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ABSTRACT

DEVELOPING PHOSPHA-CARBORANE CONTAINING
POLYMERS

Gizem KAHRAMAN

Department of Chemistry
PhD. Thesis

Adviser; Prof. Dr. Tarik EREN
Co-adviser: Prof. Dr. Dr. h.c. mult. Evamarie HEY-HAWKINS

The research presented in this thesis focuses on the development of novel functional
hybrid architectures by carborane and phosphorus or anthracene units bearing polymers.
The motivation behind this work was to understand the structure-property relationship
with the incorporation of inorganic boron clusters and phosphorus or anthracene units
into a variety of polymeric architectures. The aim was the incorporation of carborane
cluster for the development of novel hybrid materials possesing multifunctional
properties that can be used in different field. Development of heat resistance polymers
without any additives is one of the challenges for the advancement of fire resistance
polymers towards technological applications. Synergistic effect of phosphorus and
carborane units enhance the thermal properties. Photocleavage and photodimerization
properties of anthracene units highlights the improvement and implementation of the
stimuli responsive polymers.

In the first part of the study, the synthesis of a silyl-protected oxanorbornene imide
carborane and a phosphorus containing monomer were synthesized as well as they were
copolymerized by ring-opening metathesis polymerization (ROMP) to investigate their
heat resistance properties. The cleavage of the phosphonate ester present at the
backbone of copolymer resulted in phosphonic acid units which were then used for
coating of iron oxide nanoparticules. The first part of the study also illustrates some of
the potential target applications in particular those containing boron and phosphorous
derived compounds. Therefore, the heat resistance effect of both boron and phosphorous
groups have been investigated by using thermal gravimetric analysis (TGA) and micro
combustion calorimeter (MCC) techniques. Encapsulation of iron oxide nanoparticles
with carborane clusters is a potential application for magnetically induced targeting and

Xiii



diagnosis boron neutron capture therapy in cancer treatment.

The second part of the study illustrates the carborane-phosphorus based condensation
type polymers possesing hydroxyl functional end groups. Furthermore, a hydroxyl
terminated carborane-phosphorus oligomer is used in the commercial epoxy resin
formulation as a curing agent with a different loading by weight. Thermal properties
and curing Kinetics were investigated by using TGA, MCC and differential scanning
calorimetry (DSC) techniques. The advantage offered by the presence of phosphorus
and carborane groups is described.

The third and last part of the study is based on the copolymerization of carborane and
anthracene units. The polymers with varying compositions of carborane and anthracene
units have been obtained and characterized. The structural and thermal properties of
these materials have been evaluated and compared to the literature known compounds.
The effect of the presence of silyl carborane and anthracene units on the thermal
properites is described. Furthermore, the photoswiching behaviour through anthracene
units has been investigated to afford smart materials.

Monomer and polymer structures were analyzed by using NMR (*H NMR, *C NMR,
3P NMR, B NMR), FTIR, GPC techniques. Solution and surface morphology were
also analyzed by trasmission electron microscope (TEM) techniques. Efficiency of iron
nanoparticles loading was evaluted via inductively coupled plasma mass spectrometry
(ICP-MS). Photocleavage and photodimerization properties were investigated by using
utraviolet—visible spectroscopy (UV-Vis ).

Key words: ROMP (Ring opening methathesis polymerization), carborane,
phosphonate, anthracene, heat resistance, amphiphilic block copolymer

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

FOSFA-KARBORAN ICEREN POLIMERLERIN
GELISTIRILMESI

Gizem KAHRAMAN

Kimya Anabilim Dali
Doktora Tezi

Tez Damismani: Prof. Dr. Tarik EREN
Es Danigsman: Prof. Dr. Dr. h.c. mult. Evamarie HEY-HAWKINS

Bu tez kapsaminda yapilan ¢alismalarin odak noktasi; igerisinde hem organik hem de
inorganik kisimlar bulunduran fonksiyonlandirilmis yeni ikosahedral karboran ve fosfor
ve ya antrasen tiirevi polimerlerin gelistirilmesi ve arastirilmasidir. Bu ¢alismalarin
arkasindaki motivasyon ise inorganik bor gruplarini i¢erisinde bulunduran iyi dizayn
edilmis ¢esitli polimer yapilarina 151k tutmak ve bu baglamda literatiirde daha 6nce
dikkat c¢ekilmis sorunlara ¢6ziim aramaktwr. Burada ki caligmalar yeni hibrit
malzemelerin teknolojik uygulamalara yonelik gelistirilmesi ve uygulanmasimin yani
sira bu konudaki bilimsel anlayisin ilerleyebilmesi i¢inde kritiktir. Herhangi bir katki
maddesi kullanilmaksizin elde edilen yangin geciktirici polimerlerin gelistirilmesi
gnlimiiz teknolojisinin énemli bir parcasidir. Karboran ve fosfor icerikli malzemeler
sinerjik bir efekt yaratarak termal olarak daha dayanimli hale gelmektedirler. Bunun
yaninda antrasenin fotodimimerizasyon ve fotoyarilma Ozellikleri sayesinde stimuli-
responsive polimerlerin geligmesi saglanmaktadir.

Tezin ilk kisminda sillil korumasi yapilmis oksanorbornen imid karboran ve fosfor
icerikli monomerler sentezlenmis, bu monomerler kullanilarak halka ac¢ilma metatez
polimerizasyonu yontemi (ROMP) ile kopolimerleri elde edilmis ve sentezlenen
polimerlerin yangin geciktirici 0zelligi incelenmistir. Buna ek olarak, burada
sentezlenen bu fosfonat esteri ve karboran bazli polimerler, hidrojenasyon yontemi ile
fosfonik asit ve karboran igerikli bir hale getirilip yapidaki fosfonik asit araciligi ile
demir oksit nanopartikiillerine baglanmalar1 saglandi. Bu baglamda, tezin bu kisminda k
caligmalar ayn1 zamanda potansiyel bazi uygulamalarada i1sik tutmaktadir. Burada
polimerlerin yangin geciktiri 6zellikleri termal gravimetrik analiz (TGA) ve mikro
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yanma kalorimetresi (MCC) kullanilarak arastirildi. Karboran baglhi demir
nanopartikiillerinin kapsiilasyonu ise kanser tedavisinde (boron nétron yakalama terapi)
ve manyetik tan1 takibinde kullanilmak i¢in potansiyel bir uygulama alanidir.

