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“Wie stellst du dir das Ende vor?” fragte der Geistliche. “Frither dachte ich, es miisse gut enden”,
sagte K., “jetzt zweifle ich daran manchmal selbst. Ich weif3 nicht, wie es enden wird. Weifdt du es?”
“Nein”, sagte der Geistliche, “aber ich fiirchte, es wird schlecht enden. Man halt dich fiir schuldig.
Dein Prozefd wird vielleicht iiber ein niedriges Gericht gar nicht hinauskommen.Man halt

» «

wenigstens vorldufig deine Schuld fiir erwiesen.” “Ich bin aber nicht schuldig”, sagte K., “es ist ein

Irrtum. Wie kann denn ein Mensch iiberhaupt schuldig sein. Wir sind hier doch alle Menschen, einer

»u

wie der andere.” “Das ist richtig”, sagte der Geistliche, “aber so pflegen die Schuldigen zu reden.”

Der Prozess. Franz Kafka, 1925.

[ “Come t'immagini che andra a finire?” chiese il sacerdote. “Prima pensavo che sarebbe finita be-
ne,” disse K., “adesso ho io stesso qualche dubbio”. “Come finira non lo so. Tu lo sai?” “No,” disse il
sacerdote, “ma temo che finira male. Sei ritenuto colpevole. Forse il tuo processo non andra neppu-
re oltre un tribunale di grado inferiore. Almeno per il momento, la tua colpevolezza si da per dimo-
strata.” “Ma io non sono colpevole,” disse K., “é¢ un errore. E poi, in generale, come pud un uomo

» o«

essere colpevole? E qui siamo pure tutti uomini, gli uni quanto gli altri.” “E giusto” disse il sacerdote,

“ma & proprio cosi che parlano i colpevoli.” ]
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Abstract

This thesis presents the first report on a metathesis approach to synthetic saturated and
unsaturated poly(phosphoester)s allowing easy variation of the polymer backbone and side chains

through precise placement of functional and/or solubilizing groups.

Combining the advantages of olefin metathesis with the versatility of the phosphorus
chemistry, this variable approach allows one to synthetize a new class of unsaturated polyphos-
phates by tailoring the architecture and the microstructure of the polymers. Linear, hyperbranched,
labeled and telechelic poly(phosphoester)s can be obtained and scaled-up with a high degree of

functionalization.

One major advantage of this approach is the possible variation of the polymer backbone
which is not possible by ring-opening polymerization or classical polycondensations where struc-

turally limited monomers are available.

The phosphorous properties are reflected into novel polymeric architectures with ad-
vantages in term of performances for flame retardancy and tissue engeneering applications. This
thesis work also present unique poly(phosphoester)s that can be used as oxygen scavengers in the
field of optoelectonics.The procedures described can be easily scaled up and is very promising even

for industrial application as unsaturated polyesters represent a very important market.






Zusammenfassung

Diese Dissertation zeigt zum ersten Mal den Ansatz gesdttigte und ungesattigte
Poly(Phosphorester) herzustellen, deren Polymergeriist und Seitenketten durch prazises Anbring-

en von funktionellen und/oder solubilisierenden Gruppen modifiziert werden kénnen.

Durch Kombinieren der Vorteile der Olefinmetathese mit der Vielseitigkeit der Phos-
phorchemie, er6ffnet dieser variable Ansatz den Zugang zu einer neuen Klasse ungesattigter Poly-
phosphate. Die zu Grunde liegende Idee ist das mafdgeschneiderte Anpassen der Architektur und
der Mikrostruktur dieser Polymere. Lineare, verzweigte, markierte und telechele
Poly(Phosphorester) kénnen in groflem Mafdstab mit hohen Funktionalisierungsgrad hergestellt

werden.

Einer der grofdten Vorteile dieses Ansatzes ist es, das Polymerriickrat modifizieren zu
konnen, was weder bei der Ringdffnungs- noch bei klassischen Polymerisationen méglich ist, bei

denen nur eine limitierte Anzahl an Monomeren existieren.

Die Eigenschaften des Phosphors werden in neue Polymerarchitekturen iibertragen, was
von Nutzen fiir flammenhemmenden Materialen und Anwendung bei Gewebetherapeutika ist.
Diese Doktorarbeit fiihrt auch einzigartige Poly(Phosphorester) ein, welche im Feld der Op-
toelektronik als Sauerstofffinger eingesetzten werden konnen. Die beschriebenen Synthese-
vorschriften kénnen einfach in gréfderen Maf3stab durchgefiihrt werden und sind vielversprechend
fiir industrielle Anwendungen, da ungesattigte Polyester einen sehr wichtigen Markt reprasen-

tieren.
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Chapter 1

Introduction
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Outline

This introductive chapter will highlight the background and the motivation for the neces-
sity of this thesis, to design novel phosphorous-containing polymers for the needs of modern mate-
rials science. A general overview about organophosphates and synthetic poly(phosphoester)s will
be given since their similarities to nucleic acids like DNA recently make them appealing for several
applications. Afterwards the novel synthetic strategy based on olefin metathesis will be introduced,
and its major advantages compared to classical routes that up to now have been developed for the

preparation of these polymers.
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1.1 Organophosphates

Phosphorus plays a central role in living organism; it is sufficient to mention photo-
synthesis, metabolism, saccharide synthesis, nucleic acid helices, involvement in coenzyme sys-
tems, etc. If reduction and oxidation reactions between carbon and oxygen taking place in the orga-
nism are regarded in simplified terms as being responsible for gain and expenditure of energy then,
disregarding their structural function, the phosphorus-oxygen compounds serve predominantly for
the transport and storage of energy.12 Two factors are decisive: firstly the condensed phosphates,
anhydrides or esters are thermodynamically stable under such redox conditions, and secondly
compounds of this type hydrolyze in most of the biochemical reactions taking place in aqueous
solution or at aqueous interfaces.1? Depending upon their structure and the type of enzyme invol-
ved, these compounds hydrolyze over many kinetic stages and under very mild conditions. Expres-
sed in more general terms, this means that phosphorus compounds can exert a phosphorylating
action on nucleophilic molecules.1? The best known example is the interplay between adenosine

triphosphate (ATP) forms (Figure 1).

NH,
triphosphate N AN
. % N
(0] (@) O ribose < I )
o 1 [l [l N =
0—P—0—P—0—P—0 0 N
(|)e 6@ (')e w adenine base

HO OH

Figure 1. Adenosine triphosphate (ATP).

Organophosphorus compounds are characterized by an unusually large variety of struc-
tures and a wide range of uses (Figure 2). The reason is that phosphorus is able to form stable com-
pounds with a coordination number of 1 to 6, and an oxidation state of -III to + V. On the basis of its
position in the periodic system, phosphorus in its fundamental state possesses the external confi-

guration 3s2 3p3. In accordance with the structure 3s2 3p3of the neutral phosphorus atom, primarily
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compounds with the co-ordination number 3 are to the expected. In contrast to the elements of the
second period, 3d orbitals may participate during the formation of phosphorus compounds. Howe-
ver, the transfer from 3s2 3p3 to 3s2 3ps 3d requires a relatively high promotion energy of about 200

kcal/mol.

Based on value, organophosphorus products are all value-added and specialized prod-
ucts. However, for reasons of industrial secrecy, there is very little information available from the
manufacturers concerning production quantities and values, so that some of the figures given here
are only estimates. The organophosphorus product with by far the largest sales value is still phos-
phonomethyl glycine (Glyphosate, Monsanto). From 2004 to 2008, the average growth rate of glob-
al glyphosate reached 27%, much higher than the global economic growth rate, and the total con-
sumption volume has reached about 600,000 tonnes. Halogen-free phosphonic and phosphinic acid

derivatives are of increasing importance in the production of nonflammable textiles.1¢
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Figure 2. Widely used organophosphates.

The market for plastics additives (flame retardants, plasticizers and antioxidants) ex-
pressed as PCl3z in the USA for 1990 is estimated at 30 000 tonnes of phosphorus trichloride.1¢ The

annual consumption of flame retardants is currently (2009) over 1.5 million tonnes per year, which



is the equivalent of a sales volume of approx. 1.9 billion Euro (2.4 billion USD). Apart from the es-
ters of thiophosphoric acid used in plant protection, the most important compounds of this class
are the zinc dithiophosphates used in lubricants, for which over 50% of phosphorus pentasulfide
production is used. A wide range of possible compound, industrially relevant are available, and the
chemistry of organophosphorous compunds is rapidly developing because of their importance in

biochemical, medicinal, and synthetic applications.1¢

1.2 Synthetic Poly(phosphoester)s

Biodegradable polymers have received tremendous interest in recent decades.z Used for
the development of novel materials in the medical field of modern biotechnology or tissue engi-
neering, most of them are based on conventional polyesters such as polylactide or similar.3 Howev-
er, a major drawback is the restriction to a few monomer systems that results often in the need of
polymer modifications that are demanding multistep approaches. In contrast, poly(phosphoester)s
(PPEs) which were earlier used as flame-retardant materials, are potentially degradable and bio-
compatible polymers with repeating phosphoester bonds along the backbone comparable to biom-
acromolecules such as nucleic and teichoic acids.#5 Several structural modifications are known
(Figure 3) such as poly(phosphate)s, poly(phosphonate)s, poly(phosphate)s and

poly(phosphoamidate)s.

1]
—fo—z—o———);
Poly(phosphoester)s
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1 Poly(phosphite) R2 172
Poly(phosphate)s Poly(phosphonate)s Poly(phosphoramidate)s

Figure 3. Schematic representation of several types of poly(phosphoester)s.
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The chemical versatility of the monomeric phosphate allows the design of functional ma-
terials with tunable and complex architectures and many different properties for drug delivery,¢
gene delivery,” pH/thermoresponsive materials,® and tissue engineering,® of which are particularly
appealing for biomedical applications. Regenerative medicine, for example, requires scaffolds with
tunable properties for tissue engineering applications, and unsaturated polyphosphoesters (UPPEs)
with the phosphates being capable of binding calcium phosphates are advantageous in terms of
cytocompatibility and good tissue compatibility.1011 The treatment of bone defects could benefit
from biocompatible and degradable materials, which also assist in bone regeneration, and could be
a valid substitute to the widely used poly(methylmethacrylate).12 Aliphatic polyesters such as
poly(e-caprolactone) (PCL), poly-(lactic acid) (PLA), poly(glycolic acid) (PGA), and similar are gen-
erally considered useful for biomedical applications because of their favorable biocompatibility and
biodegradability.13 Their hydrophobicity and slow degradation rate, however, may not be ideal for
some applications, but could be tuned by copolymerization combining the advantages of aliphatic

polyesters and PPEs.14

1.2.1 Polyphosphoesters via Ring Opening Polymerization and Polycondensation

In the early 1970s, seminal works carried out by Penczek and coworkers established the
basis for the synthesis and the potential biological application for a series of PPEs.1516 These poly-
mers can be synthesized by polycondensation, transesterification, or ring opening polymerization
(ROP) of strained cyclic phosphates. Polycondensation (Scheme 1) is probably the most used meth-
od for the preparation of PPEs due to readily available monomers.1? However, in an early work,
Vogt and Balasubramanian have already reported that the conventional polycondensation route is
plagued by side reactions that prevent the formation of polymers with molecular weights higher
than ca. 1,000 g mol-1.1819 Penczek and coworkers have reported that the transesterification route
yields polymers with molecular weights higher than 10,000 g mol-1.20.21 The second approach to
PPEs is ROP that has been studied extensively for cyclic phosphate monomers in bulk with enzy-

matic catalysis,?2 or via cationic,23 anionic or coordinative polymerization.24
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Scheme 1. Classical strategies for the synthesis of cyclic phosphoesters.

Typical problems in cationic polymerization is that it produces exclusively colored prod-
ucts with low molecular weights, while triisobutyl aluminum is very efficient for catalyzing ROP to
obtain homo or random copolymers. Stannous octoate is a widely used catalyst for the polymeriza-
tion of cyclic esters, also for the polymerization of five-membered phosphates.25 In a typical synthe-
sis, 2-chloro-2-ox0-1,3,2-dioxaphospholane (COP) is reacted with the alcohol of choice to produce
the desired monomer. A second strategy introduces the side chain first by the reaction of the re-
spective monofunctional alcohol with phosphoryl chloride and subsequent ringclosure with eth-
ylene glycol for example. Both synthetic strategies have been applied for the synthesis of several
monomers with R being an ethyl, isopropyl, methacryl or diethylene glycol, etc. The latter pathway
omits the oxidation of the intermediate phosphine but the yields are usually lower compared to the
alternative route starting from phosphorus trichoride. Typical problems here are low molecular
weight materials, the need of high-purity monomers and the absence of water. Also, varying, but
low monomer conversions can be problematic (usually ca. 70%) and the materials show polydis-

persities around 1.50 or lower in some cases.

1.3  Metathesis Polymerization

Olefin metathesis is one of the very few fundamentally novel organic reactions discovered
in the last 40 years. Among others, it opens up new industrial routes to important petrochemicals,

polymers, oleochemicals and specialty chemicals. At Phillips Petroleum Co. this reaction was dis-
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covered serendipitously by Banks and Bailey 40 years ago, when they were seeking an effective
heterogeneous catalyst to replace the HF acid catalyst for converting olefins into high-octane gaso-
line via olefin-isoparaffin alkylation.262 When using a supported molybdenum catalyst, they found
that, e.g. instead of alkylating the paraffin, the olefin molecules were split, and discovered that pro-
pene can be catalytically converted into ethene and butene. Olefin metathesis was than first com-
mercialized in petroleum reformation for the synthesis of higher olefins from the products (-

olefins) from the Shell higher olefin process (SHOP) under high pressure and high temperatures.26b

Since then, olefin metathesis enjoyed increasing interest, in particular in recent years it
has quickly become one of the most widely used methods for mild carbon-carbon bond formation
in organic synthesis.27.28 With the development of highly active, functional group-tolerant catalysts
like Grubbs' second generation catalyst (Figure 4), metathesis has succesfully applied across many

areas of research.29

™/
PCys Mes-N__N.
F3C N cl. | Mes

F3C+ou-.-MO_ C|:Ru=\ Cla,
HC IIDC Ph C"Rluz\ph
Y3
F3c’é\ PCys

Schrock-type catalyst Grubbs-type catalysts

Figure 4. Common metathesis catalysts.

Macromolecular chemistry has emraced olefin metathesis, as it allows the preparation of
functionalized hydrocarbon polymers. Ring-opening metathesis polymerization (ROMP) and acyclic
diene metathesis (ADMET) are attractive processes for making linear polymers when based on
cheap monomers or possessing special properties compensating for a high price. Several industrial
processes involving homogeneously catalyzed ROMP have been developed and brought into prac-

tice (Scheme 2). 30,31,32,33
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Cross Metathesis _fe
—_ . = - = .=

FG, FG, (CM) FG,
sz_ Ring-Closing Metathesis . Rm . —
(RCM) =
R
Q + =\ Ring-Opening Metathesis_; FG, R) _
FGi (ROM) T

Scheme 2. Conventional olefin metathesis strategies.

With the right choice of catalyst and monomer, well-defined polymers can be obtained
with good molecular weight control and a narrow polydispersity index (PDI). These functional
group tolerant catalysts (Scheme 3) generally operate under mild conditions, such as room temper-

ature, bench-top chemistry and short reaction times.34

Titanium (Ti) Tungsten (W) Molybdenum (Mo) Ruthenium (Ru)

Acids Acids Acids Olefins

Alcohols, Water Alcohols, Water Alcohols, Water Acids

Aldehydes Aldehydes Aldehydes Alcohols, Water Increasing
) order of

Ketons Ketons Olefins Aldehydes reactivity

Esters, Amides Olefins Ketons Ketons

Olefins Esters, Amides Esters, Amides Esters, Amides

Functional group tolerance

Scheme 3. Functional group tolerance of olefin metathesis catalysts.

While total synthesis creates synthetic issues for the design of exact chemical structures
through RCM or ADMET, polymer chemists who only desire the incorporation of functionality into
polymer systems through ROMP or ADMET are able to take advantage of the improved stability and

reactivity of the [Ru] complex. In the chemical process industry, olefin metathesis has now become a
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process with large-scale applications using heterogeneous as well as homogeneous catalysts systems.
More commercial applications are to be expected, in particular considering the recent development of
highly active ruthenium metathesis catalysts that are more tolerant to functional groups and resistant to-
wards moisture and oxygen. Moreover, the metathesis reaction has also favorable perspectives for appli-
cation in the oleochemical industry, and in this respect has good prospects as a contribution to a sustaina-

ble chemical industry.

1.3.1 Acyclic Diene Metathesis Polymerization

ADMET polymerization is performed on acyclic dienes to produce strictly linear polymers

with unsaturated polyethylene-like backbones (Scheme 4).

M]
n=uovrx ——- /\*6\/9\/ + Ethylene
n

@ = Spacer and in-chain or pendant functional group

[M] = Metal atom and ancillary legands

Scheme 4. Acyclic diene metathesis polymerization.

As for all metathesis reactions, the development of ADMET polymerisations have been
closely linked to the discovery and optimisation of metathesis catalysts of improved activity, selec-
tivity and stability. The first metathesis reactions applied to o,®-dienes were reported in the early
1970s using combinations of nitrosyl molybdenum and tungsten compounds with organoalumini-
um halides as catalytic systems.352 However, only low yields of oligomers could be obtained in the
reactions of 1,5-hexadiene and 1,7-octadiene. Subsequently, Schrock and coworkers developed a
series of highly reactive neutral molybdenum and tungsten metathesis catalysts.35P The use of these
Lewis acid free catalysts by Wagener’s group led to the first quantitative metathesis polymerisa-
tion15 and copolymerisation of 1,5-hexadiene and 1,9-decadiene. 35¢ The further development of

the ADMET polymerizations then was influenced by the availability of metathesis catalysts being
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compatible with different functional groups. Up to now, this step-growth polymerization is a ther-
mally neutral process driven by the relase of a small molecule condensate, ethylene. ADMET poly-

mer products have been isolated up to 80 kg mol-* using [Mo] and up to 100 kg mol-! using [Ru].3¢

1.3.1.1 The ADMET Polymerization Cycle

The acyclic diene metathesis polymerization cycle is illustrated in (Figure 5).36

LORrR]*
8|"’-"Ru3_—/
1/:/' [2+2 cycloaddition]
7
L L AN A
XANF
ElsRu=, <R GliRu= g %
PRy | *+PRg R
dissociation
L f\_/
| Ru Monomer or polymer chain
Rel f ethyl
elease of ethylene SO
¢
g
8“;Ru 8| Ru

/7
S
Monomer or polymer chain NGy
e Ru CH, AN

Figure 5. ADMET polymerization mechanism.
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The principal reaction intermediate, a metallacyclobutane, is identical to that found in all
other metathesis chemistry, including ring opening metathesis polymerization and the formation of
small molecules through metathesis. The ADMET polymerization cycle itself, however, is distinct
and quite different from any other reaction scheme found in metathesis chemistry. Acyclic diene
metathesis is an equilibrium process, whereas ROMP typically propagates in an irreversible man-
ner. First, the alkylidine forms a © complex with one of the olefins of the monomer, and then the
complex undergoes an insertion to form the initial metallacyclobutane. This metallacycle can un-
dergo productive metathesis to eliminate a catalyst fragment and form a new alkylidene at the ter-

minus of a monomer molecule.

