.) in 40 mL DME was prepared in a 100 mL
Schlenk flask. (2,2-Dimethyl-1,3-dioxolan-4-yl)methyl acrylate
(3.724 g, 20 mmol, 1 eq.) was added. After stirring for 12 h at room
temperature, the solvent was removed under reduced pressure. The
oily residue was dissolved in toluene (20 mL), H2O2 (30%, 4.8 mL,
2.3 eq.) was added dropwise at 0 °C. After stirring vigorously at r.t.
for 5 h, the solvent was removed under reduced pressure. A yellow
oil was obtained and re-dissolved in DCM (60 mL) and dried over
Na2SO4. After filtration the solvent was removed under vacuum to obtain a yellow oil (9.981 g,
94.4%).

1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 1.35 (s, 3 H, CH3), 1.40 (s, 3 H, CH3), 2.23

(s, 12 H, o-CH3 Mes), 2.26 (s, 6 H, p-CH3 Mes), 2.47-2.59 (m, 2 H, PCH2), 2.63-2.75 (m, 2 H,
COCH2), 3.66-3.73, 4.00-4.19, 4.22-4.32 (m, 5 H, OCH2CHCH2O), 6.84 (s, 4 H, Har Mes).
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.8 (s, o-CH3 Mes), 21.3 (s, p- CH3

Mes), 21.4 (d, 1JPC = 55.5 Hz, CH2P), 25.4 (s, CH3), 26.0 (d, 2JPC = 3.2 Hz, CH2CO), 26.8 (s,
CH3), 65.4 (s, OCH2CH), 66.3 (s, CH2OCCH3), 73.5 (s, CH2CHCH2), 109.9 (s, C(CH3)2), 129.4
(s, C3,5 Mes), 135.8 (d, 2JPC = 41.3 Hz, C1 Mes), 135.8 (s, C2,6 Mes), 141.6 (s, C4 Mes), 171.6
(d, 3JPC = 13.7 Hz, COCH2), 215.4 (d, 1JPC = 53.9 Hz, COMes).
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.7 ppm.
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2. Hydrolysis of BAPO-Solketal

To a solution of BAPO-Solketal (1.586 g, 3 mmol) in CH3CN (15 ml),
Zn(NO3)2·4H2O (15 mmol, 5 eq.) was added and stirred at 50°C for 4
hours. The solvent was evaporated, and the oily residue was diluted with
CH2Cl2 (45 ml) and washed with water (30 ml) and dried over Na2SO4.
After filtration the solvent was removed under vacuum. The residual
was recrystallized from a diethyl ether/pentane mixture (30 mL/10 mL,
-20 °C), a yellowish solid was obtained (1.242 g, 84.7%).
1

H-NMR (300.13 MHz, CDCl3, 298 K): δ [ppm] = 2.23 (s, 12 H, o-CH3 Mes), 2.28 (s, 6 H, p-

CH3 Mes), 2.52-2.75 (m, 4 H, P CH2CH2), 3.40-3.59, 3.71-3.81, 4.10-4.15 (m, 5 H,
OCH2CHCH2O), 6.86 (s, 4 H, Har Mes).
13

C{1H}-NMR (75.47 MHz, CDCl3, 298 K): δ [ppm] = 19.9 (s, o-CH3 Mes), 21.4 (s, p- CH3

Mes), 21.5 (d, 1JPC = 54.7 Hz, CH2P), 26.9 (d, 2JPC = 4.2 Hz, CH2CO), 63.1 (s, OCH2CH), 66.4
(s, CHOH), 69.6 (s, CH2OH), 129.5 (s, C3,5 Mes), 135.6 (dd, 2JPC = 41.6 Hz, C1 Mes), 136.0 (d,
3

JPC = 7.6 Hz, C2,6 Mes), 141.8 (d, J = 3.8 Hz, C4 Mes), 171.7 (d, 3JPC = 7.7 Hz, COCH2), 214.8

(d, 1JPC = 53.4 Hz, COMes), 214.9 (d, 1JPC = 53.3 Hz, C’OMes).
31

P{1H}-NMR (121.49 MHz, CDCl3, 298 K): δ [ppm] = 24.7 ppm.

IR (ATR [cm-1]):3394 (br.), 2952 (s), 2925 (s), 2878 (s), 1736 (s), 1674 (s), 1641 (s), 1607 (s),
1420 (s), 1380 (s), 1184 (m), 1033 (m), 849 (m), 802 (m), 743 (m).
UV/Vis λ[nm] = 290, 359, 390;
ESI MS [M + Na]+ m/z = 511.1856, meas. 511.1859.
m.p. 57°C.
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Polyurethane with side-chain BAPO (16, PU-BAPO1)

In a 20 mL Schlenk flask, a solution of 15 (0.488 g, 1 mmol), 1,4-butanediol (0.270 g, 3 mmol,
3 eq.) and isophorone diisocyanate (0.936 g, 4 mmol, 4 eq.) in 5 mL THF was prepared and
degassed by three freeze-pump-thaw cycles. Subsequently, 1,4-diazabicyclo[2.2.2]octane (9 mg,
2 mol%) dissolved in 1 mL THF was injected and the solution was heated to 60 °C for 8 h. The
mixture was cooled to room temperature and was poured into a large amount of n-hexanediethyl ether mixed solvent (300 mL, 1 : 1) to precipitate the polymer. The precipitate was
collected by filtration and dried under high vacuum at room temperature. The polymer was
obtained as a yellow powder.
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Polyurethane with side-chain BAPO (17, PU-BAPO2)

In a 50 mL Schlenk flask, a solution of 15 (0.977 g, 2 mmol), polyethylene glycol 600 (4.800
g, 8 mmol, 4 eq.) in 10 mL THF was prepared and degassed by three freeze-pump-thaw cycles.
Freshly distilled hexamethylene diisocyanate (1.79 mL, 5.5 eq.) and dibutyltin dilaurate (10 µL)
dissolved in 5 mL THF was prepared in another 50 mL Schlenk flask and was degassed by three
freeze-pump-thaw cycles. The mixture of diols was added dropwise to the diisocyanate solution
at 0 °C, the mixture was allowed to warm to room temperature and kept stirring for 1 h. Then
heated to 60 °C for 14 h. The mixture was cooled to room temperature and was poured into a
large amount of n-hexane-diethyl ether mixed solvent (400 mL, 5 : 3) to precipitate the polymer.
The precipitate was collected by filtration and dried under high vacuum at room temperature.
The polymer was obtained as a yellow powder.
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