Bu caligmanin ikinci kismi Karboran ve fosfor bazli kondenzasyon polimerlerine 151k
tutmaktadir. Sentezlenen hidoksi ile kapanan bu karboran-fosfor oligomerleri, ticari
epoksi regine igerisinde belirli yiizdelerde Kkaristirilarak yanmazlik ¢alismalar
yapilmistir. Bu malzemelerin termal 6zellikleri ve 151k kinetikleri TGA, MCC ve DSC
(differential scanning calorimetry).

Calismanin iiglincii ver son kismi ise karboran-monool (CB-Monool) ve antrasen tiirevi
monomerlerin kopolimerizasyon c¢alismalarint konu edinmektedir. Cesitli polimer
yapilar1 elde edilmis ve hidrojenasyon reaksiyonu uygulanmistir. Daha sonrasinda
polimerlerin yapisinda bulunan antrasen birimlerinden kaynakli olacak foto degisim
(fotosel) oOzellikleri incelenmis ve akilli malzeme (Smart Materials) konusunda bu
yapilarin kullanabilirligine 151k tutulmustur.

Bu tez kapsaminda sentezlenen ve kullanilan tim malzemelerin yapisal ve termal
ozellikleri incelenerek literatiirde bilinen bilesikler ile karsilastirildi. Elde edilen
monomerler ve polimerler NMR (*H NMR, *C NMR, 3P NMR, B NMR), FTIR,
GPC teknikleri kullanilarak analiz edildi. Yiizey morfolojisinin tespiti igin Gegis
Elektron Mikroskobu (TEM), polimerlerin termal dayanimlarmin ncelenmesinde ise
Termal Gravimetrik Analiz (TGA) ve Mikro Yanma Kalorimetresi (MCC) kullanildi.

Anahtar Kelimeler: ROMP (Halka Agilma Metatez Polimerizasyonu), karboran,
fosfonat, antrasen, yangin geciktirici, amfifilik blok kopolimer

YILDIZ TEKNIiK UNIiVERSITESI FEN BiLIMLERI ENSTITUSU
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Die vorliegende Arbeit beschiftigt sich mit der Entwicklung von Polymeren als
neuartige funktionale Hybridarchitekturen welche Carborane sowie Phosphor- oder
Anthraceneinheiten aufweisen. Die Motivation dieser Untersuchungen ist das
Verstandis des Wechselspiels von Struktur und Eigenschaften durch die Einfiihrung von
anorganischen Bor-Clustern und Phosphor- sowie Anthraceneinheiten in eine Vielzahl
von polymeren Architekturen. Das Ziel war dabei die Einfithrung von Carboran-
Clustern um neuartiger Hybridmaterialien mit Mutlifunktionseigenschaften zu
entwickeln welche in verschiedensten Gebieten Anwendung finden konnen. Die
Entwicklung hitzestabiler Polymere ohne jegliche Additive ist eine der
Herausforderungen fiir die Verbesserung feuerresistenter Polymere hin zu neuen
technologischen Anwendungen. Synergieeffekte von Phosphor- und Carboran-Einheiten
verbessern hierbei die thermischen Eigenschaften. Die Photolyse sowie
Photodimerization der Anthracen-Einheiten heben dariiber hinaus die Verbesserung
dieser Stimuli-risponsiven Polymere heraus

Im ersten Teil dieser Arbeit wird die Synthese eines Silyl-geschiitzten Imidocarborans
und eines phosphorhaltigen Monomers beschrieben sowie ihre Ring6ffnungs-
Metathese-polymerisation (ROMP) und die Untersuchung der entsprechenden
Hitzestabiltitdtseigenschaften. Die Spaltung des Phosphonatesters im Riickgrat des
Copolymers flihrte zur Bildung von Phosphonséure-Einheiten welche fiir das Coating
der Eisenoxid-Nanopartikel verwendet wurde. Dariiber hinaus werden potenzielle
Anwendungen einzelner Verbindungen herausgestellt, insbesondere jener welche Bor
und Phosphor enthalten. Zu diesem Zweck wurden die Hitzestabilitdt von sowohl Bor-
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als auch Phosphorgruppe mittels Thermogravimetrie (TGA) und Mikro-Verbrennungs-
Kalorimetrie (MCC) untersucht. Die Einkapselung der Eisenoxid-Nanopartikel mit
Carboran-Clustern ist eine potenzielle Anwendung fiir die magneitsch-induzierte
gerichtete Diagnose und Behandlung von Krebs mit Bor-Neutronen-Einfang-Therapie.

Der zweite  Teil befasst sich mit den  Carboran-Phosphor-basierten
Kondensationspolymeren welche eine endstindige Hydroxylgruppe aufweisen. Des
Weiteren wurden die Carboran-Phosphor-Oligomere mit terminalen Hydroxylgruppen
mit der kéuflich erwerblichen Epoxy-Resin-Formel als Hérter mit verschiedenen
Massenbeladungen getestet. Die thermischen Eigenschaften sowie Héartungsraten
wurden dabei mittels TGA, MCC sowie DSC (differential scanning calorimetry)
untersucht. Hierbei wird der Vorteil der vorhandenen Phosphor- und Carboran-Gruppen
beschrieben.