The polymerization cycle then precedes by complexing this metallized monomer with
another monomer unit, forming a new metallacycle. Formation of this metallacycle is essential to
propagation, and understanding the factors that lead to its formation is important in the elucidation
of what type of monomers can be used in ADMET polymerization. This new metallacyclobutane
collapses to form an ADMET "dimer" and a methylene alkylidene, the latter of which is the true
catalyst for this system. The methylene alkylidene continues the cycle by reacting with another
monomer (or polymer chain end) to form a metallacycle, which is the precursor to the formation of

ethylene.

Thus the cycle is completly the consequence being the condensation of two monomer
units. The cycle must operate many times in order to produce a high molecular weight polymer by
ADMET chemistry. This mechanism has proven to be acceptable in explaining all experimental ob-
servations made for both pure hydrocarbon monomers, as well as those that possess functional

groups.
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1.3.1.2  Functional Groups in ADMET Chemistry
As almost quantitative conversion monomer is standard in these polymerizations, as few
side reactions occurr other than a small amount of cyclic formation common in all polycondensa-

tions.35:36

/\H; \Hn/\\\
Cl CH
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Figure 6. Functional groups that have been included in ADMET polymerization.

ADMET has proven to be a valuable tool for the production of novel polymer structures
for material applications as well as model copolymer systems to help elucidate fundamental struc-
ture and property relationship. Due to the mild nature of the polymerization and the ease of mon-
omer synthesis, ADMET polymers have been incorporated into various materials and functional-

ized hydrocarbon resins (Figure 6).

Wagener’s group has explored the use of this polymerization technique to elegantly syn-
thesize precision polyethylene containing functional groups such as halogens,37 polyolefins target-
ed for biological applications,38 or silicon containing materials.3® More recently Meier and cowork-
ers has broadened the applications of this technique by preparing functional hyperbranched mate-
rials through the metathesis of acyclic triene monomers.4% 41 This approach has led to a wide range
of unsaturated and saturated polymers bearing different functionalities with the possibility to mod-
ify the polyolefin architectures by placing precise functional groups phosphorous containing

throughout the backbone.#2 43, 4 ADMET as polymerization technique, generates a continuum of
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high-molecular-weight functional polymers, which may be hydrogenated to yield analogous poly-

ethylene (PE) copolymers, exactly linear with precise functional group placement.

Polyolefins is the collective description for plastics types that include polyethylene - low
density polyethylene (LDPE), linear low density polyethylene (LLDPE) and high density polyeth-
ylene (HDPE) - and polypropylene (PP). Together they account for more than 47% (12 milion tons)
of western europe's total consumption of 25 million tons of plastics each year. The global market
for Polyolefin resins is going reach $187.5 Billion in 2016 (Source : BCC Research and Reuters).
Polyolefins are the largest group of thermoplastics, often referred to as commodity thermoplastics,
they are polymers of simple olefins such as ethylene, propylene, butenes, isoprenes, and pentenes,
and copolymers and modifications thereof. The term “polyolefin” means "oil-like" and refers to the
oily or waxy feel that these materials have. Polyolefins consist only of carbon and hydrogen atoms
and they are non-aromatic. Polyolefins are usually processed by extrusion, injection molding, blow
molding, and rotational molding methods. An inherent characteristic common to all polyolefins is a
nonpolar, nonporous, low-energy surface that is not receptive to inks, and lacquers without special
oxidative pretreatment. The two most important and common polyolefins are polyethylene and

polypropylene and they are very popular due to their low cost and wide range of applications.
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Motivations
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Olefin metathesis provides an efficient strategy for designing tailorable architectures af-
ter rationally drawing suitable monomers. ADMET should be a perfect approach for the synthesis of
functional polyphosphoesters, in an efficient way from versatile starting materials, which is in the

case of PPEs, POCl; (Figure 7a).

Polymerizable Unit « Phosphorous I Polymerizable Unit

Functional Group (Modifiable) or Polymerizable Unit
Figure 7a. Acyclic organophosphate diene: structural design from POCl3
This thesis presents the first ADMET approach to functional synthetic polyphosphoesters allowing

easy variation of the polymer backbone (Figure 7b) and side chains by combining the advantages of

metathesis with the versatility of phosphorus chemistry.

.Cl __OO
CHO
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\“.)Lo/\/o _~~O0 4\,0 O ~F

Figure 7b. Functional groups introduced over a polyphosphoester backbone.
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We report a variable approach to functional unsaturated poly(phosphoester)s (UPPEs) which can-
not be obtained via other synthetic method (Figure 8). The ADMET approach opens a great toolbox
of a tremendous variety of substrates which are more stable and easily available. The molecular
weights vary for the different monomers and catalysts applied but in all cases tunable molecular

weight polymers were obtained and thus empirically the molecular adjusted.

Modulable backbone
M
Unsaturated Poly(phosphoester)s R

9 2
(’"“'o’F:"‘o"""'---"w'--.}"
OR

S ¥
Chain transfer agents | 0

Telechelic blocks

Pendant group modifications
Hyperbranched materials

Monomers
functional design

Figure 8. Thesis work, synthetic strategy developed.

Further, the molecular weights of the resulting PPEs are much higher compared to many
literature protocols, confirming the advantages by using ADMET as an ideal synthetic strategy for
UPPEs. Another major advantage of this approach is the possible variation of the PPE backbone,
which is not possible by ring-opening polymerization where usually ethylene-bridged cyclic phos-
phates are applied. Olefin metathesis is a versatile polymerization technique which tolerates sever-
al functional groups. Olefins (electron rich) and acrylates (electron poor)functionalities ensure a
control over molecular weights and polydispersities, but also over the molecular backbone, and
consequently on the resulting thermal behaviour. We achieve a control over the polymer properties

by precisely introducing the desired functionality (monomer).
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4 The material results then as a (i) combination of the introduced functionality, (ii) final ar-

chitecture of the system, and (iii) phosphorous properties (Figure 9).

Labeled systems

Poly
(Phospho)
esters

Energy materials Delivery systems

Flame retardant additives

Figure 9. UPPEs, versatile materials for different applications.

This approach has led to a wide range of unsaturated and saturated polymers bearing different
functionalities with the possibility to modify the polyolefin architectures by placing precise func-
tional groups phosphorous containing throughout the backbone. The UPPEs presented in this thesis
found novel biomedical applications as potential tissue engineering scaffold materials but also in
materials science concerning their flame-retardant properties and activity agains oxygen. We rea-
sonably believe that this procedure can be easily scaled up and is very promising even for industrial

application, in the business of high performances polymer materials.
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Chapter 3
Synthesis of Poly(Phosphoester)s
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Outline

This chapter will describe synthesis and characterization of the poly(phosphoester)s syn-
tetized during this thesis. Linear, hyperbranched, labeled and telechelic systems can be prepared
via olefin metathesis with a high degree of functionalization and control. Up to now the classical
approach like ring opening polymerization or polycondensation limited the variability of this sys-
tem and only the new, herein presented approach made the synthesis of these PPEs possible for a

wide range of applicaitons.

Linear Hyperbranched Labeled Telechelic
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3.1

Linear Polyphosphoesters
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Scheme 5a. Unsaturated Poly(Phosphoester)s : The olefin methathesis approach.

The acyclic diene metathesis polymerization is a quantitative reaction tolerating many

functional groups and yields only the desired linear polymer and ethylene as a byproduct. First of

all we have demonstrated how ADMET provides tools for accessing linear unsaturated and saturat-

ed polyphosphoester structures in an efficient way (Scheme 5a, 5b).45
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Scheme 5b. Ruthenium-based catalysts used and acyclic dyene organophosphate as model systems

synthetized.
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3.1.1 Monomer Synthesis

The monomers investigated were synthesized using commercially available phenyl di-
chlorophosphate which was esterified with the respective alcohol in the presence of a base, pyri-
dine (or triethylamine), as described in the following representative procedure (Scheme 6) for the
compounds 1-4. The pure compounds are colorless liquids at room temperature and can be stored
at room temperature over a period of (at least) several months. In contrast, the five and six mem-
bered cyclic phosphates which are used in ROP are sensitive monomers, and special precautions
have to be followed in handling these monomers, during the preparation, the purification (general-
ly by distillation) and especially while conducting the ROP. Their sensitivity easily quenches the
polymerization or unwanted initiation by water can occur. For the liability of these cyclic com-
pounds, most of the ROPs are carried out on rather simple five membered, ethylene glycol-bridged
cyclic phosphates and subsequent post-polymerization modification reactions are carried out. The
ADMET approach opens a great toolbox of a tremendous variety of substrates which are more sta-

ble and easily available from POCls.

('P)‘ SAhon i
c- el — by Pothe”
0. : Pyridine, CH,Cl, , 0°C tor.t. o\©
Phenyl dichlorophosphate n=1:1
n=2:2
n=4:3
n=9:4

Scheme 6: General protocol for the synthesis of acyclic diene phosphate monomers for ADMET.

3.1.2 ADMET Polymerization

Motivated by the high functional group tolerance of the Grubbs-type catalysts, we inves-
tigated the influence of different catalysts on the molecular weight and the polydispersity for the
ADMET polymerizations of the monomers 1-4 (Grubbs first generation (C1), Grubbs second gener-
ation (C2), and Grubbs-Hoveyda first generation (C3)) in bulk with stirring at different tempera-

tures (see below). Since the monomers described herein are liquids, a bulk polymerization is feasi-
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ble and maximizing of the molar concentration of the olefin and appropriate shifting of the reaction

equilibrium can be obtained when solvent is omitted.

Table 1. Conditions for the ADMET polycondensation (general representative procedure) of 1-4
and molecular weight data of the resulting polymers.

run monomer  catalyst catalyst temperature Mw@) My(@) Mw()/Mn()
[mol%] [°C] [g mol] [g mol1]

1 1 C1 1.3 60 - - -

2 1 C2 1.3 60 - - -

3 1 C3 1.3 60 - - -

4 1 C1 1.3 80 - - -

5 2 C1 1.3 60 14,500 7,700 1.88
6 2 C3 1.3 60 14,000 6,000 2.33
7 3 C1 1.3 60 19,300 10,000 1.93
8 3 C3 1.3 60 17,000 8,700 1.95
9 4 C1 1.3 60 57,300 38,000 1.50
10® 4 C2 0.2 40 7,200 5,050 1.42
11 4 C2 1.3 60 43,200 26,800 1.83
12 4 C3 1.3 60 34,200 23,600 1.45
13 4 C1 0.6 60 54,700 32,400 1.68
14 4 C2 0.6 60 50,000 22,700 2.20
15 4 C1 0.3 60 33,000 20,200 1.63
16 4 C2 0.3 60 50,000 22,700 2.20
170 34 C1 0.6 60 13,000 6,100 2.13

(a)In g mol, determined by gel permeation chromatography (GPC) in THF vs. polystyrene standards. (b) The monomer
(100 mg) and Grubbs’ first generation catalyst (0.2 mol%) were dissolved in CH,CL, (2 mL). (¢) Random copolymer between 3

and 4 in ratio 1:1.
Table 1 lists the results of the polymerizations. The first reactions were carried out at 40
°C, however, it was observed that the temperature was not high enough to activate the reaction

efficiently, and sometimes unreacted monomer was recovered(Scheme 7).

0 [Ru] cat. 60°C o
P
|

\/Hn‘o’g‘o’ﬁn\/ \ @o’ \owm

o
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n=1:P1
n=2:P2
n=4:P3
n=9:P4

3 3 3 3

Scheme 7: ADMET polymerization of a phosphate monomer 1-4.
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Therefore, the polymerization temperature was raised to 60 °C, where upon a sudden color change
from purple to red (using C1 with monomer 4), evolution of ethylene, and a quick increase in the

viscosity of the reaction mixture was observed.

Polydispersities of the polymers are in agreement with the theory concerning the Caroth-
ers equation that predicts the most probable distribution of 2 for a linear polycondensation, as
conversion reaches 100%.4¢ Because of the increase in viscosity after one/two hours the reaction
temperature was gradually raised to 80 °C to allow efficient mixing of the polymerization mixture.
After ca. 10 h at 80 °C the evolution of ethylene ceased. The polymers were dissolved in dichloro-
methane and precipitated into methanol or hexane. For monomer 1, no polymeric materials were
obtained and the monomer was recovered in all the cases (runs 1-4). This is attributed to the so
called "negative neighboring group effect”(Figure 10). Because of the proximity of the coordinating
ester, metathesis under ruthenium catalysis is slow or even prevented due to complexation of the

heteroatom lone pair with the metal center.4?

Figure 10. Negative neighboring group effect.

This lack of reactivity could alternatively be justified by the formation of particular rest-
ing state of the carbene formed with the allyl substrate possible via coordination to the phos-
phate.*8 This was also visible with the naked eye for polymerization attempts of 1, as the reaction
mixture turned brown immediately. As expected, when the distance of the coordinating oxygen
atom to the reactive double bond was increased just by one methylene unit (monomer 2), polycon-
densation results improved. After the catalyst, the mixture immediately turned red, with a gradual
increase of the viscosity to give polymers with My’s of 8,000 g mol-! (runs 5,6). The polycondensa-
tion of 3 proceeded in a fashion similar to that of 2. The polymeric materials isolated were in the

range of 8,000-10,000 g mol! (M) and were readily soluble in THF.
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Figure 11: GPC-elugram of polymer P4 (runs 10 (solution) and 13 (bulk])) vs. polystyrene stand-
ards in THF (bottom). The dotted signal belongs to the monomer 4. The presence of oligomers can
be clearly detected for low molecular weight P4 from run 10 and quantified by MALDI-MS (top).

Figure 11 shows a representative SEC elugram of a polymer from monomer 4 (run 13)
synthesized in bulk, in comparison to the diluted synthesis performed in solution (run 10). The
monomer 4 was injected also to the GPC and it can be observed, that the oligomers from solution
polymerization still contain a monomer fraction (eluating at 30.4 mL). Interestingly, in the oligo-
mer, there is a shoulder to higher elution times (ca. 31-32 mL), indicating the presence of cyclic
monomer which should elute later than the linear counterpart. The main peaks in the MALDI sec-
tion of the figure correspond to the oligomers, ranging from dimers to pentamers (for example: the
peak at 995 g mol! corresponds to the molecular ion of [2M+K]*]) observed in the elugram of the
oligomer (run 10), while the neighboring peaks exhibit an interval of 14 g mol! (methylene units)
which is most likely attributed to ruthenium-hydride formation, resulting in double bond isomeri-
zations, during ADMET in the particular conditions (in solution) using catalyst C2.49:50 This isomer-
ization was not observed in the MALDI spectrum of a relatively low molecular weight sample of

polymer P2 (M,= 3,000 g mol, Figure 12). This is reasonable as isomerization would produce a
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phosphoric acid allyl ester that cannot undergo further metathesis (see above) resulting in a pre-

cise polymer.
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Figure 12: MALDI spectrum of a relatively low molecular weight polymer P2 obtained by
quenching the reaction using (dithranol as a matrix and potassium trifluoroacetic acid (KTFA) as
cationization agent were used).

This systematic process allows the study of ideal models of functionalized PPEs with pre-
cisely placed substituents and simply by choosing the proper catalyst and monomer, in the absence
of solvent and under reduced pressure, leads to quantitative yield of the desired polymer. In this
regard, a monomer bearing longer side chains was synthetized (4). The reactions of 4 proceed in
the same manner as for the other monomers, in this case observing a quick viscosity increase. After
a screening on different parameters as reported in Table 1, the optimum conditions for the
polymerization of 4 was found to be at 60 °C, 0.3 mol% of Grubbs’ first generation catalyst, and for
10-12 h polymerization time (M., = 57,300 M,= 38,000 PDI 1.5). 4 was also investigated in a one-pot
copolymerization with 3 in a ratio 1:1 following the standard procedure, leading to a sticky gum
(M. = 13,000) soluble in CH2Cl; or THF (run 17, Table 1). UPPEs with different molecular weights
have been prepared following the ADMET approach. The resulting polymers are rich in trans ole-
fins due to the ADMET mechanism, since the stereochemistry is controlled thermodynamically due

to the equilibrium nature of the polymerization.51 Because the results for ADMET are highly de-
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pendent on the catalytic system, only ruthenium-based catalysts were selected, free of Lewis acids,
that favor metathesis chemistry over vinyl addition,52 and are only reactive towards olefins.53 Fig-
ure 13 shows the 'H NMR spectra of monomer 4 (bottom) and the respective polymer (middle)
proving the complete disappearance of the terminal double bonds (5.8 ppm and 4.9 ppm) and the
formation of internal double bonds (5.4 ppm). A zoom into the region of the terminal double bonds
also allows the determination of the molecular weight of the polymers (see below). In a following
step, a saturated PPE (P5) has been synthetized from P4 via catalytic hydrogenation. In an ideal
case the phosphates are separated by 20 carbon centers. This broadens the range of accessible
materials by this synthetic strategy from UPPEs in order to prepare saturated PPEs. Metathesis
chemistry, in fact, is giving promising results in the preparation of degradable materials from re-

newable resources.>*
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Figure 13: 'H NMR investigation (700 MHz in CDCl;3 at 298.3 K) showing the aromatic and olefinic
region of the spectra of monomer 4, polymer P4 and hydrogenated polymer P5.

P5 can be regarded as a degradable polyethylene with predetermined breaking points inside the
backbone. H NMR and 13C NMR spectroscopy proves complete reduction of all double bonds. In

addition, GPC results prove that the phosphate linkages are stable under the hydrogenation condi-
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tions (Pd/C, H, 8 bar) and fully saturated PPEs can be generated with different thermal properties
(see below). The molecular weight of the saturated polymer P5 (Mw 54,000 g mol-1, PDI 1.90) esti-
mated by GPC was in agreement with the starting material(Mw 53,000 g mol, PDI 1.90). Like the
other unsaturated polymers 31P NMR measurements revealed for P5 only a single peak around -7
ppm, excluding the presence of di-substituted or mono-substituted phosphate in the material iso-
lated. For all polymers, molecular weights were obtained from GPC in THF against polystyrene
standards. In addition, ADMET produces only linear polymers that possess terminal double bonds
as the respective end groups which are accessible for further reactions. With high resolution 'H
NMR spectroscopy these can be used to calculate an absolute molecular weight. For a low molecu-
lar weight PPE this spectrum is shown in Figure 14. By integration of the terminal olefinic signals,
My’s of 40,000, 60,000 and 140,000 g mol! have been calculated respectively for the polymers P2,
P3, P4. For M,’s higher than 50,000 g mol-! the method is limited of course, due to increase in the

noise ratio and possible isomerization of the terminal end-group resulting in large errors.
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Figure 14: 'H NMR spectrum (700 MHz) in CDCl;3 at 298.3 K showing the aromatic and olefinic
signals of a polymer P4 4,000 g mol-! sample calculated by NMR.
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The resonances labeled belong respectively to the phenyl pendant group (7.2 ppm), the terminal
groups (a: 5.0 ppm, b : 4.9 ppm, e : 5.8 ppm) and internal (c: 5.38 ppm, d : 5.34 ppm) olefinic pro-
tons. 1H-1H COSY of polymer P4 (M, 9,000 g mol1) further proves the presence of terminal double

bond signals, which disappear after hydrogenation.