Im dritten und letzten Teil der Arbeit wird die Copolymerisation von Carboran- und
Anthracen-Einheite  beschrieben. Dabei wurden Polymere mit verschiedenen
Zusammensetzungen der entsprechenden Einheiten erhalten und charakterisiert. Ihre
strukturellen sowie thermischen Eigenschaften wurden daraufhin evaluiert und mit
literaturbekannten Verbindungen verglichen. Dabei wird der Effekt der Einfithrung der
Silylcarboran- und Anthraceneinheiten auf die thermischen Eigenschaften beschrieben.
Des Weiteren wurde das photoschaltbare verhalten der Anthracen-Einheiten untersucht
um “‘smart materials” zu erhalten.

Alle Monomer- und Polymerstrukturen wurden charaktisiert durch NMR-Spektroskopie
(*H-, BC-, ¥P-, MB-NMR), FTIR-Spektroskopie sowie Gel-Permeations-
Chromatographie (GPC). Die Morphologien der Losungen und Oberflichen wurde
untersucht mittels Transmissionselektronenmikroskopie (TEM). Die Effiktivitat der
Eisen-Nanopartikel-Beladung wurde evaluiert anhand wvon Messungen mit
Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-MS). Die Photolyse sowie
Photodimerisation wurden untersucht durch UV/VIS-Spektroskopie.

Stichworter: ROMP (Ringoffnungs-Metathese-polymerisation), Carborane,
Phosphonate, Anthracen, Hitzestabilitat, Amphiphile Blockcopolymer

TECHNISCHE UNIVERSITAT YILDIZ GRADUIERTENSCHULE FUR
NATUR UND ANGEWANDTE WISSENSCHAFTEN
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

One of the most challenging jobs in materials science is that of building nanostructures,
whose shape and dimension are formed in a controlled way. There is a special interest
in amphiphilic block copolymers thanks to their capability to self-assemble on the
nanoscale. There are many potential applications of amphiphilic block copolymers
forming micelles, such as biosensors [1], gene therapy [2] and drug delivery [3]. Ring-
opening metathesis polymerization (ROMP) is a specific method to synthesize
monodisperse block copolymers using ruthenium-based catalysts. In the literature,
numerous block copolymers, having both hydrophilic and hydrophobic units obtained
via the ROMP method, have been examined and utilized to assemble into micelles [4],
[5], [6], [7], [8], [9], [10], [11], [12], [13] or as drug delivery materials [14]. The
carborane-based block copolymers with amphiphilic nature, which are able to form
micelles in aqueous media with average hydrodynamic radius of 41 nm, have been
developed before [15]. It is known that these copolymers exploit the hydrophobicity of
carboranes. One approach to make amphiphilic polymers is to add hydrophilic groups
such as phosphoric acids to the backbone, e.g. phosphoric acid-type amphiphilic block
copolymers can be synthesized via ROMP using 3rd generation Grubbs catalyst, with a
broad range of micelle dimensions, depending on the block copolymer composition
[16]. The phosphonates and phosphoric acid-derived anions can also be used as surface
modifiers for metals and their oxides [17], e.g. iron oxide nanoparticle surfaces have
successfully been coated with phosphoric acid-containing compounds [18]. In this
regard, the surface modification of magnetic nanoparticles with polymers bearing

phosphoric acid has not been widely investigated.

Carboranes, which are also called “carbaboranes”, are clusters with some particular
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electronic and thermal properties as aromatic molecules. lcosahedral carboranes are
carbon—boron molecular clusters, featuring a fully delocalized system of 26 skeletal
electrons via 3c—2e bonding between tangential p orbitals and radial sp orbitals [19],
[20]. Such clusters are aromatic molecules having 3-D aromaticity (c aromaticity) [21],
which are different from classical 2-D aromatic molecules such as benzenes (n
aromaticity) [22]. On the other hand, both classes of molecules share some common
features such as thermal stability and ability to undergo electrophilic substitution
reactions [23], [24], [25]. They include both boron and carbon atoms in the polyhedral
form. Among others, icosahedral carborane isomers have two carbon, ten boron and
twelve hydrogen atoms (C2B10H12) in skeletal cage structure, which have very stable
molecular architectures. Isomers of carboranes can be converted into one another, e.g.
1,7-C2B1oH12 (m-carborane), can be obtained via heat treatment of 1,2-C2B1oH12 (0-
carborane) at 400 to 500 °C, and 1,12-C,B1oH12 (p-carborane) after heating at 700 °C.
Figure 1.1 shows icosahedral carborane isomers ortho (0-), meta (m-) and para (p-).
The numbering of the atoms in carborane compounds begins with the apex atom of
lowest coordination, and polyhedral vertex atoms are numbered in a clockwise direction

with the carbon atoms being given the lowest possible numbers.

o CH
® BH
ortho- meta- para-

Figure 1.1 Icosahedral carborane isomers ortho (0-), meta (m-), para (p-) [26]

The growing interest in the properties of carboranes with high versatility, unique
electronic properties and cage structure provides an opportunity to widen research
across new applications. By an electron-counting scheme, thermodynamically stable
structures of the cage can be estimated, while isomer stability is far from being
predictable [27], [28]. lcosahedral C:BioHi» can have extremely stable isomers
according to early studies, for example, the stability of 1,7-C2B1oH12 is higher than 1,2-
C2B10H12 because of the rearrangement of the cage after heat treatment [27], [28]. Since
the late 1950s, the CoB1oH12 isomers have been investigated not only theoretically but
also experimentally, generating a vast literature that is just partially represented in a
2



large number of compounds. Although their icosahedral geometry is not remarkable
anymore, this geometry was quite impressive and novel at the time of discovery. This
icosahedral system is highly stable due to the electro-delocalization of the cluster which
consists of ten boron and two adjacent carbon atoms. Since 1,2-C.BioHi2 and its
derivatives have the icosahedral cage structure, they are significantly stable against
degradation under a broad range of conditions, such as strong acids and oxidative
compounds [29], [30]. Carboranes have unique properties such as thermal resistivity
[31], [32], neutron capture ability [33], [34], [35] and chemical stability [31], [32].
Furthermore, it has been shown that carborane-containing polymers have extreme
thermo-oxidative durability in comparison with polymers without carborane cages in
the backbone [36]. This can prove the significance of boron clusters for high
temperature polymer applications. As an example for this concept, poly(carborane-
siloxane-aryl acetylene) (PCSAA) isomers with meta- and para-Carborane, which are
durable at high temperatures and under harsh oxidative conditions, have been

synthesized by Kolel-Veetil et al. (Figure 1.2).

oC n: repeating unit number

® BH
m-PCSAA

Si Si Si i — —
/P | ~ __— | ~_—T
(0] O
| )

p-PCSAA

Figure 1.2 Aromatic group-containing carboranylenesiloxanes; poly(m-carborane-
siloxane-arylacetylene) (m-PCSAA) and p-PCSAA

The carborane-based polymers do not show any weight losses at high temperatures. On
the contrary, some amount of weight gain in air has been observed, which can be
explained with the oxidation of boron to B2Os and silicon to SiO: in the polymer chain
[37]. The carborane-based polymers can be employed to prevent the oxidation of carbon

fibres. The linear carborane-carbosilane-phenylacetylene copolymers were also used to
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develop thermoset systems [38]. As a result of the thermal stabilization in a temperature
range from 600 to 900 °C in air, the ceramic-coated carbon fibres keep the weight stable

in comparison to uncoated fibres.

For many years, scientists have predominantly centered research interests related to
carboranes on the boron neutron capture therapy (BNCT) for cancer treatment in
medical applications in which the unique character of the 1°B nucleus plays a significant
role. This isotope (}°B) is nonradioactive and presents approximately 20 % of total
boron in nature. As it is represented in Figure 1.3, a particles are generated by thermal
irradiation of 1°B, and the cells are destroyed in parallel with the increasing energy [39].
Although, the activity of carborane derivatives in BNCT has been widely studied,
carborane-based polymers are still in need to be deeply investigated for their medical

application due to their promising properties in this field.

Thermal Neutron

Thermal
Neutron

’Li particle

Cancer Cell

° o
Figure 1.3 BNCT mechanism

Phosphorus, which was discovered by Hennig Brand in 1669, can be found as either
white, black, red or violet phosphorus (among other forms), however, it does not exist
as a pure element in nature due to its high reactivity. In place of this, phosphorus-
containing minerals are mostly found in their maximally oxidized state, as in
inorganic phosphate rocks. Phosphonates and phosphoric acids account for
organophosphorus molecules. Their molecular formulas are respectively R’PO(OH):
and R’PO(OR)2, here R and R’ represent alkyl and/or aryl groups. In general alcohols
and water can dissolve both phosphonate salts and phosphoric acids, whereas non-
volatile forms are hardly soluble in organic solvents. Phosphonates are considered as

herbicides in some important commercial applications such as plant regulation [40].


https://en.wikipedia.org/wiki/Phosphate_minerals

O
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R'O-F-ga
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Figure 1.4 General ester of phosphoric acid

Phosphorus-containing flame retardant materials have been a wide interest in the field
of polymeric materials for decades [41]. Many of the phosphorus compounds such as
phosphonates, phosphine oxides, red phosphorus, phosphines and phosphates have a
possible usage in heat resistant applications [40], [42], [43]. These flame retardants can
be used as either additives or in the backbone of the polymer structure. The flame
retardants that consist of phosphorus and its derivatives can be active both in condensed
and gas phase [44]. In most of the reactions of phosphorus-containing flame retardants,
phosphoric acid can be observed as a final product through thermal decomposition [45].
Phosphoric acid and phosphonate-based flame retardant polymers provide a remarkable
char residue that can be determined by thermogravimetric analysis (TGA), especially
phosphoric acid ones produce even higher amount of char than ester-based forms

depending on the percentage of phosphorus in the polymer backbone [46].

_ Radical Scavenging
S k PO + i — HPO
moke PO + OH —— HPO,
€CO,C0,, | HPO+ it ——H,+ PO
OH + H, + PO — H,0 + HPO
HPO, + I —— H,0 + PO
HPO, + H — H, + PO,
9 HPO, + OH — H,0 + PO,

D)
=

Flame retardants

Char-
T s promotion
Pyrolysis zone
Condensed

phase

|

Polymer

Figure 1.5 Fire behavior of a polymeric material and the role of phosphorus-

containing heat resistants [46]

Pyrolysis and the behavior of the phosphorus-based flame retardants is shown in Figure
1.5. The mechanism of flame retardants in gas and condensed phase can be clearly

observed. The decomposition temperature of fire resistant (FR) and the polymer matrix
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is highly critical for these mechanisms. It is important to have a high similarity of
decomposition temperature of both the fire resistant and the polymer. FR should not
decompose at low temperature to guarantee chemical interaction during pyrolysis. The
decomposition property is even more critical for the high temperature thermoplastic
processes such as compounding, extrusion, injection or blow molding, as well as
vulcanization for rubbers, or curing thermosets. In addition to thermal stability, FR can
be exposed to additional stress depending on the application area, e.g. FR must be stable

during spinning, weaving and washing in fiber and textile industry [46].