3.1.3 Thermal Characterization

The UPPEs synthesized in this study range from sticky gums to rubbers, which are ready
soluble in common organic solvents such as CHCl3, CH;Cl; and toluene. The flexible P-O-C groups in
the backbone commonly result in PPEs with low glass transitions (-40 °C).55 Interestingly it has
been observed that the glass transition of a poly(lactide-co-ethylphosphate) copolymer depends
inversely on the weight percentage of phosphoester segment in the copolymer.5 The Fox equation
for these polymeric systems estimated the Ty at -30 °C for a PPE homopolymer, which is consistent
with the role of an internal plasticizer of the phosphoester monomer itself. The thermal stability of
the polymers P2, P3, P4, P5 was examined by thermal gravimetric analysis (TGA) while the glass
transition temperatures (7T,) and the melting points (7») were determined by differential scanning
calorimetry (DSC) under nitrogen (Figure 4). The materials synthesized showed the typical low
temperature glass transitions of PPEs, with a relevant contribution of the olefinic double bonds to
the polymer microstructure for the polymers P2, P3, P4 shifting the T, to -30 to -70 °C. In addition,
the melting temperatures of the polymers P4 and P5 (50,000 g mol-1) change as the unsaturated
backbone is hydrogenated. Even polymer P4 exhibits a melting temperature at -7 °C upon heating
and cooling, while the equivalent hydrogenated polymer P5 shows melting at 44 - 45 °C due to the
disappearance of the double bonds which act as a defect during the crystallization of the polymer
(Figure 15). All the other unsaturated polymers exhibit different glass transitions at -32 °C for P2

(14,000 g mol1) and -53 °C for P3 (20,000 g mol1), without observing a melting peak.
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Figure 15. DSC thermograms of P4 and P5.
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3.2 A metathesis Route for BODIPY Labeled Polyolefins

ADMET provides an efficient strategy for the labeling of polyolefins. The versatility of
phosphorus chemistry allows designing substituted BODIPY monomers or chain stoppers for the

synthesis of precise labeled (degradable) polyphosphoesters.

Scheme 8a. Metathesis approach toward BODIPY labelled Poly(Phosphoester)s

Chemical labeling is a great possibility to obtain traceable steadily-stained materials for
versatile applications such as optical bioimaging and signal amplification in biological diagnostics.56
In the family of organic dyes, the set based on BODIPY (boron-dipyrromethene or 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene) has attracted increasing attention over the past decade.5? BODIPY-
based functional materials continuosly expand their range of applications because of unique photo-
physical properties, such as excellent thermal and photochemical stability, good solubility and in-
tense absorption profile. BODIPY’s chemical robustness allows the design of functional systems for
paint, ink compositions, and electroluminescent devices.58 One of the main features that makes this
organic dye extremely attractive is the possibility to modify its molecular backbone in a straight-
forward manner. Great potential was recognized for biochemical purposes, making this stable dye
become known and used among biologists,for example for the labeling of biomacromolecules such
as DNA.5? Because of their functionality and similarity to DNA, in recent years synthetic polyphos-
phoesters have attracted attention in biomaterial science.>? Typically, polyesters dominate the

field, and are widely applied in pharmaceutics and medical applications, because of their excellent
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biocompatibility and degradability.6? The structural versatility of phosphorus, combined with a
straightforward synthetic approach, allows generating novel functional polymerizable organo-
phosphates. We have demonstrated how these compounds can undergo acyclic diene metathesis

and thus be converted into linear synthetic polyphosphoesters.45

. 1) 12 h, rt, vacuum .
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Scheme 8b. Metathesis polycondensation of phenyl-di-(10-undecenyloxy)-phosphate 4 in presence
of BODIPY dyes (6 and 7).

Different strategies for the synthesis of complex BODIPY-polymer conjugates mostly by anionic or
radical polymerization has been reported.®® In contrast, little attention was given to the precise
incorporation of these dyes into degradable polymers, which has become of particular scientific and
application relevance. Different synthetic strategies allow the synthesis of functional BODIPY deriv-
atives via cross-coupling of organometallic compounds,®! click chemistry,5Z radical or photochemi-
cal polymerizations.®3 This is the first report on a strategy (Scheme 8) based on ADMET for the
facile preparation of precise labeled polymers that further expand the toolbox of biodegradable
polyesters based on phosphorus. A ROMP metathesis strategy for the synthesis of fluorogenic pol-
ymers was developed by using norbornene derivatives and suitable fluorophores.6* However this
strategy is limited to only a few monomers that can be polymerized by this technique. Our model

system offers many possibilities to design and label various types of polyolefins, because a wide
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range of functional acyclic diene monomers is available for ADMET in combination with a robust
synthetic protocol based on phosphorus oxychloride. Ruthenium-based complexes such as the cata-
lysts of Grubbs provide, furthermore, an efficient and functional-group tolerant tool for olefin me-

tathesis, under mild conditions with quantitative conversion.
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Scheme 9. Synthesis of polymerizable BODIPY 6.

3.2.1 BODIPY Dyes: Synthesis

Phosphorus oxychloride is a key compound for the synthesis of structural versatile or-
ganophosphates. This intermediate can be reacted with a variety of alcohols to obtain functional
and polymerizable phosphoaldehyde 5 (Scheme 9) what is the perfect handle to build the BODIPY
moiety onto the olefinic monomer. As phenyl-di-(10-undecenyloxy)-phosphate 4 is a liquid, it facili-
tates the bulk-metathesis co-polymerization of the olefinic BODIPYs allowing the generation of high

molecular weight polymers.

In order to ensure covalent labeling of the polymer, 6 or 7 were used as co-monomer or
chain stopper, respectively, during the polymerization. The relative amount of 6 allows tailoring the
percentage of dye in the polymer, while BODIPY 7 acts as a terminating agent capping the polymer

chains to allow adjusting the molecular weight and also the labeling position (at the chain ends in
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this case). As proven by GPC equipped with a fluorescence detector (Figure 16) homogeneous la-

beling of the polymers is achieved.

5 === Refractive index detector
i 1 — Fluorecensce detector (540 nm)

Elution Volume / mL

Figure 16. GPC elugram (in THF) for polymer P6 showing the fluorescence (A= 540 nm) and the
refractive index detection.

3.2.2 Photophysical Properties

One important point that should be emphasized here is the possible influence of the pol-
ymer chain on the spectroscopic properties of the dye and, conversely, the influence of the dye on

the polymer chain conformation (Figure 17).
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Figure 17. UV-visible (solid lines) and fluorescent spectra (dashed lines) for monomeric dyes and
the respective polymers. (a) BODIPY 6 in toluene (black), polymer P6 in toluene (red) and thin
solid film (blue); (b) BODIPY 7 in toluene (black), polymer P7 in toluene (red), and thin solid film



It is possible to tune the percent of labeling by tailoring the monomer ratios as both carry
electron rich olefins, leading to a random incorporation into the polymer backbone and high mo-
lecular weights via ADMET, the photophysical properties of the dye stay undisturbed after

polymerization when the polymer is dissolved in organic solvent (Figure 17 and Table 2).

Table 2. Summary of fluorescences of BODIPY polymer-conjugates in solution and film.

entry Amax  lifetime (7) Quantum yield

nm ns (.n)

z P6 542 4.8 0.70

E P6a 542 4.7 0.70

3 P7 542 4.6 0.72

P6 547 2.4 0.51

= P6a 546 0.95 0.09
=)

P7 569 0.97 0.10

Further, an incorporation efficiency of 100% of 6 and 7 in the polymers was obtained (Table 3).
The precise percentage of labeling is crucial to keep unchanged the conformation of the polymer
chain, minimizing self-quenching between dyes in close proximity. In a second approach, we used
metathesis to selectively label the end groups with 7 that acts as a chain stopper in the polyconden-

sation reaction.

Table 3. Summary of photophysical properties of BODIPY polymer-conjugates.

(Mw)?, (Mn)?, Polydispersity, Absorption  Extinction, Labeling efficiency,
gmol!  gmol? (Mw)*/(Mn)? (Amax), nm (ep)3 o4 %
P6 170,000 80,000 2.1 528 1,13 ~100
P6A 150,000 75,000 2.0 528 7,49 ~100
P7 30,000 20,000 1.5 526 4,78 ~100

(1) Weight-average and (2) number-average molecular weight determined by gel permeation chromatography (GPC) in THF

vs. polystyrene standards from RI-detector. (3) extinction coefficient of the (em [L mol? cm]) polymer ; (g [L g-1 cm-1])

dissolved in toluene; (4) labeling efficiency (¢) was calculated as ¢ = %, where @p is weight fraction of the fluorescent
S
monomer in the polymer and s is weight fraction of the fluorescent monomer in the monomer mixture. op was calculated
ApM, . . . . . .
as w, = g”—m’" where Ap=¢; is absorbance of the polymer solution with concentration 1 g L1, Mn is the molecular weight of
mMp

the fluorescent monomer, em — we assume that the molar extinction of the BODIPY unit is the same in the monomer and

polymer, mp=1 g is mass of the polymer in solution.
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In a one-step reaction, this chain stopper, allowed to introduce precisely and homogene-
ously the fluorescent moieties at the ends of the polymer backbone in a quantitative manner; it can
also be used for labeling of other compounds by cross metathesis, making it a valuable compound
for future worksMore importantly, this strategy allows tailoring the desired molecular weight as 7
is quantitatively incorporated. Telechelic polymer P7 (Mw 30,000 g mol', polystyrene standards in
THF, PDI= 1.5) with high optical absorptivity per weight of polymer was obtained. These polymers
(Scheme 10) are promising candidates for example, to generate fluorescent nanoparticles that
could find applications as degradable drug delivery vehicles and to monitor their cell uptake in

vitro.

Scheme 10. Structures of labeled polyphosphoesters synthesized via ADMET. The vial shows the
fluorescence of polymer P6 in toluene.

An important property of the labeled polymer P7 is that the fluorescence quantum yield
is very similar to the monomer (7) in solution but differs in the polymeric film. The decrease of the
quantum yield is likely to originate from self-quenching because of the rather high dye content. The
direct copolymerization of 6 allows to generate the high molecular weight labeled polyphosphoe-
ster P6 (M., 170,000 g mol-1, GPC polystyrene standards in THF PDI = 2.1). By this approach, we
were able to increase seven times the amount of fluorescent co-monomer into the polymer chain
P6A compared to P6. This tunable labeling keeps the properties of the mother polymer less affect-
ed, demonstrating with P6A the possibility to obtain a bright material with a high extinction coeffi-

cient and strong fluorescence without self-quenching (Table 3, Table 4).
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Table 4. Summary of photophysical properties of BODIPYs synthesized.

Absorption Extinction, Fluorescence Fluorescence Fluorescence
(Amax), nm (&m)? (Amax), nm lifetime (7),ns  quantum yield (7)
BODIPY (6) 528 67000 545 4,6 0,71
BODIPY (7) 526 64000 545 4,9 0,69

(1) extinction coefficient of the (em [L mol ! cm]) BODIPYs; (¢p [L g-1 cm-1]) dissolved in toluene.

3.2.3 BODIPY Labeled Polyolefins: Considerations

Two new BODIPY 6 and 7 derivatives have been synthesized which can be used to label
polymers and other olefinic compounds via olefin metathesis. The metathesis approach offers the
possibility to adjust the quantity and labeling position at tunable positions, i.e. along the chain or at
the chain end - or also via cross metathesis to other compounds. As a model we prepared unsatu-
rated polyphosphoesters which were labeled along the chain or at the chain ends by controlling the
molecular weights.65 This one-step olefin metathesis with mono- or difunctional BODIPY-based
dyes is a general protocol to label polymers that can be prepared by ADMET for example to follow

their cell uptake behavior.

3.3 Telechelic Polyphosphoesters!a

By definition, a telechelic polymer is a di-end-functional polymer where both ends pos-
sess the same functionality. Polymers which have different end groups are termed di-end-
functional polymers or heterotelechelic polymers.65 A telechelic polymer or oligomer is a prepoly-
mer capable of entering into further polymerizations or other reactions through its reactive end-
groups. It can be used for example to synthesize block copolymers.65 Reactive end-groups in
telechelic polymers can stem from the initiator or termination or chain-transfer agents in chain

polymerizations, but not from monomers as in polycondensations and polyadditions.¢¢ Since their

1a In collaboration with Mark Steinmann, Diplomarbeit 2013, manuscript in preparation.
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first reference in 1960,°7 telechelic polymers have been used widely, e.g. for post polymerization
reactions such as gel formation or as macromonomers to generate complex macromolecular archi-
tectures.®® The chemical nature of the end-group functionalities dominates not only the material’s
solubility in organic solvents, but also thermal properties such as the glass transition temperature
and the melting temperature as well as the crystallinity. Therefore, the modification of these end
groups is an important strategy for tuning the properties of known polymers and finding new ap-
plications. Nevertheless, functionalization of polymers is considerably more challenging than that
of small molecules because it requires a clean and quantitative reaction to avoid the formation of
mixtures along the chain. Consequently, it is desirable to have a simple and convenient method for
the post polymerization modification of polymers. Preparing telechelics with perfect difunctionality
(2.0 functionality) has been a challenge for years. Different methods, including step growth, anionic,
cationic, free radical procedures, ROMP, and ADMET depolymerization and polymerization meth-
ods have been used in the synthesis of telechelic oligomers.®°UPPEs with modified end groups are

synthesized by ADMET introduced as direct polymerization modification reaction.
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Scheme 11. Telechelic polyphosphoesters synthesized.

Direct polymerization modification reactions feature a high molecular weight control, which is
realized by introduction of a chain termination reactant (CTR). The CTR is monofunctional regard-
ing to the olefin unit to act as a chain stopper. The important factor for the molecular weight is the

ratio between the CTR and the repeat unit Bis-(undecen-10-yl)-phenylphosphate. The CTR and the
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monomer of the repeat unit were directly mixed together with Grubbs catalyst 1st generation,
which is a typical catalyst for metathesis reactions. The backbone is based on UPPEs, made by the
ADMET polymerization. Furthermore a Chain termination reactant (CTR) was added to the reaction
mixture, which carries nine methylene groups, between their olefin and precursor, like alcohol
groups, were used to cap the polymer chain ends to yield difunctional telechelic material. The CTRs
with nine methylene groups have two advantages : the lengths is the same as the lengths of the
methylene groups between the phosphates; the size of the CTR is big enough to have less volatile or
a higher boiling point respectively, which is useful because the synthesis applies vacuum. The mo-
lecular structures of the telechelic polymers differ by the group at the chain end, which is a direct
result of the identity of the CTR used to end-cap the polymer chains during the ADMET reaction.
The CTR serves to limit the molecular weight of the polymer and to cap the chain-ends with a de-
sired functional group. The use of the CTR directly in polymerization reaction allows synthesizing
telechelic UPPEs with good molecular weight control. Telechelic diols presented in this work would
serve as a macro monomer lead to Polyurethanes (PU) with novel interesting features. Further-
more any chosen telechelic macro monomer could be polymerized to yield innovative polymers
with new properties depending on the architecture and degree of polymerization of the introduced

polymer chains, such as polyesters by telechelic dicarboxylates.

3.4  Hyperbranched Polyphosphoesters

Hyperbranched (hb), i.e. statistically branched, polymers were always considered as ma-
terials suitable for large-scale applications in coatings or resins, as their synthesis is usually
achieved in one polymerization step only yielding highly functional materials with peculiar proper-
ties.”% Coatings companies, for example, have found breeding grounds and since the first reports on
hyperbranched polymers many formulations from high solid coatings to barriers for flexible pack-
aging have been developed.’? A branch-on-branch structure with a large number of terminal
groups, gives excellent flow and processing properties to these polymers superior to most linear
polymers.7? From the early beginning, different methodologies have been developed for the synthe-

sis of hb polymers: step-growth polymerization techniques are probably the most frequently ap-
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plied strategies.”? Generally, these approaches are based on AB, monomer in which the single A-
group reacts in an ideal case only with the B groups of the monomer via polycondensation or poly-
addition.”3 The polymerization of a mixture of monomers of the type A,/Bs3, is also regarded to lead
to highly branched structures often based on commercially available materials.7* These structural
peculiarities lead to amorphous materials, since branching prevents crystallization, resulting in low
viscosities in bulk and in solution.?% 75 In spite of the abovementioned benefits, often harsh reaction
conditions need to be applied for the synthesis of hb polymers. Recently Grubbs et al. employed
olefin metathesis to prepare hb polymers under mild conditions.’¢ We present structurally novel
hbUPPEs that are generated by metathesis polymerization. For the first time, hbUPPEs (Scheme 12)
were prepared within a two-step protocol via olefin metathesis using the phosphate moieties as

trifunctional branching points.
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Scheme 12. A straightforward strategy: Schematic representation of monomer synthesis and AT-
MET polymerization conditions for the synthesis of hbUPPEs.

3.4.1 Monomer Design

The polymerization with quantitative conversion of Az-type monomers produces soluble processa-
ble materials with variable structure (Scheme 12), with an intrinsic low viscosity and high level of
internal and end group functionalization. Only the structural versatility of phosphorus (starting
from POCl3) allows the straightforward preparation of several As-type functional monomers. Here-

in we synthesized tri-(but-3-en-1-yl)-phosphate(9), tri-(5-hexen-1-yl)-phosphate (10), tri-(undec-
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10-en-1-yl)-phosphate (11) having a variable chain length between the double bond and the phos-
phate unit by the choice of the alcohol in order to vary the branching point density within the hb
polymers. These Az monomers were polymerized with Grubbs catalyst 1st generation in bulk to
generate hbUPPEs. Control over molecular weights avoiding gelation has been obtained by fine
tuning of the reaction conditions, with temperature and catalyst amount being the key during the
preparation of soluble branched materials. The high level of terminal double bond functionalization
(Figure 18), combined with the low glass transition temperatures (ca. -90 °C) of the hbUPPEs make
these systems as mobile and closed matrixes for the dispersion of highly hydrophobic moieties. The
metathesis of 9 was used as a model monomer to study the growth of the olefin rich hbUPPEs with-

out a complementary B,-type monomer, in presence of the appropriate ruthenium catalyst.
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Figure 18. 'H NMR (500 MHz in CDCl; at 298.3 K) showing high level of terminal end group func-
tionality after the controlled metathesis polymerization of 9.