Phosphoric acid-based polymers can be used as flame retardant additives in a polymer
matrix for a wide variety of applications [47]. For example, 4,4’-
bishydroxydeoxybenzoin-poly(arylate-co-phosphonate) BHDB-PAL-co-PPN) polymers
and corresponding copolymers (PAL-co-PPN) were synthesized by Ranganathan and
co-workers through polycondensation reaction in solution (Scheme 1.1). Thermal
durability of the compounds in this study was investigated by PCFC (Pyrolysis
Combustion Flow Calorimeter) test and TGA (Table 1.1) [48]. This study demonstrated
that the HRC (Heat Release Capacity) of PAL-co-PPN copolymers was surprisingly
lower than the corresponding homopolymers, e.g. the HRC of 1:1 (molar ratio) arylate-
and phosphonate-containing copolymer was 36 J/(g-K), while the HRC of acrylate-
based homopolymer and phosphonate-based homopolymer was 65 J/(g'K) and 81
J/(g'K), respectively. On the other hand, the copolymers showed higher char residue at
800 °C than each of the homopolymers. It was observed that the phosphorus
functionality in PAL-co-PPN copolymers had an influence on both flammability and

thermal durability of the polymers.
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Scheme 1.1 Synthetic route of BHDB-poly(arylate-co-phosphonate) (PAL-co-PPN)[44]

Table 1.1 Flammability and thermal stability characterization of BHDB-poly (arylate-
co-phosphonate) copolymers [44]

iPC:PPC Heat release 5 wt% loss temperature (°C) | Char yield at 800
(molar capacity °C
ratio) 0/(gK))

(wt%)
100:0 655 340 45
77:23 48+4 346 50
57:43 41+3 383 56
46:54 362 367 54
39:61 40+3 390 57
23:77 59+5 394 55
0:100 81+11 397 52

Another example of these polymers was reported by Wang and coworkers [49]. They
synthesized a new aryl-phosphonate derivative from poly(sulfonyldiphenylene
thiophenylphosphonate) (PSTPP) to investigate their flame-retardant effect on
polyethylene terephthalate (PET) (Figure 1.6). The flame-retardant performance was
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negatively affected by substituting oxygen with sulfur, while an enhanced anti-dripping
behavior was observed. In conclusion, they found that 2.5 wt% flame retardant addition
to PET was enough to determine its fire-resistant effect.

~ 1

n: repeating unit number

P—o0

O—w——0

Figure 1.6 Chemical structure of poly(sulfonyldiphenylene thiophenylphosphonate)
(PSTPP)

In addition to their flame-retardant applications, phosphoric acid-based polymers can
also be used in various biomaterials, due to their capability of adhesion on bones and
dentins [50], [51], [52]. However, biocompatibility of these polymers is crucial for
dental applications. In this context, the combination of acrylic acid monomers and
phosphoric acids allows to form a biocompatible polymer, that can adhere to the teeth,

via generation of calcium phosphonates [53], [54], [55].

Furthermore, phosphoric acids are known as considerably efficient chelating agents for
coating iron oxide nanoparticles [56]. Iron has been the most important metal in
industry so far, and is the most abundant transition metal. The best-known iron oxides
include FeO, Fe:Os and FesOs. Natural mineral magnetite FesOas includes some
impurities such as a-Fe>Os. Moreover, a pure phase of FesOs nanoparticles has been
recently synthesized following various approaches. For instance, Alcala et al. have
shown that the prolonged hydrothermal synthesis of iron nanoparticles (FezOa4) reduces
the a-Fe2Os ratio. Zhang et al. employed heat treatment at 650 °C to form pure iron
nanoparticles of Fe3O4 with 48 nm in diameter [57], [58]. The crystal structure of FesOa
generally contains octahedral and mixed octahedral/tetrahedral layers in the (111)
direction; the tetrahedral sites are occupied by Fe(lll), and the octahedral sites are
occupied by both Fe(ll) and Fe(lll) [59], [60]. The studies on FesOs4 have been
continuously carried out in this regard, due to its superparamagnetism, low Curie
temperature and coercivity of magnetism [61], [62], [63]. In recent years, many
researchers have been working on the medical applications of iron nanoparticles, e.g. as

in vitro diagnostic agents [61], [63].



Iron-based nanoparticles have been subject to intense research due to their distinguished
properties such as catalytic performances, anti-microbial activities and magnetism [64],
[65]. Iron oxide magnetic nanoparticles (FesOs-MNPs) with approximate size of 20-30
nm, can be magnetized by an external magnet; thus, they have been broadly used in
varying bio-applications e.g. magnetic resonance imaging (MRI), drug delivery and
magneto-thermal therapy [66]. Transmission electron microscopy (TEM) has
extensively been used as a characterization tool to determine the size, morphology and
size distribution of nanoparticles. By using this technique, Yang et al. have revealed that
pure FesOs-MNPs are prone to aggregate and their sizes can be manipulated by grafting
poly(GMA-MATAC) to the nanoparticles’ surface [67]. Also noteworthy are the
superparamagnetic nanoparticles modified via graft polymerization of glycidyl
methacrylate (GMA) and methacryloxyethyl-trimethylammonium chloride (MATAC),
used for immobilization of the lipase enzyme [68].

Price et al. have recently reported a series of FesOs-MNPs-functionalized with an
amphiphilic polymer PEG600-alt-PTHF650 (PEG and PTHF refer to poly(ethylene
glycol) and poly(tetrahydrofuran), respectively). They have demonstrated that magnetic
nanoparticle clusters exhibit remarkable MRI performance and uptake/release
performance within cell membranes, that is, they can be used for magnetically directed

drug delivery applications [69].

Vanessa et al. have carried out a modification of multicore iron nanoparticles by coating
with poly(4-vinylpyridine) polyethylenglycol copolymer. It has been clearly shown that
a negative contrast of MR imaging in kidneys may occur because of the high PEG

content in the copolymer coated iron oxide nanoparticles [70].

In order to modify the copolymer-coated nanoparticles, several conventional
polymerization methods have been applied in the literature. These polymerization
techniques have been also successfully used to obtain carborane- or phosphorus-
containing polymers, as mentioned above. However, various significant controlled-
polymerization techniques are getting more popular because of the increasing demand
of customized polymer structures. Some of these controlled-polymerization methods
are: atom transfer radical polymerization (ATRP) [71], nitroxide-mediated
polymerization (NMP) [72], reversible addition-fragmentation chain transfer (RAFT)
[73], [74] and ring-opening metathesis polymerization (ROMP) [75]. In order to

functionalize linear polymers, there are several synthetic methods in the literature such
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as anionic, cationic and free radical polymerization of vinyl groups and group transfer
polymerization techniques [76], [77], [78]. The ROMP method is straightforward and
has become increasingly more popular, because it allows the controlled synthesis of
polymers and copolymers, having various functionalities [79], [80]. This polymerization
technique is a well-known reaction, which produces stereoregular polymers from cyclic
olefins via [2+2] cycloaddition reaction (Scheme 1.2). The metallacyclobutane
intermediate, which is crucial for the following steps, is formed in the propagation step
of ROMP, followed by formation of a new double bond [75].

() ()

HC——CH = CH2

[M]=CH-R |
[M]—CH R [M] CHR

[M]=metal-complex
Scheme 1.2 The mechanism of ROMP including the metallacyclobutane intermediate

The selection of monomers is quite important for the synthesis of functional polymers,
which can be linearly synthesized from cyclobutene and cyclooctene derivatives. In
general, the control of regioregularity of the polymer backbone is not trivial [81], [82].
It is difficult to polymerize 5-, 6-, and 7-membered substituted cyclic alkenes via
ROMP because of their reduced ring strain [83]. The reduced ring strain of cyclic olefin
monomers (cyclopentene and norbornene) is essential in the polymerization [77]. Both
monomer concentration and reaction temperature are intimately associated with the
thermodynamics of ROMP [84], [85], [86]. The fundamental thermodynamic equation
is:
AG = AH - TAS

Each cyclic olefin monomer has a critical monomer concentration for the
polymerization. The reaction cannot occur at a given temperature, in case the monomer
concentration is less than the critical concentration. Table 1.2 indicates the

thermodynamic parameters for the cyclic monomers.
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Table 1.2 Thermodynamic parameters for the ROMP of a selection of liquid monomers
to amorphous polymers at 25°C [87]

Monomer Configuration | AH°/(k]J/mol) | AS°/(J/mol-K) | AG°/(k]J/mol)
of the double
bond in the
polymer

Cyclopentene cis -15.4 -52 -0.3
trans -18 -52 -2.3

Cyclohexene cis -1-3 -31 6.2

trans 1-3 -28 7.3
Cycloheptene cis -16 -20 -10.0
trans -20 -17 -15.0
Cyclooctene cis -20 % -19.4
trans =22 -2 -21.5
1,5- cis -25 -5 -23.5

Cyclooctadiene

trans -33 -5 -31.5

High molecular weight polymers can be obtained via ROMP at low temperatures, and
the catalyst provides high efficiency at low temperatures. These ruthenium-based
catalysts shown in Figure 1.7, show less tolerance towards polar groups [77], [78], [80],
[81], [84], [85], [88].

11



HsC /—\ CH3 H3C [-\ CHB

QEEO HsC T\m CHs cha THSC

\ClI
CI’ Cl / ﬁ NCl_( R‘U p—
i O B O o N
@ g
@ X Br
Grubbs catalyst Grubbs catalyst Grubbs catalyst
1t generation 2"d generation 3rd generation

Figure 1.7 Ruthenium olefin metathesis catalysts [89]

The discovery and studies of such catalytic systems have resulted in the award of the
Nobel Prize to Schrock, Grubbs and Chauvin in 2005 [89], [90], [91]. In the literature,
the ROMP method has been used by many researchers, for example Yang et al.
synthesized a novel shape memory polynorbornene-based polymer using this technique.
Shape memory materials can “memorize” their previous form when subjected to certain
stimuli such as thermomechanical or magnetic variations [92]. Polynorbornene has been

functionalized with poly(e-caprolactone) side chains and cyano groups via ROMP [93].

Random copolymers that contain phosphorus and anthracene have been synthesized via
ROMP by Ecem et al., and these polymers are assumed to demonstrate shape memory
effect due to the photo switchable property of anthracene units in their backbone [94].
Vernon proposed the term “shape—memory” first in 1941. However, after the use of
cross-linked polyethylene (PE) for making heat-shrinkable tubes and films, the
importance of shape memory polymers (SMPs) was realized in the 1960s. In the late
1980s, there were more efforts to develop SMPs. Then, these efforts speeded up in the
1990s and important improvements have been done in the past decade. Figure 1.8
indicates the shape memory behaviour of one of the PVDF (polyvinylidene fluoride)

polymers under the influence of heat.
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Figure 1.8 Shape memory properties via thermal relaxation [95]

SMPs are an important class of stimuli-responsive polymers with applications covering
various fields of daily life [96], [97]. Smart fabrics, heat shrinkable tubes for electronics
or films for packaging, intelligent medical devices or implants with minimally invasive
surgery are examples for the application areas. Besides, applications of substrates for
cell growth, biomedical devices such as stents and catheters, optically active materials,
and flexible electronics demonstrate potential of shape-memory technology. Some
typical commercially available examples are polyurethane (DIAPLEX, SMP
Technologies Inc., originally from Mitsubishi Heavy Industries), polystyrene based
SMP (Veriflex, Verilyte, Veritex, Cornerstone Research Group, Inc.), aliphatic
polyurethane (tecoflex, Lubrizol Advanced Materials), epoxy-based SMP (TEMBO,
Composite Technology Development, Inc.), and UV-curable polyurethane (NOA-63,
Norland Products Inc.). Furthermore, SMPs somehow keep the given shape in their
memory, and even after several successive deformations, they return to their former
shape [96], [97]. A good definition of the possible shape memory mechanism is given
by several reviews, moreover quite comprehensive classifications of such materials can
be found in the literature [98], [99] [100], [101].