The polymerization via Grubbs-type catalysts of 9 can be followed by 'H NMR as the terminal ole-
finic resonances of the starting monomer at 5.8 and 5.1 ppm, respectively, change into much broad-
er peaks after polymerization and also internal polymeric double bonds (at ca. 5.5 ppm) can be
detected (Figure 18). These results prove, combined with SEC equipped with a viscosity detector,

the highly branched and polyfunctional structure of the hbUPPEs (Figure 19). Olefin metathesis is
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able to polymerize an Az monomer without the need of a complementary B, monomer. This was
first shown by the group of Meier with the polymerization of a Glyceryl triundec-10-enoate to yield
highly branched materials.”” Control over the molecular weight during the hyperbranching
polymerization of suitable A3 monomers is controlled by the addition of chain stoppers in order to
perform the one-step and one-pot reaction and to prevent highly cross-linked insoluble struc-
tures.”® The ring-opening polymerization (ROP) approach was also applied to prepare a water-
soluble hyperbranched polyphosphate drug carrier which was recently synthetized by self-
condensation ROP of 2-(2-hydroxyethoxy)-ethoxy-2-o0xo0-1,3,2-dioxaphospholane.24 The structural
versatility of phosphorus, combined with our straightforward synthetic approach, allows generat-
ing novel functional polymerizable organophosphates. These compounds can undergo acyclic triene
metathesis (ATMET) and thus be converted into hbPPEs. Since the monomers are liquid at room
temperature, the polymerizations were carried out in bulk, by the addition of the appropriate

amount of catalyst (usually ca. 0.1-0.5 mol%) under argon.
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Figure 19. Overlay of a MALDI-ToF mass spectrum and a SEC elugram indicating oligomeric me-
tathesis compounds of P9. (0.6 mol% G1 catalyst, r.t. for 8 h).
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Because the results for ADMET are highly dependent on the catalytic system, only ruthenium-based
catalysts were selected.52 Considering molecular weight dispersity, for a linear ADMET system a
value of Mw/Mn=2 is the most probable distribution for a linear polycondensation, as conversion
reaches 100%.46 Nonlinear polycondensations, such as the metathesis of acyclic trienes, lead to
systems with higher dispersity values. In our case, highly branched PPEs can be prepared with tai-
lorable molecular weights having dispersities which did not limit the applications of these materi-

als, as discussed later.

Tri-allyl phosphate 1 was synthetized to be used as an Az monomer for the acyclic triene
metathesis (ATMET) to generate hb unsaturated PPEs with high phosphorous content (P1). To the
best of our knowledge, for the first time, an olefin metathesis polymerization on a tri-allyl ester was
reported, since allyl esters, -amides or -ethers are known to have very low metathesis activity.4? In
this case, the Az monomer proved efficient polymerization as it can be calculated from 'H NMR
(Figure 20) and ESI-MS analysis of early reaction steps (Figure 21) with final molecular weight up

to 2,500 g mol-L.
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Figure20. 'H NMR (500 MHz in CDCl3 at 298.3 K) showing high level of terminal end group func-
tionality after the controlled metathesis polymerization of 8.

All ATMET polymerizations exhibited quantitative conversion of 8 and lead to soluble, processable

materials with variable structure with an intrinsic low viscosity (M’s typically ca. 2,500 g/mol, GPC
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in THF vs PS). The high level of end group functionality makes P8 a suitable candidate as additive in
flame retardant coatings since the presence of double bonds provides a reactive group for a classi-
cal bi-component system.
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Figure21. Evidence of dimeric structure from ESI-MS: early metathesis step.

This system allowed preparing a UPPE with a very high P-content (17%) and degree of branching
with the smallest possible backbone that is accessible via metathesis chemistry. From the 31P NMR
of P8 a branched structure is showed, as the different structural units in a hb polymer (linear, den-

dritic, terminal as well as cis/trans double bonds) resonance at different chemical shift (Figure 22).
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Figure 22.31P NMR of P8 (202 MHz, CDCls).
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3.4.2 Kinetics of Polymerization and Structural Considerations

In order to control the polymerization of Az-type monomers and to prevent cross-linking
of the materials, temperature showed to have a key role as a control parameter. As shown in Figure
18 and 20, this strategy without using a chain stopper ensured high level of terminal double bonds

functionalization while keeping the material soluble and preventing crosslinking.
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Figure 23. SEC elugrams showing the kinetics of the polycondensation of 1 over a period of 140
min (0.8 mol% G1 catalyst, 30 °C).

The polymerization of 9 was conducted in presence of 0.8 mol% Grubbs 1st generation catalyst at
40-45 °C, under vacuum in absence of solvent and polymers P9 were obtained after 90 min reaction
time with M,,’s of ca. 16,000 - 18,000 g/mol (from GPC). Because of the low viscosity of P9, stirring
was still possible after consumption of the monomer ensuring homogeneous mixing with a quanti-
tative monomer conversion. In order to determine the onset of gelation, the kinetics (at 40 °C) of
the polycondensation of 9 was monitored via GPC (Figure 23). In a fashionable way, the polymeri-
zation of tri-(5-hexen-1-yl)-phosphate (10), tri-(undec-10-en-1-yl)-phosphate (11) reached an
optimum molecular weight at 16,000 g/mol resulting into a glassy transparent material (P10, P11)

after purification (Table 5). The materials prepared showed good solubility in the common organic
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solvents with a low viscosity in solution. SEC equipped with a viscosity detector further proves the

highly branched structures as all Kuhn Mark Houwink parameters of the hbUPPEs are lower than

0.5 as common for hb polymers.70

Table 5. Metathesis polymerizations: Molecular weights, polydispersities, glass transitions, melting
points and Staudinger indices.

Entry Mw(a) Mn(a) ) (b) Tg(C) a(d)
P8 2,500 1,000 2.6 -100 /
P9 18,000 7,000 2.6 -85 0.44
P1o 15,500 3,500 4.4 -88 0.26
Pu 20,500 5,600 3.7 +5 (melting) 0.7

[a] in g moll, determined by gel permeation chromatography (GPC) in THF vs. polystyrene standards; [b]
Mw/Mhn, molecular weight dispersity from GPC, [c] glass transition in °C (from DSC), [d] Kuhn Mark Houwink
parameter (determined from GPC/viscosity experiments in THF).
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Chapter 4

Applications
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Outline

This chapter will describe targets and the applications of the novel poly(phosphoester)s
described in this thesis. The syntethic route allows customizing linear, hyperbranched, labeled and
telechelic phosphorous based architectures with unique properties. A main focus will be given to
poly(phosphoester)s as oxygen scavengers for optical upconversion applications. The synthetic
route also allows one to design functional materials for tissue engeneering as well as for flame re-
tardancy, demonstrating the versatility of the systems for covering different research areas with

common and cheap starting materials.
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4.1 Optical Upconversion

The possibility to tune chemical and physical properties in polymeric materials has a
strong impact on a variety of technologies, including photovoltaics. One of the prominent research
areas of modern material science for photovoltaics involves spectral conversion. Optical upconver-
sion (UC) refers to a collection of processes that permit the conversion of optical radiation into light
of a shorter wavelength. Anti-Stokes emission (Figure 24) was observed long ago for processes that
involved thermal excitation, but the shifts attainable through thermal excitation are very small,

generally of the order of a few kT.7?
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Figure 24. Schematic illustration of the Stokes (downconversion) and anti-Stokes (upconversion)
shifts. Solid and dotted lines represent absorption and emission spectra, respectively.

Thus, optical upconversion remained a curiosity until the advent of lasers, which promot-
ed the discovery of a diverse range of UC processes in which the emission and excitation energies
are different by many multiples of kT, i.e., clearly in violation of Stokes’ law. Evidently, no energy is
created in such UC processes; rather, the various UC schemes rely on different approaches to har-
ness and combine the energy of multiple photons. Examples include nonlinear-optical processes
such as second and third harmonic generation, and simultaneous absorption of multiple photons.80
Nonlinear-optical materials have come to play an important role in a variety of technological appli-
cations, but since they require coherent, high-intensity excitation by (pulsed) highpower lasers,
they cannot be exploited in applications where the upconversion of low-power, non-coherent, con-

tinuous-wave excitation is either desirable or a must. Several alternative processes that allow for
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low-power upconversion have been known since the 1960s. Upconversion based on energy-
transfer processes, excited state absorption, cooperative upconversion involvingmultiple ions, or
photon avalanches can be observed in certain materials doped with transition-metal (d) or rare-
earth (f) ions, which exhibit long excited-state lifetimes and offer accessibility of multiple energy
levels with similar spacings.81 UC at low power densities (<100 mW cm?) and of noncoherent light
can also be achieved by way of triplet-triplet annihilation (TTA-UC) in multi-chromophore systems
that comprise a triplet sensitizer and an emitter.82 The effect was first demonstrated fifty years ago
by Parker and Hatchard,®3 who employed solutions of anthracene and phenanthrene to upconvert

ultraviolet (UV) light.
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Scheme 13. Energy scheme of the processes involved in TTA -UC. The process involves population
of the first singlet excited state of a sensitizer (S1) upon absorption of incident light, intersystem
crossing (ISC) to the triplet excited state (T1), triplet-triplet energy transfer from the sensitizer to
an emitter (T1), and triplet-triplet annihilation (TTA) of two emitter triplets to populate the emitter
singlet excited state (S1), which decays radiatively (fluorescence).

The generally accepted mechanism for this process is that light is absorbed by the sensi-
tizer, whose first singlet excited state is converted into a triplet upon intersystem crossing (ISC).
Triplet-triplet energy transfer (TTET) to an emitter and triplet-triplet annihilation (TTA) of two
emitter triplets eventually populate an emitter first singlet excited state, which decays radiatively
and leads to delayed fluorescence by the emitter (Scheme 13). Interestingly, for almost half a centu-
ry, TTA-UC, also referred to as sensitized photon upconversion, had been limited to liquid solutions
of sensitizer-emitter pairs. The recent discovery that TTA-UC can also be realized in solid polymer

matrices,84 which on account of their processability and mechanical characteristics are more suita-
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ble for many potential applications than liquid solutions, has further fueled the interest in this pro-
cess. Both sensitizer and emitter ensembles can transfer their triplet energy to molecular oxygen
and are thus depopulated and no upconversion is detected.8> Further, the hereby generated singlet
oxygen is highly reactive, leading to oxidation of the sensitizer and emitter molecules. Passive pro-
tection strategies - i.e. decreasing oxygen permeability by means of encapsulation of the UC-active
substances in polymer films86 or nano- and micro-carriers8? - although effective for some minutes
or hours, are insufficient for technological application due to their short lifetime. It is inevitable to
guarantee an efficient TTA-UC process in materials that can be easily processed on a large scale to
get upconversion ready for diverse applications that range from the optimization of photovoltaic

devices to bioimaging.88

4.1.1 Strategies for Designing TTA-UC in Polymeric Systems

The simplest, and so far most widely used approach to create upconverting polymeric
materials involves simply blending the sensitizer and the emitter into a “photophysically inert”
polymer matrix, which merely serves as a mechanical support for the chromophores. While this
route is particularly attractive as it requires minimal synthetic efforts, the main obstacle is to mo-
lecularly dissolve the chromophores at concentrations that are sufficiently high to support the re-
quired electronic interactions, i.e., exciton migration and annihilation. Unless special measures are
taken, the solubility of small molecules in polymers is often limited to a few percent. Thus, under
equilibrium conditions phase separation and dye aggregation are bound to occur, if their concen-

trations are chosen above the solubility limit.

As the first example of TTA-UC in solid polymer systems, the groups of Castellano and
Weder demonstrated that exciton diffusion can be achieved in solid polymer films, by blending
comparably low concentrations (0.17 and 0.01 wt%, respectively) of the previously employed sen-
sitizer PAOEP (Pd-octaethylporphyrin) and emitter DPA (diphenylanthracene) into a rubbery host
polymer - an ethylene oxide/epichlorohydrin copolymer.89 This matrix was selected on the account

of its adequate transparency, high dye solubility, and suitable mechanical properties, but most im-
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portantly because of its low crystallinity and low glass transition temperature (-37 °C), which im-
part rubbery behavior as well as rotational and possibly translational mobility to the dissolved dye
molecules. The fact that the effect is observed at low chromophore content supports the conclusion
that the rubbery matrix indeed permits the required bimolecular processes, presumably, as de-

signed, on account of adequate chromophore mobility.

Considering that triplet excited states are readily quenched by oxygen, the observation of
upconversion seems to suggest that blending the upconverting chromophores into a polymer pro-
tects them at least partially from this effect. Building upon this initial study, the groups of Weder
and Castellano conducted a systematic study that explored how the nature of the elastomeric ma-
trix and the temperature influence the upconverting properties.8? Using the above-described blend
and similar materials based on a series of thermoplastic polyurethane elastomers as matrices, it
was shown that cooling the PAOEP/DPA-containing elastomer films to below the glass transition
temperature of the respective polymer completely suppresses the upconverted emission. Converse-
ly, the upconverted emission intensity dramatically increased with increasing temperature. This

behavior was completely reversible through several heating and cooling cycles.

A comparison of samples containing the same concentrations of chromophores in differ-
ent polymer hosts showed that the intensity of the upconverted DPA emission was greatest in the
softest (lowest modulus) of the polymers studied. Together with the above-discussed thermal acti-
vation effect, this illustrates the importance of translational mobility for the observation of efficient
TTA-UC, which in these low-dye content materials is clearly mediated by diffusion-controlled steps.
Interestingly, TTA-UC has in the meantime also been realized in blends of upconverting dye pairs in
glassy host polymers. For example, Merkel and Dinnocenzo have reported upconversion with an
efficiency of 0.02% in glassy poly(methyl methacrylate)(PMMA) comprising 0.005 wt% of PtOEP as
sensitizer and 0.09% of DPA as emitter.?0 Thus, in this case TTA-UC was observed under conditions
where the dye molecules are immobilized. Weder proposed a melt-process to create homogeneous
high-dye-content blends of PMMA and up to 0.16 and 25 wt% of PAOEP and DPA, respectively.?!
These materials were made by melt-mixing the components at 210 °C (where the mixture is ther-

modynamically miscible), and quenching the materials to below T, thereby kinetically trapping
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homogeneously blended materials. Unlike solution-cast reference blends of a similar dye content,
which had a phase-separated morphology and showed no appreciable upconversion, TTA-UC oc-

curred readily in these molecularly mixed blends.

The study strikingly illustrates the importance of processing, and the opportunities and
possible pitfalls that can arise in the context of the influence that processing has on the final mor-
phology, which in turn exerts a dominating influence on the TTA-UC mechanism. Baluschev et al.
have studied the mechanistic basis for TTA-UC in solid polymer matrices, as the mechanisms for
exciton transport and annihilation are not imminently clear.92 More generally, these findings sug-
gest that a precise architectural control can help to maximize the efficiency and to minimize para-

sitic energy recycling effects.

4.1.1.1 Mechanistic Considerations for Upconversion in Solid Materials

While TTA-UC has only recently been realized in solid materials, all the steps required in
the process have been extensively studied individually in different types of solids.?3 From absorp-
tion to energy transfers to the various limiting processes, every key step has been theorized.?* As
should be evident from the above description, solid materials must comprise a sensitizer and an
emitter in a manner (concentration, morphology) that enables the underlying photophysical pro-
cesses. Obviously, auxiliary matrix materials should not interfere with the electronic processes by

absorbing incident or emitted radiation or quenching any of the excited states.

In addition, it is desirable to exclude Oz, in order to prevent quenching of the excited tri-
plet states. The essential step for TTA-UC is the formation of an encounter complex between two
emitter molecules in their triplet excited states and this requires either a high level of translational
mobility of these species (as in solution) or, alternatively, efficient exciton migration/diffusion.
Both approaches have been utilized to achieve upconversion in solid materials. Indeed, weak blue

upconverted emission could be observed in these materials, but the quantum yield was very low. A
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detailed characterization of these materials revealed that this was due to the formation of a phase-
separated morphology, i.e. the PtOEP and the DPA crystallized separately, which severely limited
the energy transfer between the sensitizer and the emitter. It would seem that this problem could
be solved by optimizing the morphology of such solid mixtures, but in reality, the co-crystallization

of organic molecules is very difficult to control.?5

4.1.1.2 Oxygen Quenching

Oxygen solubility and permeability of a polymer matrix have a significant influence on the
overall efficiency of the UC process, if operated under ambient conditions. The knowledge acquired
in other domains (packaging, gas-exchange membranes, etc..)?¢ will be of paramount importance
for the implementation of polymeric TTA-UC materials. Permeant transport across a polymer in-
volves (i) the sorption of a gas molecule upon collision with the surface, (ii) the solution of the pen-
etrant, (iii) a diffusive random walk along the voids or free-volume of the material, and (iv) the

desorption on the other side of the material.??

The solubility and diffusivity of a penetrant molecule are governed by the shape and size
of the molecule in question, the affinity of the gas for a given polymer, and the morphology of the
polymeric material. In semicrystalline materials, dense crystalline regions can generally not be
penetrated by diffusing species such as oxygen and slow down diffusion by increasing the tortuos-
ity within the material. In the amorphous regions, molecular mobility dictates local fluctuations and
consequently the diffusivity of the penetrants. Consequently, the latter is greatly diminished upon
glass formation.?8 In summary, the nature and morphology of the polymer will impact oxygen solu-
bility and diffusivity, and significantly influence the upconversion efficiency through impacting

quenching of triplet excited states by ambient oxygen.
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4.1.2 Hyperbranched Poly(phosphoester)s for Active Oxygen Scavenging

An efficient exploitation of renewable energy has become crucial to sustain the increasing
energetic demand. Small improvements in terms of efficiency have strong positive repercussions on
economy and life. Efficient harvesting of solar energy is one of the most promising solutions to the
energetic problem. One of the main challenges is to maximize efficiency using low cost materials.
While the overall efficiency of conventional silicon solar cells has continued to improve in recent
years, the technology faces a theoretical Shockley-Queisser limit at around 33%.99 Silicon solar cells
cannot make use of about 20% of the solar spectrum, as these photons with energy below the band-
gap are lost as they are not absorbed. Upconversion (UC) of these photons is a promising approach
to fill this gap.190 We developed a structurally diverse library of hyperbranched unsaturated
poly(phosphoester)s for highly efficient upconversion in open air (Figure 25) working as active

protective materials.
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Figure 25. Hyperbranched unsaturated poly(phosphoester)s (hbUPPEs) with variable distance
between the branching points were applied as oxygen scavengers.
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These polymers can be synthesized conveniently on a large scale. Clear structure-
property relationship between the polymer structure and the UC efficiency was developed. TTA-UC
was demonstrated to occur in open air in a polymeric matrix with efficiencies much higher than the
corresponding standard value assembled in a glove box. The possibility to tune chemical and physi-
cal properties in rubbery materials can have a strong impact on a variety of technologies, including

photovoltaics, on a market scale due to their long life time (Figure 26).

Figure 26: Photograhs showing the mixture of perylene - PtOEP in P11 and photon UC from green
to blue light. Due to the viscosity of a polymeric sample the film can also be tilted.