Even though most of the reported SMPs are thermally-induced shape memory
polymers, there can be other paths to stimulate the shape memory effect. For example,
light allows the materials to be activated remotely even at ambient temperature, and
there have been several reports regarding this topic. Coupled with the placement of
photosensitive groups in the polymer backbone, the transfer of movement from
molecular to macroscopic level is necessary for the control of macromolecular

architecture [96]. It is well-known that photoactive SMPs are based on reversible
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photochemical crosslinking. Photo-induced reversible covalent cross-linking in
polymers can be formed by some photo-chemically reactive groups. Cinnamylidene
acetic acid, anthracene, coumarin and their derivatives account for the species that are
capable of photo-dimerization, and have been comprehensively investigated by adding
to polymer structures for photo-switchable shape memory [102], [103], [104], [105].
Photo-reactive moieties exist in the dimer form with their inter-chain dimerization
responsible for chain crosslinking, as photosensitive groups are used as crosslinkers in
polymer networks. Anthracene has the ability to undergo a typical [4ns + 47s] photo-
dimerization reaction and is photo and thermally reversible. The typical photo-
dimerization reaction of anthracene occurs favorably under UV light irradiations and
can be employed for application in photo-responsive materials [106]. The dimers
dissociate upon exposure to heat or light of less than 300 nm (E,=111-160 kJ/mol)
(Figure 1.9).

(2
OO — oFR

Figure 1.9 Conversion between anthracene and its dimer [107]

An interesting example of the application of anthracene photo-dimerization has been
reported recently by Berda and coworkers [106]. They synthesized anthracene-based
polymers and observed that the obtained polymers displayed photo-switch behavior
(Figure 1.10) under UV light which was quenched at = 350 nm. In that study, the photo-
dimerization of pendant anthracene units as an effective intramolecular cross-linking
feature was noted. On the other hand, photo dimers can be reversed if irradiated with
light at A < 300 nm, or if heated at temperatures greater than 180 °C [108], [109].
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Figure 1.10 Observed photo-switch behavior of anthracene-based polymer [106]

Manufacturing flexible films that can be used in display devices, is of growing interest
[110]. Generally, flexible films do not possess high mechanical stability, because of
aggregation quenching in the solid state. It is reported in the literature that carborane-
based luminescent molecules are used in optical materials to improve solid-state
emissive properties of the materials [111]. Anthracene has unique properties, such as
[4+4] photocycloadditions, and has been used in many varied application fields [88],
[106]. Anthracene groups also have capabilities in energy and charge transfer, as well as
photoswitchable effects, that can be applied in the synthesis of stimuli-responsive
materials. Recent articles discuss the luminescence properties of anthracene- and
carborane-containing molecules [112], including intramolecular charge transfer
processes between the anthracene moiety and the carborane cluster in the crystalline

state.
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1.2 Objective of the Thesis

The interest on the hybrid materials consisting of both organic and inorganic parts have
been increasing with each passing day. As examples of such hybrid materials, natural
structures such as bone, crustacean shells and tooth tissues can be given. By controlled
mimicking of hybrid biosystems, it can be designed and developed that novel and
innovative polymeric materials that are intended to employ in industrial applications
[1]. Preperation of nanoscale smart materials has been possible thanks to the self-
organizing ability of specificly synthesized block copolymers [2], [3], [10], [12].
Recently, functional block copolymers including both hydrophilic and hydrophobic
segments can form miscelles in certain solvents [6], [7], [11], [13]. The materials
developed in this way can be applied in wide range of applications such as lithography,
stabilization of magnetic nanoparticle, drug delivery and seperation systems [4], [5], [6],
[71, [8], [9], [10], [11], [13], [14]. Controlled and living polymerization techniques
allow to synthesize specially designed polymeric materials that have adjustable in
polydispersity and molecular weight by demand. One of the well-known common
tecniques among living polymerization methods is ring opening metathesis
polymerization (ROMP) that can be used for well-defined block copolymer synthesis
[113], [114]. ROMP provides oppurtunity to control polymer chain distribition
precisizely and consequently obtained polymeric system can organize self-assembly by
which it can be switching according to the hydrophilicity and hydrophobicity of the
media [4], [16], [115], [116], [117]. As an example, researches on stimuli-responsive
self-assembly structures (particularly pH-dependent) and its complex systems with
metal ions (e.g. Cu(ll) and Fe(ll)) in the network have been studied [118].

Here, we used the synthetic approach phosphorus-carborane containing polymers and
investigate their potential chelation efficiencies aginst iron nanoparticles and heat
resistance properties. Synergistic effect of phosphorus and carborane functionality in air
and under nitrogen atmosphere were studied. Besides that carborane-anthrecene bearing
polymers were also synthesized and investigated their photo-switchable properties.
Using controlled polymerization technigues enable to investigate the structure-property
relationship of carborane-phosphorus and carborane-anthracene functional polymers.
Carborane-phosphonate  functional group possesing oligomers derived from
condensation type polymers also used in epoxy resin formulation to increase thermo-

mechanical properties.
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1.3 Hypothesis

Developing inorganic-organic cluster is one of the main targeting approach for the
mimic the nature. Block copolymers, two or more polymer segments covalently
connected to each other, are one of the typical synthetic approach for the self-assemble
of the macromolecules in nanoscale in solution as well as on the solid surface. There are
many polymerization techniques are available to synthesize the block copolymers
featuring narrow molecular weight distributions with controllable molecular weights
and defined constitution. Anionic polymerization, ATRP, RAFT and nitroxide mediated
polymerization techniques are typical examples for the living polymerization techniques
and used for the synthesis of block copolymers. Ring opening metathesis
polymerization (ROMP) is one of the living polymerization techniques and can be
applied for the preparation of well-defined block copolymers as well. For a typical
ROMP, initiation rates exceed propagation rates with the proper metathesis catalyst
making the formation of polymers with a low polydispersity possible [113], [114].
Exploiting the precise control over the polymer chains, as offered by ROMP, obtained
block copolymers can undergo self-assembly. Moreover, if functional moieties were
incorporated into the block copolymer structure, reversible — and also block-selective -
switching capabilities between hydrophobic and hydrophilic states are accessible [4],
[16], [115], [116], [117]. Here, in the first part of this study we used the synthetic
scheme for block copolymer synthesis of carborane functional block and phosphonate
and/or phosphonic acid functionality at the same backbone through ROMP mediated
polymerization method. Self-assemble of the block copolymers were investigated in
water and solid surface. Thermal properties and chelation efficinecies to the iron

nanoparticles were evaluated.