The physical properties of the hbUPPEs, allowed us to evaluate for the first time the pos-
sibility to obtain TTA-UC on a large scale. In hyperbranched unsaturated polyphosphates, TTA-UC
can be performed with high efficiencies under ambient atmosphere (Figure 26). However, conven-
tional systems have to be protected against oxygen in order to reach a similar (usually less effi-
cient) effect. The hbUPPEs were selected on the account of their transparency and suitable mechan-
ical properties. The low crystallinity and low glass transition temperature impart rubbery behavior
as well as the possibility to obtain polymer matrices with high dye content as they mix well with
each other. This synthetic strategy is particularly attractive as it requires minimal synthetic efforts.
A crucial point during the matrix-synthesis was to obtain an optimal length of the alkenyl chain,

specified for the desired photophysical process. All polymers provided a long-term protection
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against oxygen quenching of the process of TTA-UC. Increasing the chain length, the protective
action of the newly synthesised polymers (P10 and P11) is strong and does not depend on the
macromolecular organization of polydisperse material. The efficient oxygen quenching is mostly
due to two effects: i) an active chemical protection by scavenging singlet oxygen by the terminal
and internal double bonds of the polymer, and ii) by the intrinsic passive protection of the viscous
polymer matrix hindering oxygen diffusion - many hb polyesters are known to be impermeable for
oxygen.101 Qur synthetic strategy, compared to others for the preparation of hb materials, allowed

us to obtain relative abundance of terminal double bonds active systems for oxygen protection.

4.1.3 Towards Solar Upconversion: Broadband Excitation

For the first time we demonstrate the possibility of broadband excitation of TTA-UC in a
polymer film under ambient conditions (Figure 27). This has a great practical importance in the

light of the earlier mentioned applications.
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Figure 27: Luminescence spectra of the TTA-UC of a polymer film P11 with broadband excitation:
blue - A(wavelength)-profile of the excitation source; red - absorption spectra of UC mixture; green
- UC fluorescence. 21% O, thickness of the sample is d = 100 pm.

To obtain absorption spectra with maximal width synthesized library of structurally dif-
ferent porphyrins have been synthesized by Dr. Yuri Avlasevich at the MPIP (EP 13 185 751.8 /

2013) that possess variable absorption wavelength. Thus, in this experiment we report successful
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effort of concentration of “red” and “near infrared” photons and their simultaneous conversion in
photons with higher energy (“green” photons). This is a very significant step in pushing TTA-UC
towards realization in a wide variety of applications, like TTA-UC devices for solar cells applica-
tions, food packaging and storing, sensing biocompatible nanoparticles, with the main advantage of
measuring the phosphorescent emission (over long period) of any dyes without using glove-box

conditions.

4.1.4 Oxygen-Scavenging Activity

It is well-known that singlet oxygen reacts with double bonds.192 The natural carotenoid
lycopene is reported as the most efficient biological singlet oxygen scavenger.193 The exact reaction
depends on the nature of these double bonds via three main types of additional reactions as well as
potential electron transfer. The purpose of an oxygen scavenger is to limit the amount of oxygen
available for deteriorative reactions that can lead to reduced functionality of the product. For foods
and pharmaceutical products, deteriorative reactions include lipid oxidation, nutritional loss,
changes in flavour and aroma, alteration of texture, and microbial spoilage. Oxygen scavengers are
the most patented of all active packaging technologies.101 Designing an oxygen scavenging system
for a specific type of application is quite complex and is still not well understood. A protection
strategy particuarly designed for performing photo-chemical processes and especially for the pro-
cess of TTA - UC is not described till now. The hbUPPEs enable not only the polymeric passive but
also an active protection of any bio- and photo-active organic materials against singlet oxygen
which is created during the chemical or photochemical reactions by means of deactivating, or
chemical bonding of the singlet oxygen. Building up an effective protection mechanism against
quenching by molecular oxygen and the subsequent generation of highly-reactive singlet oxygen is
imperative for long-lifetime and efficient TTA-UC processes in ambient environments. As the poly-
mer synthetized provide an efficient protective system, we also reported that suitable organophos-
phates can be used as specially designed organic solvents to enable long-lifetime TTA-UC in ambi-

ent atmosphere. The newly-synthesized family of organic phosphates bearing unsaturated hydro-
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carbon tails serve as an UC-solvent with low viscosity, thus the efficiency of the TTA-UC process is
identical with the efficiency in the standard solvent toluene. However, it simultaneously delivers
long-term protection (over 1000 h) against the molecular oxygen quenching, allowing this efficien-

cy to be reached and maintained under ambient conditions (Figure 28).
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Figure 28: Long-term stability of the UC-fluorescence, for inset UC-couple dissolved in tri-(5-
hexenyloxy)-phosphate in ambient conditions. Excitation intensity - 5 mW cm-?; laser spot diameter
- 3000 um. The solid line is guide to the eye. Daylight conditions, no additional spectral filters are

used.

The synthetic procedure provides control of the phosphate functionality, e.g. viscosity, ability to
dissolve UC-dyes and oxygen scavenging properties through variation of the hydrocarbon chains
length, ratio between aliphatic and aromatic parts and number of terminal double bonds. The gene-

ralized chemical structures of the studied organic phosphates are presented in Scheme 15.
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Scheme 14: General chemical structures of the organophosphates investigated as protecting sol-
vents for the process of TTA-UC. The chain length n was varied between 1 and 9 (n =1, 2, 3...9).
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In oxygen saturated solvents containing metallated macrocycles, during the optical exci-
tation the generation of singlet oxygen is a dominant process when molecular oxygen is available.
In this case the sensitizer triplet state is effectively quenched, and the process of TTA-UC is not
observable. This explains the experimental data that at oxygen-saturated starting conditions, ini-
tially no upconversion is observable. However, as the molecular oxygen concentration is reduced
with time (in a process we will discuss) the UC-fluorescence builds up and steady-state UC-
emission is reached after a significantly longer rise time in comparison with oxygen-free starting

conditions (more than 1000 times longer).

In the presence of high amount of organophosphates (entire solvent for the UC-dyes) fast
oxidation, predominantly of the terminal double bonds occurs. Thus, the whole amount of the mo-
lecular oxygen is quickly consumed after the start of illumination through generation of singlet
oxygen and its subsequent reaction with the terminal double bond. Thereafter, the process of TTA-
UC becomes the prevalent relaxation path of the excited sensitizer triplet state. The organophos-
phates synthetized are colorless, odorless, nonvolatile, and low-viscosity liquids. All investigated

phosphates perfectly dissolve various UC-dyes without evidences of dye aggregation.
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Figure 29: (red filled squares) - Ratio between the UC-Q.Y. for standard UC-couple (PtOEP / pery-
lene) dissolved in organophosphates OP1, measured in ambient atmosphere or at glove-box condi-
tions; (blue filled diamonds) - Ratio between the UC-Q.Y. for standard UC-couple (PtOEP / pery-
lene) dissolved in organophosphates or toluene, measured at glove-box conditions.
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As shown in Figure 29 (blue circles) the UC-Q.Y. in oxygen-free atmosphere for all the or-
ganophosphates bearing shorter alkyl (n<4) chains is even higher than the UC-Q.Y., when the
active dyes are dissolved in the standard solvent - toluene. In contrary, the organophosphates bear-
ing longer chains, i.e.n>4 demonstrate pronounced protective properties in oxygen-saturated
environment. However, the optimal chain length is n=4 and all following investigations will be
conducted with it. To understand the effect of the central atom on the reactivity and oxygen-
scavenging ability, we performed investigated the effect of substituting boron, carbon and nitrogen
to phosphorous in the monomer precursors to the P9 unsaturated polymers, by means of first-
principles electronic structure calculations. The distribution patterns of the highest occupied mo-
lecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of tri-(but-3-en-1-yl)-

phosphate are displayed in Figure 30.
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Figure 30. The distributions of HOMO and LUMO for tri-(but-3-en-1-yl)-phosphate. The central
atom of the molecule is replaced with B, C, N and P. The positive and negative values are shown in
green and red, respectively, with an isosurface value of +0.02 a.u.

In the case of B, C, and P, the HOMOs are mostly localized on the terminal C-C double
bonds, while the N-substituted case is an exception and HOMO is localized on the lone pair of the

central N atom. On the other hand, LUMOs are completely different, depending on the substituents.
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The LUMO of the B-substituted molecule is completely delocalized with no specific preference,
whereas C-substitution yields a more localized LUMO distribution between two branches. For the
N-substituted molecule the LUMO is mainly localized on the terminal double bonds and decreasing
towards the center. The most significant LUMO distribution is found for the P-substituted molecule:
the LUMO is delocalized between two terminal C-C double bonds of two different side-chains of the
molecule. Being the HOMO and the LUMO localized in the same region, tri-(but-3-en-1-yl)-
phosphate is significantly more reactive than the counterparts with different substituents, thus
resulting a more efficient oxygen scavenger. The energetics of the oxygen scavenging reaction and

its atomistic mechanism have been also studied by first-principles calculations (Figure 31).
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Figure 31. Computed reaction profile. Energies are in kcal/mol. Nonparticipating parts of the mole-
cules into the reaction are omitted for clarity.

A tri-(but-3-en-1-yl)-phosphate dimer in cis- configuration is considered, interacting with
an 0; molecule excited in singlet state. Since the most reactive part of these molecules are the ter-
minal double bonds, we considered the reaction of O, with the C=C bonds. The reaction occurs in
two steps. The first step involves the reaction of O, with one of the terminal C=C double bonds so
that a metastable intermediate configuration ((3) as shown in Figure 31). This step involves an
activation barrier of 6.30 kcal/mol, and the intermediate has a relative energy of -1.84 kcal/mol

with respect to the initial configuration. In the final product, the remaining oxygen atom is bonded
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to the second C=C bond available. The second step is eased by the flexibility of the unsaturated side-
chains. The formation of the final configuration is not only thermodynamically favored with an
energy -83.3 kcal/mol with respect to the configuration but also kinetically accessible with an acti-
vation barrier of 6.3 kcal/mol. In order to support the theoretical calculations, “inversion recovery

experiments” were used to measure the relaxation times of the protons, carbons and phosphorus

(Figure 32).
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Figure 32: T, relaxation times of tri-(but-3-en-1-yl)-phosphate at different oxygen levels quantified
by 1H, 13C and 3P NMR (ambient atmosphere: 21% 02; Glove-box: Zppm 03).

For the measurements, relaxation delays of 20 s for protons, 20 s for phosphorus and 40 s
for the carbons were needed. The dipole interaction of the protons, carbons and phosphorus atoms
with the unpaired spins of oxygen leads to a change in respective relaxation times depending on the
distances of both. The measured relaxation times values of the double bond protons show a strong
dependency on the oxygen concentration. The increased relaxation times of the butene-fragment by
approximately 48% (H1), 61% (H2), 23% (H3) and 15% (H4) under glove box conditions (i.e. oxy-
gen free) suggest a strong interaction with the partially paramagnetic oxygen for normal ambient

atmosphere oxygen concentrations. The biggest effects are concentrated on the carbon-carbon
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double bond, which suggests an interaction of the free electron pair of O, molecules with the n-

orbitals of the double bond (Figure 32).

4.1.5 Upconversion in Organophosphates : Considerations

This work was developed through a collaboration between several departments at the
Max Planck Institute for Polymer Research. Synthetically we designed, prepared and evaluated the
mechanism of these new materials ; the group of Stanislav Balouschev characterized the systems
described in upconversion applications, while Davide Donadio and Manfred Wagner supported us
to explain the working mechanism of the materials. We demonstrate the application of a family of
organic solvents, specially designed to enable the general long-term operation TTA-UC in ambient

atmosphere.

This is a very significant step in pushing TTA-UC towards realization in a wide variety of
applications. The identified organophosphates and polymers achieve UC efficiencies in ambient
conditions just as high as the benchmark solvents in inert atmospheres. Simultaneously, the system
introduces a huge excess of ‘sacrificial’ terminal double bonds to scavenge singlet oxygen. This
leads to our clear experimental evidence for the long-lived TTA - UC in ambient atmosphere (over
1000 h). The identified family of organophosphates combines in a single material the obligatory
parameters for sustainable TTA-UC operation in ambient atmosphere: low viscosity and sacrificial

oxygen protection with pronounced long-term effect.
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4.2 Flame Retardants

Flame retardants are a key component in reducing the devastating impact of fires on
people, property and the environment. They are added to or treat potentially flammable materials,
including textiles and plastics. The term “flame retardant” refers to a function, not a family of chem-
icals. A variety of different chemicals, with different properties and structures, act as flame retard-
ants and these chemicals are often combined for effectiveness. These compounds can either be
physically mixed with the base material (additive flame retardants) or chemically bonded to it (re-
active flame retardants). Mineral flame retardants are typically additive while organohalogen and

organophosphorus compounds can be either reactive or additive.104

The annual consumption of flame retardants is currently over 1.5 million tonnes per year,
which is the equivalent of a sales volume of approx. 1.9 billion Euro (2.4 billion US-$). As of 2008
the United States, Europe and Asia have an annual consumption rate for flame retardants at 1.8
million metric tons and valued at $4.20-4.25 billion dollars. According to the Ceresana Research, the
market for flame retardants is increasing due to rising safety standards worldwide and the increase
use of flame retardants. It is forecasted that the global flame retardant market will generate $5.8
billion (US). As of 2010, the Asia-Pacific region was the largest market for flame retardants which

was approximately 41% of global demand followed by North America, and Western Europe.

Brominated and chlorinated flame retarding materials have found to have very good
flame retarding properties for a broad range of polymers. They work especially in the gas phase,
where halogen radicals recombine with highly reactive hydrogen and hydroxyl radicals formed
during combustion and pyrolysis.195 Due to toxicological concerns and environmental issues, poly-
chlorinated biphenyls were the first halogenated flame retardants to be banned in 1977. The atten-
tion has then gone towards polybrominated flame retardants. However, similar concerns have been
raised for these kind of halogenated flame retardants.106 Therefore, the trend moved towards envi-
ronmentally friendlier and less toxic phosphorous flame retardants. Phosphorous based flame re-
tardants equally work in the gas phase by scavenging of reactive radicals. In addition, phosphorous

based flame retardants can act in the condensed phase where they induce charring and hence form
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protective heat and gas barriers.197 The leaching out of the flame retardants of the polymeric ma-
trixes has been considered as problematic, since the flame retardants are often hazardous.108
Blooming out can be prevented by the application of oligomeric and polymeric flame retardants, or

by covalently attaching the flame retardants to the polymeric backbones.109

4.2.1 Flame Retarding Mechanisms

Flame retardants are added to different materials or applied as a treatment to materials
(e.g., textiles, plastics) to prevent fires from starting, limit the spread of fire and minimize fire dam-
age. Some flame retardants work effectively on their own; others act as “synergists” to increase the
fire protective benefits of other flame retardants. A variety of flame retardants is necessary because
materials that need to be made fire-resistant are very different in their physical nature and chemi-
cal composition, so they behave differently during combustion. The elements in flame retardants
also react differently with fire. As a result, flame retardants have to be matched appropriately to
each type of material. Flame retardants work to stop or delay fire, but, depending on their chemical

makeup, they interact at different stages of the fire cycle (Figure 33).110
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Figure 33 : The fire cycle.
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Any energy source (heat, small flame or incandescent material) can be the initial ignition
source(1). Energy transmitted by the ignition source to the polymer creates a degradation where
pyrolysis takes place (2). Pyrolysis is a process that degrades the polymers long chain structure
into smalle hydrocarbon molecules, tha flammable gases (4), which are emitted to the gas phase. In
the condensed phase, the result is an inert carbonized material, called “char”. In the gas phase,
flammable gases are mixed with oxygen from the air. The proper mix of oxygen and fuel is reached
in the combustion zone (5), where hundreds of exothermic chemical reaction take place involving
high-energy free radicals, fuel and oxygen. A perfect combustion would theoretically produce H,0
and COx. In a real system, incomplete combusion products are also emitted during a fire (Polycyclic
Aromatic Hydrocarbons, carbon monoxide, etc) (6). Energy (7) emitted during exothermic reac-
tions is transmitted to the polymer and reinforces pyrolysis. This allows the reaction to sustain

itself.

When flame retardants are present in the material, they can act in three key ways to stop

the burning process. They may work to:

4 Disrupt the combustion stage of a fire cycle, including avoiding or delaying “flashover”or

the burst of flames that engulfs a room and makes it much more difficult to escape.

4+ Limit the process of decomposition by physically insulating the available fuel sources from

the material source with a fire-resisting “char” layer.

4+ Dilute the flammable gases and oxygen concentrations in the flame formation zone by

emitting water, nitrogen or other inert gases.

4.2.2 Phosphorous-based Flame Retardants

Phosphorous based flame retardants have become very popular as alternative to halogen
containing flame retardants, due to environmental and health concerns rising for the corrosive and
toxic decomposition products of for example brominated and chlorinated products.195 There is a

broad range of organic and inorganic phosphorous (like red phosphorous) based flame retardant
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materials, since all oxidation states of phosphor can be used for flame retarding purposes. Fur-
thermore, polymeric organophosphorous systems have started to become increasingly important.
Phosphorous containing flame retardants can act both in the gas phase and in the condensed phase.
In the gas phase, they mainly act through flame inhibition by the formation of PO radicals that re-
combine with the very reactive hydrogen and hydroxy radicals, and thus interrupt the highly exo-

thermic radical processes in the combustion zone.

The gas phase activity of phosphorous results in the reduction of the heat release.111
However, flame inhibition results in incomplete combustion, yielding higher CO and smoke produc-
tion. Furthermore, phosphorous based flame retardants can act in the condensed phase through the
formation of protective char or a vitreous surface layer by the enhancement of charring and the
formation of inorganic glasses, such as polyphosphates.112 Phosphorous can promote charring in
the condensed phase by dehydration of the polymer, which results in cyclisation reactions, by in-

ducing cross-linking, and through aromatization.113

4.2.2.1 Hyperbranched Phosphorous Based Flame Retarding Materials

A new trend in the flame retarding community goes towards the use of polymeric flame
retardants. One subgroup of these polymeric flame retardants is the domain of hyperbranched
polymers. The hyperbranched polymers which have been reported as flame retardants are pol-
ysiloxanes,114 polyamines as charring agents,115 and polyphosphates.116 Especially the latter based
on bisphenol-A and phosphoryl trichloride have been increasingly reported as reactive flame re-
tardants in epoxy resins. Furthermore, hyperbranched polyphosphates also show gas phase activi-
ty, as the released PO radicals can scavenge reactive radicals from the gas phase. Central point of
this work (In collaboration with Prof. Bernhard Schartel at the BAM of Berlin) has been the exami-
nation of the flame retarding properties of a novel hyperbranched allylic polyphosphate (Scheme

14), synthesized via Acyclic diene metathesis (ADMET) as described above in chapter 3.4.
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Scheme 15. Polymer tested as flame retardant.

The molecular weight (Mw) of P8 is 2500 g/mol, containg 12 wt% of phosphorous. P8
with its aliphatic backbone and its phosphate groups is a promising flame retardant with good per-
formances in PC, PET and epoxy resins. Its phosphate groups can on the one hand decompose to
yield PO radicals, scavenging H and OH radicals in the gas phase. The temperature of the flame is
therefore reduced. On the other hand, the phosphate groups can decompose into acid derivatives,
which catalyze the formation of char from either its own polymeric backbone or the polymeric
backbone of the matrix. In addition, the phosphate groups can have cross-linking abilities with the
matrix, further increasing the amount of residue. The phosphate functionalities may also withdraw
water from the pyrolysis zone and hence reduce polymer decomposition by hydrolysis. P8 is thus a
highly effective multifunctional novel flame retardant (Masterarbeit Hyperbranched Polyphos-

phates as novel Flame Retarding Materials, KAROLINE TAUBER, Freie Universitit Berlin).
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4.3  Olefin Metathesis for the Preparation of Hollow Nanocapsules

The following work (Selective Interfacial Olefin Cross Metathesis for the Preparation of
Degradable Nanocapsules. ACS Macro Lett. 2014, 3, 40) was carried on in in collaboration with
Kerstin Malzahn and Clemens K. Weiss (both MPIP). Synthetically we developed the first synthesis
of hollow nanocapsules with an aqueous core via olefin cross metathesis. The reaction was tailored
that it proceeds selectively at the oil-water interface of aqueous nanodroplets in an inverse minie-
mulsion (Figure 34). The cross metathesis takes place between an acrylated polysaccharide and

unsaturated organophosphates under mild conditions.
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Figure 34. Schematic representation of the interfacial olefin cross metathesis at the water-oil inter-
face of a nanodroplet in an inverse miniemulsion process for the formation of stable nanocapsules.

This general protocol allows the synthesis of biocompatible and polyfunctional nanocap-
sules via the bioorthogonal olefin metathesis, thus generating a highly versatile methodology for
the design of future materials for biomedical applications, but also for materials science. Function-
ali-zation of the nanocapsules was demonstrated with fluorescent labels which can be either at-
tached to the pendant phosphoester within the crosslinker, exploiting the versatility of the phos-

phorus chemistry, or via coupling to the capsules’ surface.
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Scheme 16. Schematic representation of the interfacial reaction between acrylated dextran (1) and
phenyl-di(undec-10-en-1-yl)-phosphate (2) leading to a cross-linked polymer network (3).

The polymer obtained (Scheme 16) after the capsule formation was insoluble in all com-
mon solvents, which indicated that DexA was cross-linked during the reaction, as expected. Accord-
ingly, direct proof that metathesis reaction occurred can only be demonstrated via 13C and 31P solid
state NMR. Prior to NMR analysis a soxhlet extraction with methanol and dichloro-methane (good
solvents for monomer and homopolymer respectively) was performed to purify the capsules from
unbound material and residual monomer. No polymeric material was recovered in the organic sol-
vent. The 31P NMR spectrum unambiguously confirms the incorporation of the phosphate into the

cross-linked polymer (Figure 35) showing a resonance for the phosphoester at -7.7 ppm.
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Figure 35. 31P solid state NMR spectra of the nanocapsules.
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In conclusion, the first nanocapsules with an aqueous core prepared by olefin metathesis
are presented. This convenient protocol allows a mild bio-orthogonal crosslinking of degradable
and biocompatible polymers at the oil-water interface. It combines two materials with high poten-
tial for future applications: Polyphosphoesters and polysaccharides, here dextran, which are known

for their biocompatibility and degradability.
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4.4 Tissue Engineering

Taking advantages of the synthetic approach developed, we developed with basic com-
mercial available starting compunds new suitable Polyphosphoesters for different kind of applica-
tions(Paclitaxel-loaded polyphosphate nanoparticles: a potential strategy for bone cancer treat-
ment. /. Mater. Chem. B, 2014). The viability of out methods can find breeding grounds also in a
classical application for syntetic polyphosphates, since they were used from the beginning (see

introduction) as polymers to build drug delivery sytems because of their similarity to DNA.

In collaboration with Evando Alexandrino and Sandra Ritz, we tested at the MPIP some of
the polymers syntetized and described in this thesis work, for the preparation of polyphosphate
nanoparticles loaded with Paclitaxel by the simple miniemulsion/solvent-evaporation technique as
a model for chemotherapeutic delivery (Figure 36). This first report demonstrates how polyphos-
phate P5 can be a promising material for the development of systemic or local bone cancer treat-

ment, even by direct application or by formation of composites with calcium phosphate cements.
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Figure 36. Top) Structure of polyphosphoester P5 used. Down) miniemulsion/solvent-
evaporation protocol used for the production of BODIPY loaded PPE nanoparticles.
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This versatility allows the development of new degradable polymeric carriers with inher-
ent bone targeting adhesion ability by the interaction of the nanoparticles with a calcium phosphate
material used for bone regeneration (Figure 37). The novel polyphosphate nanoparticles were in-
vestigated in detail further proven to be efficiently loaded with different hydrophobic drugs (up to

15 wt%).

Figure 37. Scanning electron images (scale bar 2 um) of the calcium phosphate cement after expo-

sition to a dispersion of nanoparticles of P5.

Bone as a site of cancer growth can be either by: bone sarcomas, which include osteosar-
coma and Ewing’s sarcoma,17 or - more common - it can be a consequence of other tumors that
spread by metastasis to the bone tissue.11® Among the types of cancer that spread by metastases to
the bone tissue, breast and prostate cancer stand out, presenting metastases in approximately 70%
- 80% in advanced stages of the disease.11®8 The most common treatment for primary bone tumors
or bone metastases is a combination of different techniques, such as surgical removal, fixation and
chemotherapy, treatment with radioisotopes or by radiation strategies.11® We introduced a new
class of potentially biodegradable and biocompatible syntetic polyphosphates that can be used to
develop nanoparticles with inherent bone targeting adhesion abilities. In vitro studies also proved
that the polyphosphate nanoparticles are non-toxic against HeLa cells for concentrations up to 600
pg ml-1 or 300 pug ml, respectively, and that the polyphosphate nanoparticles loaded with Paclitax-
el exhibit a similar cytotoxicity as the commercial available Taxomedac® against osteosarcoma
cells. Further studies are in progress to understand the drug transfer mechanism, material degrada-

tion as well as in vivo validation are required to assess the potential for a clinical application.
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Chapter 5

Thiol-ene Addition, Alternative Routes
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5.1  An Alternative Route for Synthetic Poly(phosphoester)s

With this thesis we focused on the preparation of novel synthetic poly(phosphoester)s by
using olefin metathesis as unique and highly versatile polymerization technique. This approach
allowed us to build different architectures for different kind of applications, considering that all the
materials have the phosphate as unit in the main chain. After modifying the polymer backbone but
also the functionalities, in order to tailor the degradability of our system, it was interesting also the
modification of the phosphate group in the polymer chains. Synthetically this idea was reflected
into a poly(phosphoster) system by changing the phosphate structure, with

poly(phosphoramidate) ones, in this case in the main chain (Figure 39).

O @
1" H Il H
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Polyphosphate Polyphosphoramidate

Figure 38. Poly(phosphate)s, poly(phosphoramidate)s.

Recently, Wooley et al. demonstrated how poly(phosphoramidate)s having side groups
connecting to a phosphoester backbone through a phosphoramidate bond, can be easily cleaved by
acids.25b These acid-label materials, motivated us to synthetize poly(phosphoramidate)s with phos-
phoramidate bonds in the main-chain, in order to increase the degradability of these polymers.
Ideally, following our synthetic approach developed, we based our polymerizations on olefin me-
tathesis by preparing monomer 12 as model system for polyphosphoramidates with a short and

degradable main chain (Figure 40).

Figure 39. Model monomer 12 based on 3-buten-1-amine.
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Surprisingly, the metathesis polymerizations of 12 did not give any polymeric material by
using the analogues conditions for the synthesis of all the other poly(phosphate)s, probably due to
catalyst coordination. For this reason, keeping robustness and efficiency, as althernative polymeri-
zation route based on double-bonds reactivity we tought about a thiol-ene addition reaction as

strategy to make 12 a valuable monomer.

5.1.1 Thiol-ene Addition

Thiol-ene addition reactions are known for more than a century.120 The reaction is well
known to proceed via a radical mechanism.121 Generally, radical reactions are known to be quite
fast reactions, and thiol-ene additions offer some additional features such as orthogonality, which
have made this reaction to be considered as one of the click reactions and very popular during the
last years.122 Although the efficiency of this reaction requires the unsaturation in the terminal posi-
tion and strongly depends on the thiol compound used,123 it has been successfully used for a large
number of end- and side-group functionalizations.1?# Noteworthy, this reaction is not limited to

alkenes, but alkyne compounds can also be used.

A “click” reaction, as defined by Kolb et al.,125 is one that is modular, wide in scope, gives
(nearly) quantitative yields, generates inoffensive (if any) byproducts that are easily removed by
non-chromatographic methods and is stereospecific. From a practical standpoint, such reactions
should be simple to perform and preferably be insensitive to water and oxygen, be accomplished
with readily available starting materials and reagents, be performed under solventless conditions
or in environmentally benign media such as water and facilitate simple product isolation.The atten-
tion has recently been paid to a series of thiol-based reactions including the thiol-ene,12¢ thiol-

yne,127 thiol-isocyanate,128 thiol-para-fluorostyrene2? and thiol-bromoprocesses.130

The term “thiol-ene” is used to denote the addition of a thiol to an olefin (“ene”) regard-
less of reaction mechanism. The thiol-ene reaction is, simply, the hydrothiolation of a C-C double

bond, Scheme 18. Historically, in the materials science field the reaction has been most widely em-
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ployed as a means of preparing near-perfect networks and films as exemplified by the work of

Hoyle and co-workers,131 and Bowman et al.132

Scheme 17. The hydrothiolation of C-C double bond with anti-Markonikov orientation.

There are several features associated with the thiol-ene reaction that make it a particularly attrac-

tive, facile and versatile process.

+

+

Hydrothiolation reactions can proceed under a variety of conditions including by
a radical pathway,133 via catalytic processes mediated by nucleophiles, acids, ba-
ses,134 in the apparent absence of an added catalyst in highly polar solvents such

as water or DMF.135

A wide range of enes serve as suitable substrates, including activated and non-
activated species as well as multiply-subsituted olefinic bonds. However, reactiv-
ity can vary considerably depending on the reaction mechanism and substitution

pattern at the C-C double bond.

Virtually any thiol can be employed, including highly functional species, although
reactivity can cover several orders of magnitude depending on the S-H bond

strength and the cleavage mechanism, i.e. homolytic vs. heterolytic lysis.

These reactions are generally extremely rapid and can be complete in a matter of
seconds (even at ambient temperature and pressure), are tolerant to the pres-
ence of air/oxygen and moisture (provided the concentration of oxygen does not
approach that of the thiol), and proceed with (almost) quantitative formation of

the corresponding thioether in a regioselective fashion.
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Generally, the thiol-ene reaction has been conducted via a radical mechanism, often pho-
tochemically induced. Under such conditions it proceeds via a typical chain process with initiation,
propagation and termination steps. Initiation involves the treatment of a thiol with an initiator,
resulting in the formation of a thiyl radical, plus other byproducts. Simple thermalysis of the S-H
bond can also employed as a means of generating thiyl radicals.136 Propagation is a two step pro-
cess involving first the direct addition of the thiyl radical across the C-C double bond yielding an
intermediate carboncentred radical followed by chain transfer to a second molecule of thiol to give
the thiol-ene addition product, with anti-Markovnikov orientation, with the concomitant generation
of a new thiyl radical. Possible termination reactions involve typical radical-radical coupling pro-
cesses. To test the performance of the thiol-en reaction for the synthesis of PPEs, phenyl-di-
undecylenil-phosphate 4 was polymerized via thiol-ene addition by using the inexpensive commer-
cially available triglycoldimercaptan as described in Scheme 19. The reaction under the given con-
ditions gave quantitatively polymer P12 (M, 20,000, PDI=2. GPC in THF vs polystyrene). The col-
ourless polymer obtained (T = -12 °C) showed good solubility in common organic solvents such as

CH2CI; or THF, while can be purified after reprecipitating in hexane or methanol.

O
|

A AP =

\/H;O (1) O/Hg\/ + HS/\/O\/\O/\/SH
4

AIBN, 60°C, 6h

O
1
#o"lj\o/\ﬁg/\s/\/o\/\o/\/s\/ﬁg\*n

o
©/ P12

Scheme 18. Synthesis of polymer P12 via thiol-ene addition.

While we only recently recognized and exploited as a “click” process, the polymerization
of 4, in both its metathesis and thiol-ene forms, has already been demonstrated to be a powerful

and versatile method for site specific functionalization as a convenient conjugation tool.
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Figure 40. 'H NMR spectrum, 700 MHz of. polymer P12.

The combination of phosphorus chemistry and thiol-ene additions open a breeding field
for the preparation of novel degradable polymers were the backbone can be tailored easily by vary-
ing the di-thiol, while the side chain on the phosphorous atom can be designed before on the mon-
omer (Figure 40). In a similar way procede the polymerization via the thiol-ene addition of mono-

mer 12 for the preparation of polyphosphoramides in the main chain (Scheme 19).

H
12
AIBN, 60°C, 6h

1 H
%F.’*N/\/\/S\/\O/\/O\/\S/\/\/N}n

OH
©/ P13

Scheme 19. Synthesis of polymer P13.
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Colorless polymer P13, was obtained with a maximum molecular weight M, of 8,000 and a polydis-
peristy of 2. The structure can be resolved easily by 1H-NMR (Figure 41). Given that research efforts
are still in their infancy with respect to exploiting this reaction in materials synthesis, it is likely
that its true potential has yet to be realized. Actually, our research group is focusing in some pre-
liminary test to understand the behavior and applicability of these polymers as biomaterials, evalu-

ating their degradability and biocompatibility.
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Figure 41. 'H NMR spectrum, 500 MHz of polymer P13.
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Chapter 6

Experimental Section
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Outline

The following chapter describes the synthesis and novel compounds and materials pre-
sented in this thesis work. Intermediates, monomers and polymers will be described through gen-

eral procedures with their corresponding characterizations and spectroscopic datas.

General procedure a for the synthesis of phenyl-di-(alkenyl)-phosphate
General procedure b for the synthesis of tri-(alkenyl)-phosphate
Representative procedures for metathesis polymerizations

Data for intermediates, polymerizable organophosphates and BODIPY dyes

Data for polymers
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General Procedure (a) for the Synthesis of Phenyl-di-(alkenyl)-phosphate.

SthorPothe

n n

&

To a dried three-necked, 250 mL round bottom flask fitted with a dropping funnel, 0.1 mol of the
appropriate alcohol and 0.1 mol of triethylamine were added under argon atmosphere in 80 mL of
dry CH2Cl,. Then 0.05 mol of phenyl dichlorophosphate dissolved in 20 mL of dry CH,Cl, were ad-
ded dropwise to the above flask at 0 °C. Then, the reaction was allowed to warm up to room tempe-
rature and stirred for an additional 12 h. The mixture was concentrated under reduced pressure,
dissolved in diethyl ether and filtered. The crude was washed twice with brine and the organic
layer was dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The com-
pounds were purified by chromatography over neutral alumina (or silica) using dichloromethane
as eluent or by distillation under reduced pressure to give clear oils. The structures were determined
by 'H NMR, C NMR, *'P NMR spectroscopy as well as electrospray ionization mass spectrometry

(ESI-MS).
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General Procedure (b) for the Synthesis of Tri-(alkenyl)-phosphate.

0
o othe

KAS
| .

To a dried three-necked, 250 mL round bottom flask fitted with a dropping funnel, 0.1 mol of the
appropriate alcohol and 0.1 mol of triethylamine were added under argon atmosphere in 80 mL of
dry CH2Clz. Then 0.03 mol of phosphoryl chloride dissolved in 20 mL of dry CH2Cl; were added
dropwise to the above flask at 0 °C. Then, the reaction was allowed to warm up to room tempera-
ture and stirred for additional 12 h. The mixture was concentrated under reduced pressure, dis-
solved in diethyl ether and filtered. The crude was washed twice with brine and the organic layer
was dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The compounds were
purified by chromatography over neutral alumina (or silica) using dichloromethane as eluent or by
distillation under reduced pressure to give clear, colorless oils. The purity and chemical structure
was determined by 'H NMR, 13C NMR, 3'P NMR spectroscopy as well as electrospray ionization

mass spectrometry (ESI-MS).
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Representative Procedures for Metathesis Polymerizations.

ADMET in bulk. In a dry Schlenk tube fitted with a magnetic stirring bar, the monomer (2
mL) was placed under an argon atmosphere. Temperature was raised up to 60 °C, and the appropriate
catalyst (0.5 mol%) was suddenly added. After ethylene started to evolve, a controlled vacuum of 5107
mbar was applied to remove the condensate. After 8-12 h, the reaction was cooled to room temperature,
diluted with a solution containing tris(hydroxymethyl)phosphine (5 mol%), triethylamine (5 mol%) in 10
mL of dry CH,Cl,, and stirred for 1 h. Then water was added and stirring was continued for an additional
1 h to decolorize the brownish solution. The mixture was extracted with CH,Cl, and washed twice
with brine. The organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated
in vacuo. The polymer, obtained with a quantitative yield, is than dissolved in the minimum volume
of chloroform and precipitated into hexane or methanol (which is a non-solvent for the polymer,

but a good solvent for both monomers) when requested, and dried.

ADMET Reaction in solution.The monomer (100 mg) and the Grubbs’ catalyst (0.2
mol%) were dissolved in CH2Cl, (2mL) or toluene under argon athmosphere and stirred at 40 °C for

12 h. The same procedure as described for the reaction in bulk was used to isolate the polymer.

Telechelic UPPEs. In an argon atmosphere the monomer (200 mg), appropriate CTR
(amount depend on the ratio between monomer and CTR) and Grubbs catalyst 1st generation (0.4
mol%) were placed in a glass Schlenk tube equipped with a magnetic stir bar. The reaction was
carried out under intermittent vacuum (~10-! mbar) at room temperature for the 24 h or until gas
evolution decreased. From then on high vacuum (<10-3 mbar) was applied. The temperature was
increased to 45 °C on the 2m day and 50 °C for further 2 days. The mixture gradually became more
viscous. The reaction was removed from the Schlenk line on the fourth day. The work up procedure

described for ADMET bulk polymerization was used (yield: 90-95%).
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Synthesis of phenyl-diallyl-phosphate (1). Following the general procedure(A) de-
scribed above and using allyl alcohol, phenyl-diallyl-phosphate was obtained as a clear oil with a
yield of 75% after column chromatography over silica using as eluent dichloromethane (Rs: 0.3 ).
H NMR (700 MHz, CDCl3) 6: 7.31(t, / = 7.7 Hz = 2H), 7.21(d, ] = 7.7 Hz, 2H), 7.16(t, ] = 7.7 Hz, 1H),
5.94-5.89 (ddt, J = 18Hz, J = 10.5 Hz, / = 5.6 Hz, 2H), 5.35 (ddt, /= 18Hz, = 1.4 Hz, 2H), 5.23 (d, ] =
10.5 Hz, 2H), 4.65-4.59 (m, 4H). 13C NMR (176 MHz, CDCl3): 150.70, 150.66, 132.18, 132.14, 129.77,
125.17, 120.10, 120.08, 118.64, 68.86, 68.83. 3P NMR (283 MHz, CDCl3) &: -6.20. ESI-MS (m/z):

277.05 [M+Na]*, 531.14 [2M+Na]* (Calcd for C12H1504P: 254.07).

Synthesis of phenyl-di-(3-buten-1-yl)-phosphate (2). Following the general proce-
dure(A) described above and using 3-buten-1-ol, phenyl-di-(3-buten-1-yl)-phosphate was obtained
as a clear oil with a yield of 70% after column chromatography over silica using as eluent dichloro-
methane (Ry: 0.3).1H NMR (500 MHz, CDCl3) 6: 7.33-7.31 (m, = 2H), 7.20 (d, J = 7.7 Hz, 2H), 7.16(t, ]
= 7.7 Hz, 1H), 5.79-5.73 (ddt, /= 16.8Hz, ] = 10Hz, J = 3.5 Hz, 2H), 5.11 (ddt, /= 16.8 Hz, /= 1.4 Hz,
2H), 5.08 (d,/ = 10Hz, 2H), 4.20-4.13 (m, 4H), 2.44-2.42 (m, 4H). 13C NMR (176 MHz, CDCl3): 150.69,
150.65, 133.12, 129.70, 125.05, 120.04, 120.01, 117.91, 67.54, 67.50, 34.60, 34.56. 31P NMR (283
MHz, CDCl3) &: -6.40. ESI-MS (m/z): 305.07 [M+Na]*, 587.18 [2M+Na]* (Calcd for Ci4H1904P:

282.10).

Synthesis of phenyl-di-(4-penten-1-yl)-phosphate. Following the general proce-
dure(A) described above and using 4-penten-1-ol, phenyl-di-(4-penten-1-yl)-phosphate was ob-
tained as a clear oil with a yield of 75% after column chromatography over neutral alumina using as
eluent dichloromethane (Rr: 0.8). 'TH NMR (500 MHz, CDCl3z) 6: 7.33 (t,J = 7.7 Hz = 2H), 7.21(d, ] =
7.7 Hz, 2H), 7.16(t, J = 7 Hz, 1H), 5.77(m, 2H), 5.04-4.98 (m, 4H), 4.15 (m, 4H), 2.16-2.11 (m, 4H),
1.81-1.76 (m, 4H). 13C NMR (126 MHz, CDCl3): 150.92, 150.87, 137.21, 129.83, 125.12, 120.12,
120.09, 115.72, 67.95, 67.90, 29.60, 29.54, 29.48. 31P NMR (202 MHz, CDCl3) &: -6.17. ESI-MS (m/z):

333.31 [M+Nal", 643.64 [2M+Na]* (Calcd for C16H2304P: 310.33).
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Synthesis of phenyl-di-(5-hexenyloxy)-phosphate(3). Following the general proce-
dure (A) described above and using 5-hexen-1-ol, phenyl-di-(5-hexenyloxy)-phosphate was ob-
tained as a clear oil with a yield of 75% after column chromatography over silica using as eluent
dichloromethane (Ry: 0.4). 'H NMR (500 MHz, CDCl3) &: 7.32 (t,/ = 7.7 Hz = 2H), 7.21(d, ] = 7.7 Hz,
2H), 7.16(t, ] = 7 Hz, 1H), 5.79-5.73 (ddt, /= 16.8 Hz, J=10.5 Hz, J = 3.5 Hz, 2H), 5.00-4.94 (ddt,
J=16.8Hz, = 1.4 Hz, 2H), 4.96-4.95 (m, 2H), 4.14 (m, 4H), 2.07-2.04 (m, 4H), 1.71-1.63 (m, 4H),
1.46 (q,/ = 7.7 Hz, 4H). 13C NMR (126 MHz, CDCl3): 150.89, 150.86, 138.29, 129.80, 125.08, 120.08,
115.05, 68.47, 68.43, 33.21, 29.74, 29.70, 24.74. 31P NMR (202 MHz, CDCl3) 6: -6.11. ESI-MS (m/z):

361.16 [M+Na]*, 699.30 [2M+Na]*, 1277.48 [3M+Na]* (Calcd for C1gH2704P: 338.16).

Synthesis of phenyl-di-(7-octen-1-yl)-phosphate. Following the general procedure(A)
described above and using 7-octen-1-ol, phenyl-di-(7-octen-1-yl)-phosphate was obtained as a clear oil
with a yield of 65% after column chromatography over silica using as eluent dichloromethane (Ry:
0.6). '"H NMR (500 MHz, CDCls) &: 7.33 (m, 2H), 7.22-7.15(m, 3H), 5.79 (m, 2H), 5.00-4.92 (m, 4H),
4.12 (m, 4H), 2.03 (m, 4H), 1.68(m, 4H), 1.38-1.30 (br, 12H). *C NMR (126 MHz, CDCl5): 150.99,
150.93, 139.03, 129.80, 125.06, 120.13, 120.09, 114.49, 68.66, 68.62, 33.77, 30.34, 30.28, 28.86, 28.69,
25.38. P NMR (202 MHz, CDCl5) &: -6.11. ESI-MS (m/z): 417.22 [M+Na]", 811.44[2M+Na]" (Calcd

for CyH3504P: 394.23).

Synthesis of phenyl-di-(undec-10-en-1-yl)-phosphate(4). Following the general pro-
cedure(A) described above and using 10-undecen-1-ol, phenyl-di(undec-10-en-1-yl)-phosphate
was obtained as a clear oil with a yield of 80% after column chromatography over neutral alumina
using as eluent dichloromethane (Rs: 0.7) . 1TH NMR (700 MHz, CDCl3) &: 7.32 (t, J = 7.7 Hz = 2H),
7.21(d, J = 7.7 Hz, 2H), 7.16(t, ] = 7.7 Hz, 1H), 5.83-5.77 (ddt, J = 16.8Hz, ] = 10Hz, J = 3.5 Hz, 2H),
5.00-4.97 (ddt,J = 10Hz, J = 3.5 Hz, ] = 1.4 Hz, 2H), 4.93-4.91 (ddt, /] = 10Hz, / = 1.4 Hz, 2H),4.16-4.09
(m, 4H), 2.04-2.01 (m, 2H), 1.69-1.65 (m, 4H), 1.39-1.32 (m, 8H), 1.26 (m, 18H). 13C NMR (176 MHz,
CDCI3) 6: 150.98, 150.94, 139.29, 129.77, 125.02, 120.10, 114.27, 68.69, 68.66, 33.93, 30.37, 30.33,
29.55, 29.04.31P NMR (283 MHz, CDCl3) 6: -6.11. ESI-MS (m/z): 501.33 [M+Na]*, 979.67 [2M+Na]*,

1458.00 [3M+Na]* (calcd for C2sHa7NaO4P: 501.31).
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Synthesis of 4-Formylphenyl Phosphorodichloridate. A solution of triethylamine (5.7
mL, 0.041 mmol, 1.0 eq) in methylene chloride (10 mL) was added dropwise to a mixture at 0 °C of
4-hydroxybenzaldehyde (5 g, 0.041 mol, 1.0 eq) and POCI3 (38 mL, 0.41 mol, 10 eq) in methylene
chloride (100 mL) under an argon atmosphere. The mixture was stirred than additionally at r.t. for
1 h. Subsequently the crude was concentrated under reduced pressure,50 mL of diethyl ether were
added, and the mixture was filtered to remove precipitates. The solvents and the excess of POCl3
were removed in vacuo (<102 mbar). A yellowish viscous oil was obtained with a yield of 7.8 g
(60%). The compound was used without further purification. tH NMR (500 MHz, CDCl3) &: 10.03 (s,
1H), 7.98 (d, J = 9 Hz, 2H), 7.49 (d, ] = 9 Hz, 2H).13C NMR (126 MHz, CDCl3) &: 190.31, 153.60,

134.86,131.92,127.35,121.32. 31P NMR (202 MHz, CDCI3) &: 3.10.

Synthesis of 4-(10-undecenyloxy)benzaldehyde. To a solution of 4-
hydroxybenzaldehyde (3 g, 0.024 mol, 1.0 eq), undecylenyl alcohol (5.4 mL, 0.027 mol, 1.1 eq) and
triphenylphosphine (7 g, 0.027 mol, 1.1 eq) in anhydrous THF (100 mL) was added dropwise a THF
solution of diethyl azodicarboxylate (DEAD) (4.2 mL, 0.027 mol, 1.1 eq in 50 mL). After stirring for
20-24 h at room temperature, the reaction mixture was concentrated and the crude directly puri-
fied by column chromatography on silica gel (elution with dichloromethane, Rs: 0.7). The pure
product was isolated as a colorless oil (yield 5.9 g, 90%). 'H NMR (500MHz, CDCl3) & : 9.9 (s, 1H),
7.85(d, ] = 8.5 Hz, 2H), 7.01(d, J = 8.5 Hz, 2H), 5.84(m, 1H), 4.97 (m, 2H), 4.06 (t, ] = 6.5 Hz, 2H), 2.06
(q,J = 6.5 Hz, 2H), 1.83(quin, J = 6.5 Hz, 2H), 1.5-1.3 (br, 12H).13C NMR (126 MHz, CDCl3) & : 190.93,
164.40, 139.31, 132.12, 129.88, 114.88, 114.28, 68.56, 33.93, 29.61, 29.54, 29.45, 29.24, 29.19,

29.05, 26.09.

Synthesis of 4-formylphenyl-di-(10-undecenyloxy)phosphate (5). To a dried three-
necked 250 mL round bottom flask, 5 g (0.021 mmol, 1.0 eq) of 4-Formylphenyl Phosphorodi-
chloridate dissolved in dry methylene chloride (100 mL) were added under an argon atmosphere.
To the solution above, which was cooled to 0 °C, 10-undecen-1-ol (8.8 mL, 0.044 mol, 2.1 eq) and
triethylamine (6.1 mL, 0.044 mmol, 2.1 eq) were added slowly with a syringe through a septum.
Then, the reaction was stirred for 1 h at 0 °C and additionally 24 h at room temperature, before the

mixture was concentrated under reduced pressure, dissolved in diethyl ether and filtered. The
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crude was washed twice with brine, dried over anhydrous sodium sulfate, filtered and concentrated
in vacuo. The compound was purified by chromatography over silica using dichloromethane as
eluent to give a clear viscous oil (Rr: 0.2). Yield: 7.4 g (70%). 'H NMR (700 MHz, CDCl3) &: 9.97 (s,
1H), 7.88 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 5.82-5.77 (m, 2H), 5.00-4.97 (m, 2H), 4.93-
4.91(m, 2H), 4.15(q, / = 6.5 Hz, 4H), 2.01 (q, / = 7 Hz, 4H), 1.69 (qui, ] =7 Hz, 4H), 1.38-1.32 (br, 8H),
1.26 (br, 16H). 13C NMR (176 MHz, CDCl3) &: 190.84, 155.70, 155.66, 139.29, 139.27, 133.35,
131.78, 120.66, 120.63, 114.30, 69.11, 69.07, 33.92, 30.35, 30.31, 29.56, 29.51, 29.22, 29.19, 29.04,
25.50. 31P NMR (283 MHz, CDCl3) &: -6.80. MS-ESI (m/z): 507.34 [M+H]* (calcd. for C29HagOsP :

507.32).

Synthesis of acyclic diene polymerizable BODIPY (6). To a dried three-necked 500 mL
round bottom flask, 4-formylphenyl-di-(10-undecenyloxy)phosphate 5 (90 mg, 0.177 mmol) and 3-
ethyl-2,4-dimethyl pyrrole (44 mg, 0.355 mmol) were added in 100 mL of dry CH»Cl; under argon
atmosphere. One drop of trifluoroacetic acid (TFA) was added, and the solution was stirred at room
temperature for 4 h. After that, a solution of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (41 mg,
0.180 mmol) in 50 mL dry CHCl; was added dropwise, and stirring was continued for 1 h, followed
by the addition of triethylamine (273 pL, 1.8 mmol) and boron trifluoride diethyl etherate (321 uL,
1.8 mmol). After stirring for 10 h, the reaction mixture was washed with brine and dried over sodi-
um sulfate anhydrous. The solvent was evaporated, and the residue was purified by column chro-
matography on silica gel (elution with Hexane/ethyl acetate, 7 : 3, Rr: 0.7). The pure product was
isolated as a waxy solid. Yield: 51 mg (35%). *H NMR (500 MHz, CD,Cl;) & : 7.36 (d, J = 8.5 Hz, 2H),
7.28 (d, ] = 8.5 Hz, 2H), 5.80(m, 2H), 4.95 (m, 4H), 4.13 (m, 4H), 2.48 (s, 6H), 2.32 (q, / = 7.5 Hz, 4H),
2.03 (m, 4H), 1.69 (m, 4H), 1.40-1.23(br, 30H), 0.98 (t, /= 7.5 Hz, 6H). 13C NMR (126 MHz, CD,Cl)
6: 154.40, 152.12, 139.89, 139.82, 139.02, 133.62, 132.75, 131.32, 130.89, 130.43, 130.20, 121.29,
121.25, 114.39, 69.32, 69.27, 34.35, 30.85, 30.79, 30.04, 29.98, 29.69, 29.53, 17.55, 14.95, 12.83,
12.24.31P NMR (202 MHz, CDCl;) &: -6.80. MS-ESI (mm/z): 781.58 [M+H]*, 803.57 [M+Na]*, 1584.14

[2M+ Na]+ (calcd. for C45HegBF2N204P : 78050)
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Synthesis of chain stopper BODIPY (7). To a dried three-necked 500 mL round bottom
flask, 4-(10-undecenyloxy)benzaldehyde (0.728 mmol, 200 mg) and 3-Ethyl-2,4-dimethyl pyrrole
(1.464 mmol, 181 mg) were added in 100 mL of dry CH,Cl, under argon atmosphere. One drop of
trifluoroacetic acid (TFA) was added, and the solution was stirred at room temperature for 3 h.
After that, a solution of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (0.7307 mmol, 166 mg) in
100 mL dry CH2Cl; was added dropwise, and stirring was continued for 1 h, followed by the addi-
tion of triethylamine (7.3 mmol, 1 mL) and boron trifluoride diethyl etherate (7.3 mmol, 0.9 mL).
After stirring for 10 h, the reaction mixture was washed three times with brine and dried over so-
dium sulfate anhydrous. The solvent was evaporated, and the residue was purified by column
chromatography on silica gel (elution with dichloromethane, Rf: 0.5). The pure product was isolat-
ed as a red solid (yield 120 mg, 30%). 'H NMR (700MHz, CDCl3) & : 7.14(d, ] = 8.5 Hz, 2H), 7.00(d, J =
8.5 Hz, 2H), 5.82(m, 1H), 4.96 (m, 2H), 4.01 (t,/ = 7 Hz, 2H), 2.52 (s, 6H), 2.30 (q, / = 7.7 Hz, 4H), 2.04
(q, /=7 Hz, 2H), 1.83(quin, J = 6.5 Hz, 2H), 1.49(m, 2H), 1.4-1.3 (br, 16H), 0.98 (t, /] = 7 Hz, 6H).13C
NMR (176 MHz, CDCl3) 6 : 159.70, 153.58, 140.55, 138.61, 132.75, 131.36, 129.55, 127.81, 115.13,

114.30, 68.32, 33.96, 29.66, 29.58, 29.42, 29.28, 29.09, 26.22,17.23, 14.79, 12.63, 12.01.

Synthesis of triallyl phosphate(8). Following the general procedure (b) described
above and using allyl alcohol, triallyl phosphate was obtained as a clear oil with a yield of 80% after
column chromatography over neutral alumina using as eluent dichloromethane (Rf: 0.7) or after
distillation (b.p. 60 °C, 4 10-2 mbar ).1H NMR (500 MHz, CDCl3) &: 5.92-5.84(m, 3H), 5.33-5.18 (m,
6H), 4.50-4.47 (m, 6H).13C NMR (126 MHz, CDCl3): 132.46, 132.41, 118.22, 68.14, 68.09. 31P NMR

(202 MHz, CDCls) &: -0.80. ESI-MS (m/z): 241.06 [M+Na]* (Calcd for CoH1504P: 218.07).

Synthesis of tri-(but-3-en-1-yl)-phosphate (9). Following the general procedure (b)
described above and using 3-buten-1-ol, tri(but-3-en-1-yl) phosphate was obtained as a clear oil
with a yield of 70% after column chromatography over neutral alumina using as eluent dichloro-
methane (Rf: 0.7). 'H NMR (500 MHz, CDCl3) &: 5.83-5.75(m, 3H), 5.15-5.08 (m, 6H), 4.09-4.05 (m,
6H), 2.45-2.41 (m, 6H).13C NMR (126 MHz, CDCl3): 133.50, 117.84, 66.89, 66.84, 34.80, 34.74. 31P

NMR (202 MHz, CDCls) 8: -1.11. ESI-MS (m/z): 283.11 [M+Na]* (Calcd for C1,H2104P: 260.12).
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Synthesis of tri-(5-hexenyloxy)-phosphate(10). Following the general procedure(b)
described above and using 5-hexen-1-ol, tri-(5-hexenyloxy)-phosphate was obtained as a clear oil
with a yield of 80% after column chromatography over neutral alumina using dichloromethane as
eluent to give a colorless oil (Rs: 0.6). 1H NMR (700 MHz, CDCl3) 8: 5.77 (m, 3H), 5.00-4.98 (m, 3H),
4.96-4.94 (m, 3H), 4.02 (q, J = 7 Hz, 6H), 2.07(q, /] = 7 Hz, 6H),1.68 (m, 6H), 1.47 (m, 6H). 13C NMR
(176 MHz, CDCl3) 6: 138.35, 115.01, 67.61, 67.57, 33.27, 29.84, 29.80, 24.84. 31P NMR (283 MHz,
CDCl3) 6: -0.67. ESI-MS m/z 345.23 [M+H]* 367.22 [M+Na]*, 689.44 [2M+H]*, 711.42 [2M+Na]*

(Calcd for C1gH4304P: 344.2 1)

Synthesis of tri-(undec-10-en-1-yl)-phosphate(11). Following the general procedure
described above and using 10-undecen-1-ol, tri-(undec-10-en-1-yl) phosphate was obtained as a
clear oil with a yield of 60% after column chromatography over neutral alumina using dichloro-
methane as eluent to give a colorless oil (Rs: 0.5). TH NMR (700 MHz, CDCl3) 6: 5.77 (m, 3H), 5.00-
4.98 (m, 3H), 4.93-4.91 (m, 3H), 4.02 (q, /] = 7 Hz, 6H), 2.02(q, J = 7 Hz, 6H),1.66 (m, 6H), 1.36-1.27
(br, 36H). 13C NMR (176 MHz, CDCl3) &: 139.27, 114.26, 67.80, 67.76, 33.92, 30.45, 30.42, 29.59,
29.53,29.27, 29.23, 29.05, 25.59.31P NMR (283 MHz, CDCl3) 6: -0.62. ESI-MS (m/z): 545.45 [M+H]*,

577.44 [M+Na]+ [Calcd for C33He304P: 54445]

Synthesis of 12. 3-Buten-1-amine (5 g, 0.07 mol) and triethyl-

Q amine (9.7 mL, 0.07 mol) were dissolved in 10 mL of dry methylene chlo-
A NN N
HO.H ride. This solution was added dropwise to phenyldichlorophosphate
12

(19.5 g, 0.1 mol) and 50 mL of dry diethylether were over a period of 30
min at 0 °C. The reaction mixture was stirred additionally for 2 h at 0 °C. The precipitate obtained
was removed by filtration and the filtrate solution was washed thoroughly with a saturated aque-
ous solution of brine and water. Then the washed organic layer was dried over MgSO4 and concen-
trated by solvent evaporation. The product was further washed with hexane. The final product was
isolated as a highly viscous light yellowish oil(Yield = 85%).1H NMR (700 MHz, CDCl3) &: 7.31 (t,
2H), 7.20 (m, 2H), 7.13(m, 1H), 5.76-5.70 (m, 2H), 5.10-5.06 (m, 4H), 3.07(m, 4H), 2.24 (m, 4H). 13C
NMR (176 MHz, CDCls) 8:151.27, 151.23, 135.27, 129.76, 124.54, 120.53, 120.50, 117.71, 40.43,

36.06, 36.02.31P NMR (283 MHz, CDCl3) 6: 11.56.
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Synthesis of intermediate 13A. For the synthesis of compound 13A, we followed the
procedure described by Lopez Arbeloa et. AL (J. Phys. Chem.A 2004, 108, 3315) as following report-
ed. p-(Chloromethyl)benzoyl chloride (1.5 g, 8 mmol) was added dropwise to a stirred solution of
freshly distilled 2,4-dimethyl-3-ethylpyrrole (2.2 mL) in dichloromethane (90 mL) at room temper-
ature and under Ar, and the mixture was heated to 50 °C with stirring for 2 h. After the vacuum
evaporation of the solvent, toluene (190 mL), dichloromethane (10 mL), and triethylamine (3.88 g,
38 mmol) were added to the residual solid, the mixture was stirred at room temperature for 30 min
under Ar, and boron trifuoride diethyl etherate (7.82 g, 55 mmol) was then added. After heating to
50° for 1.5 h, the subsequent workup yielded a residue that was purified by column chromatog-
raphy(silica gel, hexane-EtOAc mixture 9:1 as eluent, Rf = 0.4-0.5) and crystallization from hexane.

Red crystals, yield 25%. (Spectroscopic data in agreement with the literature)

Synthesis of Acrylate BODIPY 13B. A solution of potassium acrylate (1 mmol) and 13A
(0.25 mmol) in DMF (30 mL) was stirred at room temperature for 5 days under an Ar atmosphere
and in the dark. The subsequent workup yielded a residue that was purified by column chromatog-
raphy (silica gel, hexane-EtOAc 9:1, Ry : 0.3-0.4, yield 50%). 'H NMR (700 MHz, CDCl3z) §: 7.49-
7.48(m, 2H), 7.30(m, 2H), 6.51-6.48(m, 1H), 6.24-6.20(m,1H), 5.30(s, 2H), 2.53(s, 6H), 2.30(q, 4H),
1.31-1.25(m,12H), 0.98(t, 6H). 13C NMR (176 MHz, CDCl3) 6: 166.08, 153.99, 139.77, 138.47, 136.88,

135.83,132.99,131.52,130.88,128.71, 128.53, 128.33, 65.88, 29.85, 17.23, 14.75, 12.66, 11.92.
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Synthesis of polymer (P2). Phenyl-di-(3-buten-1-yl)-phosphate (2) was reacted follow-
ing the general procedure described above for ADMET bulk polymerization. 'H NMR (700 MHz,
CDCl3) 8: 7.32-7.30 (m, = 2H), 7.19-7.14 (m, 3H), 5.47-5.44 (m, 2H), 4.10-4.08 (m, 4H), 2.40-2.35 (m,
4H). 13C NMR (176 MHz, CDCl3): 150.79, 150.75, 129.86, 128.18, 127.23, 125.23, 120.10, 120.08,

67.83, 67.80, 67.59, 33.64, 33.60.31P NMR (283 MHz, CDCl3) 6: -6.38.

Synthesis of polymer (P3). Phenyl-di-(5-hexenyloxy)-phosphate (3) was reacted follow-
ing the general procedure described above for ADMET bulk polymerization of. 1H NMR (700 MHz,
CDCl3) &: 7.32-731 (m, 2H), 7.21-7.20(m, 2H), 7.16-7.14(m, 1H), 5.33 (m, 2H),4.13-4.11 (m, 4H),
1.97 (m, 4H), 1.68-1.65 (m, 4H), 1.42-1.39 (m, 4H). 13C NMR (176 MHz, CDCl3): 150.90, 150.87,
130.30, 129.82, 125.10, 120.10, 68.54, 68.50, 67.09, 53.58, 32.04, 29.81, 29.75, 28.41, 25.38. 31P

NMR (283 MHz, CDCl3) 6: -6.12.

Synthesis of polymer (P4). Phenyl-di-(undec-10-en-1-yl)-phosphate (4) was reacted
following the general procedure described above for ADMET bulk polymerization. 'H NMR (700
MHz, CDCl3) &: 7.34-7.31 (m, 2H), 7.22-7.20 (m, 2H), 7.17-7.15(m, 1H), 5.41-5.34 (m, 2H), 4.15-4.09
(m, 4H), 2.02-1.96 (m, 4H), 1.69-1.65 (m, 4H), 1.38-1.21 (m, 24H). 13C NMR (176 MHz, CDCl3):
151.00, 150.96, 130.48, 129.80, 125.05, 120.14, 120.11, 68.73, 68.69, 32.77, 30.40, 30.36, 29.82,

29.62,29.57,29.33, 29.26, 25.53.31P NMR (283 MHz, CDCl3) 6:-6.11.

Synthesis of polymer (P5). 200 mg of the polymer P4, 5 mL of toluene and 10 mg of
10% Pd/C catalyst were charged into a reactor and flushed with nitrogen. Hydrogenation was then
performed with vigorous stirring under a hydrogen pressure of 8 bar at room temperature for 6 h.
The solution was filtered over celite and the solid polymer isolated after solvent evaporation in
quantitative yield. 'H NMR (700 MHz, CDCl3) &: 7.34-7.31 (m, 2H), 7.22-7.20 (m, 2H), 7.17-7.15(m,
1H), 4.15-4.09 (m, 4H), 1.69-1.65 (m, 4H), 1.36-1.20 (m, 36H). 13C NMR (176 MHz, CDCl3): 151.01,
150.97,129.79, 125.04, 120.14, 120.11, 68.73, 68.69, 66.00, 30.42, 30.36, 29.89, 29.87, 29.73, 29.67,

29.27,25.54.31P NMR (283 MHz, CDCl3) 6: -6.10.

Synthesis of labeled unsaturated polyphosphoesters (P6-P6a). In a dry Schlenk tube

fitted with a magnetic stirring bar, BODIPY 6 (2 mg, 0.0025 mmol) and 4 (160 mg, 0.334 mmol)
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were placed under an argon atmosphere. Temperature was raised up to 60 °C, and Grubbs catalyst
1st Generation was added (3 mg, 0.0036 mmol, 0.8 mol%). After ethylene started to evolve, a con-
trolled vacuum of 5-102 mbar was applied to remove the condensate. After 12 h, the reaction was
cooled to room temperature, diluted with a solution containing tris(hydroxymethyl)phosphine (3.7
mg, 0.03 mmol), triethylamine (3 mg, 0.03 mmol) in 10 mL of dry CH2Cl,, and stirred for 1h. Then
water was added and stirring was continued for an additional 1 h to decolorize the brownish solu-
tion. The mixture was extracted with CH,Cl, and washed twice with brine. The organic layer was
dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The polymer, obtained
with a quantitative yield, is than dissolved in the minimum volume of chloroform and precipitated
into hexane (which is a non-solvent for the polymer, but a good solvent for both monomers). In an
analogous way, as a general representative procedure, polymer P6a was prepared by mixing BOD-
IPY 6 (10 mg, 0.0125 mmol) and 4 (120 mg, 0.250 mmol) in different ratio. 'TH NMR (700 MHz,
CDCl3) 6: 7.32 (t,J = 7 Hz = 2H), 7.21(d, ] = 7 Hz, 2H), 7.15(t, / = 7 Hz, 1H), 5.37-5.34 (br, 2H), 4.12
(br, 4H), 2.01-1.95 (br, 4H), 1.67(m, 4H), 1.33-1.25 (br, 24H). 13C NMR (176 MHz, CDCl3) 6: 150.94,
130.44, 130.39, 129.98, 129.76, 125.01, 120.11, 120.08, 68.69, 68.66, 32.74, 29.90, 29.80, 29.59,

29.54,29.43,29.30, 29.23, 27.36, 25.51. 31P NMR (283 MHz, CDCl3) 6: -6.11.

Synthesis of end-labeled unsaturated polyphosphoester (P7). In a dry Schlenk tube
fitted with a magnetic stirring bar, phenyl-di-(10-undecenyloxy)-phosphate 4 (160 mg, 0.333
mmol) and BODIPY 7 (6 mg, 0.011 mmol) were placed under an argon atmosphere. Grubbs catalyst
1st Generation was added (2.2 mg, 0.0026 mmol, 0.8 mol %), and the reaction was stirred for 12 h at
r.t. with a controlled vacuum of 5:10-2 mbar to remove the evolving ethylene. Then, temperature
was raised up to 60 °C for additional 4 h. The reaction was cooled to room temperature, diluted
with a solution containing tris(hydroxymethyl)phosphine (3.3 mg, 0.03 mmol), triethylamine (3
mg, 0.03 mmol) in 10 mL of dry CH2Cl,, and stirred for 1h. Then water was added and stirring was
continued for an additional 1 hour to decolorize the brownish solution. The crude mixture was
diluted with CHCl; and washed twice with brine. The organic layer was dried over anhydrous so-
dium sulfate, filtered, and concentrated in vacuum. The polymer, obtained with a quantitative yield,

is than dissolved in the minimum volume of chloroform and precipitated into hexane (which is a
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non-solvent for the polymer, but a good solvent for both monomers). *H NMR (700 MHz, CDCls) 6:
7.32 (t,J =7 Hz = 2H), 7.21(d, ] = 7 Hz, 2H), 7.15(t, / = 7 Hz, 1H), 5.37-5.34 (br, 2H), 4.12 (br, 4H),
2.03-1.95 (br, 4H), 1.69-1.65(br, 4H), 1.33-1.25 (br, 24H).13C NMR (176 MHz, CDCl3) &: 150.98,
130.44, 129.98, 129.77, 125.01, 120.11, 120.08, 115.11, 68.70, 68.66, 32.75, 30.38, 30.34, 29.90,

29.80, 29.60, 29.54, 29.43, 29.30, 29.23, 27.36, 25.51. 31P NMR (283 MHz, CDCl3) &: -6.11.

ATMET bulk polymerization of triallyl phosphate (P8). In a dry Schlenk tube fitted
with a magnetic stirring bar, the monomer 8 (100 mL) was placed under an argon atmosphere.
Temperature was raised up to 60 °C, and the Grubbs catalyst 1st gen. (0.3-0.5 mol%) was added.
After ethylene started to evolve, a controlled vacuum of 5:10-2 mbar was applied to remove the con-
densate. After 0.5 h, the reaction was cooled to room temperature, diluted with a solution contain-
ing tris(hydroxymethyl)phosphine (5 mol%), triethylamine (5 mol%) in 10 mL of dry CH2Cl, and
stirred for 1h. Then water was added and stirring was continued for an additional 1 h to decolorize
the brownish solution. The mixture was extracted with CH2Cl; and washed twice with brine. The
organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The
polymer, obtained with a quantitative yield, is than washed with hexane (which is a non-solvent for
the polymer, but a good solvent for monomer) when requested, and dried. 'H NMR (700 MHz,
CDClI3) &: 5.94-5.88 (br, 3H), 5.36-5.32 (m, 2H), 5.24-5.22 (m, 2H), 4.55-4.51 (br, 5H). 3C NMR (176
MHz, CDCl3) 6:132.53, 132.49, 132.45, 132.41, 128.33, 128.29, 128.20, 128.16, 128.07, 128.03,
118.63,118.57,118.52,118.45, 118.32, 68.40, 68.31, 68.28, 68.23, 68.20, 66.86, 66.83, 66.77, 66.74,

66.71, 62.86.31P NMR (283 MHz, CDCl3) 6: -0.68, -0.70, -0.75, -0.79, -0.80, -0.86.

Synthesis of polymer P9. Tri-(but-3-en-1-yl)-phosphate (9) was reacted following the
general procedure described above for ATMET bulk polymerization.!H NMR (700 MHz, CDCl3) &:
5.81-5.76(m, 3H), 5.52-5.53 (br, 3H), 5.15-5.09 (m, 6H), 4.08-4.00 (m, 13H), 2.46-2.39 (m, 13H). 13C
NMR (176 MHz, CDCl3): 133.48, 128.31, 128.24, 128.20, 127.34, 127.28, 127.23, 117.88, 67.10,

66.89, 34.79, 34.75, 33.76, 28.75, 28.72.31P NMR (283 MHz, CDCl3) 6:-0.71, -1.05, -1.08, -1.11.

Synthesis of polymer P10. Tri-(5-hexen-1-yl)-phosphate (10) was reacted following the

general procedure described above for ATMET bulk polymerization. 1H NMR (700 MHz, CDCl3) &:
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5.81-5.75 (m, 3H), 5.38-5.35 (m, 6H), 5.02-4.95 (m, 6H), 4.04-4.00 (m, 16H), 2.09-2.00(br,
16H),1.70-1.64 (br, 16H), 1.50-1.43 (br, 16H).3C NMR (176 MHz, CDCls) &: 138.36, 130.34, 129.80,
115.14, 115.03, 67.66, 67.62, 67.58, 33.28, 32.13, 30.07, 30.03, 29.93, 29.89, 29.84, 29.81, 26.84,

25.67, 25.51, 24.85.31P NMR (283 MHz, CDCl3) 8: -0.66(br).

Synthesis of polymer P11. Tri-(undec-10-en-1-yl)-phosphate (11) was reacted follow-
ing the general procedure described above for ATMET bulk polymerization. 1H NMR (700 MHz,
CDClI3) 8: 5.83-5.73 (m, 3H), 5.37-5.34 (br, 7H), 5.00-4.92 (m, 6H), 4.04-4.00 (br, 19H), 2.04-1.95(br,
19H),1.66 (br, 19H), 1.36-1.28 (br, 125H). 13C NMR (176 MHz, CDCl3) &: 139.29, 130.45, 129.99,
114.29, 67.82, 67.80, 33.95, 32.78, 30.47, 29.84, 29.67, 29.62, 29.55, 29.35, 29.30, 29.07, 27.39.31P

NMR (283 MHz, CDCl3) &: 0.40,-0.62, -0.71.

Synthesis of polymer P12. In a dry one neck flask fitted with a magnetic stirring bar,
phenyl-di-(undec-10-en-1-yl)-phosphate 4 (1g, 2.08 mmol) and (ethylenedioxy)diethanethiol (380
mg, 2.08 mmol) were placed under an argon atmosphere. Temperature was raised up to 70 °C, and
AIBN (azobisisobutyronitrile) was added (10 mg, 0.06 mmol) as radical initiator, observing a quick
increase of viscosity. After 12 h, the reaction was cooled to room temperature; the crude mixture
was dissolved into CHCl3 and reprecipitated into methanol. The polymer was obtained with a quan-
titative yield as a colourless material. tH NMR (700 MHz, CDCl3) &: 7.32 (m, 2H), 7.21(m, 2H),
7.15(m, 1H), 4.11 (m, 4H), 3.61 (m, 8H), 2.69 (m, 4H), 2.52(m, 4H), 1.66 (br, 4H), 1.55, 1.35-1.24 (br,
28H). 13C NMR (176 MHz, CDCI3) 6: 150.93, 150.89, 129.73, 124.99, 120.07, 120.05, 114.24, 71.14,
70.38, 68.65, 68.62, 32.70, 31.47, 30.34, 30.30, 29.90, 29.60, 29.58, 29.57, 29.35, 29.19, 28.98, 25.47.

31P NMR (283 MHz, CDCl3) &: -6.12.

Synthesis of polymer P13. In a dry one neck flask fitted with a magnetic stirring bar,
monomer 12 (500 mg, 1.8 mmol) and (ethylenedioxy)diethanethiol (325 mg, 1.8 mmol) were
placed under an argon atmosphere. Temperature was raised up to 70 °C, and AIBN (azobisisobu-
tyronitrile) was added (10 mg, 0.06 mmol) as radical initiator, observing a quick increase of viscosi-
ty. After 12 h, the reaction was cooled to room temperature; the crude mixture was dissolved into

CHCI; and reprecipitated into methanol or hexane. The polymer was obtained with a quantitative
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yield as a colourless material. tH NMR (500 MHz, CDCl3) 6: 7.29 (m, 2H), 7.21(m, 2H), 7.15(m, 1H),
3.62 (m, 4H), 3.61 (m, 8H), 2.97 (m, 6H), 2.68 (m, 4H), 2.52(m, 4H), 1.6 (br, 8H). 13C NMR (126 MHz,
CDCl3) &: 151.36, 151.31, 129.73, 124.43, 120.48, 120.44, 71.15, 70.44, 70.41, 70.36, 41.07, 32.29,

31.57,31.07,31.02, 26.96. 31P NMR (202 MHz, CDCl3) &: 12.13,11.96, 11.81.
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Chapter 7

Spectroscopic Selection
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Outline

The following chapter reportes a selection of NMR spectra, for the most representative

compounds synthetized in this thesis work.

Phenyl-di-(undec-10-en-1-yl)-phosphate 4
Triallyl-phosphate 8
4-formylphenyl-di-(10-undecenyloxy)phosphate 5
Acyclic diene BODIPY 6

Labeled unsaturated polyphosphoester P6
Chain-stopper BODIPY 7

End-labeled unsaturated polyphosphoester P7

Unsaturated hyperbranched polyphosphoester P11
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31P NMR of phenyl-di-(undec-10-en-1-yl)-phosphate 4 (283 MHz, CDCl3).
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31P NMR of triallyl-phosphate 8 (202 MHz, CDCls).
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