Today, halogenated compounds are predominantly preferred in flame retardant indsutry.
Polybrominated diphenyl ethers (PBDEs) have mostly been consumed in plastic
industry during early time of flame retardants until the European Court of Justice
banned them, which pentaBDE together with octaBDE and decaBDE are banned in
2004 and 2008, respectively. DecaBDE can only be used in North America in mattress
and furniture upholstery with the obligation of being sold in that state. Novel flame
retardants are needed to develop because of that health issues, and growing interest for
studies for new polymers exhibiting flame retardancy behaviour without using any

additives will be important. At present the most promising use for the various

17



carboranes and phosphorus functionalities is to incorporate them into polymers with the
objective of building into the polymers special properties such as high temperature
resistance and/or specialized chemical resistance. Copolymers possessing different
carborane and phosphorus groups were synthesized and furthermore used to investigate
the structure-thermal properties of the polymers. Potential application of carborane-
phosphorus bearing polymers was also investigated in the epoxy formulations. In this
part of the study, new phospho-boron containing oligomers synthesized via
condensation of carborane diol and dichlorophosphine oxide to end up with hydroxyl
terminated oligoester. Carborane-phosphorus functional oligomer was further used in
epoxy formulation. Hence, the dual flame retardancy effect of boron and phosphorous
group is investigated under air and nitrogen atmosphere using TGA and MCC analysis.

Final chapter of the thesis is to obtain well defined architecture bearing different loading
antracene and carborane units at the backbone. Photo switching properties of block
copolymers were investigated via anthracene functional groups concentrations at the
polymer backbone. Aim of the study is to obtain stimuli responsive materials via light

induce through anthracene groups.

18



CHAPTER 2

EXPERIMENTAL

2.1 Instruments and Chemicals

'H NMR, *C NMR, B {*H} NMR and 3'P{*H} NMR spectra were recorded using a
Bruker Avance Il 400 MHz spectrometer. GPC analyses were performed against
polymethylmethacrylat (PMMA) with column at 50 °C. 0.01 M LiBr/DMF were used
for the mobile phase and toluene was used for flow marker. Flow rate was 0.7 mL/min.
A PerkinElmer Spectrum One spectrometer was used for attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. Microscale combustion
calorimetry (MCC, Fire Testing Technology, UK) was used for the MCC measurement
according to ASTM D7309. Size analysis of polymer-coated nanoparticles in their dry
form was conducted by evaporating a drop of an aqueous solution of nanoparticles on a
holey carbon film coated 300 mesh Cu grid (Pacific Grid Tech, USA). Images were
acquired using transition electron microscopy (TEM) with an accelerating voltage of 5
KV on a LVEM5 Electron Microscope (Delong Instruments, USA). SllI
Nanotechnology, TG/DTA 6300 Series was used for thermal analysis. The thermal
stability of polymers was investigated between room temperature and 900 °C under
nitrogen and air with a heating rate of 25 °C/min. Shmadzu UV-vis spectrophotometer

was performed for photo studies.

Furan, maleimide, diethyl (hydroxy methyl) phosphonate, triphenylphosphine,
diisopropyl azodicarboxylate (DIAD), trimethylene oxide, n-butyllithium solution (2.5
M in n-hexane), tert-butyldimethylsilyl chloride, 3-bromopyridine, potassium
carbonate, bromo trimethylsilane, (2-bromoethyl) benzene, diethyl hydroxy methyl

phosphonate, ethyl vinyl ether, tetrahydrofuran (THF), petroleum ether, diethyl ether,
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dichloromethane, and methanol were purchased from Sigma Aldrich and used as
received. Ethyl acetate, THF and n-hexane were distilled by conventional techniques.
Grubbs’ second generation catalyst was purchased from Sigma Aldrich. Grubbs’ third
generation catalyst [(H2-Imes)(3-Br-py)2(Cl)2Ru=CHPh] was freshly prepared
according to the previously reported procedure [119]. Epoxy resin was supplied by
Fasrverbundwerkstoffe (EPC, epoxy equivalent, 0.54). All other reagents including
buffers and salts were obtained from Sigma Aldrich. o-Carborane was obtained from
Katchem, Prague.

2.2 Synthesis of Monomers

2.2.1 Synthesis of 5-norbornene-2,3-dicarboxylic imide (oxanorbornene imide)

Furan and maleimid Diels-Alder reaction was adapted from literature [120]. Exo-10-
oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione was obtained 78% yield as pure exo
isomer. In 250 ml schlenk flask, 5.0 g (51.5 mmol) of maleimide was firstly dissolved in
50 mL of ethyl acetate and then 3.85 g (4.1 mL, 56.5 mmol) of furan was added into the
reaction flask. The solution was stirred at 90 °C for overnight under nitrogen
atmosphere. The reaction mixture was then washed with excess amount of diethyl ether.
After all, the product was filtered, and dried under vacuum overnight. 100% exo isomer
was obtained as a white powder. NMR datas of the compound matched the previously
reported ones. *H NMR (CDCl): & (ppm) = 8.12 (1H,s), 6.55 (2H, s), 5.34 (2H, s), 2.92
(2H, s).

2.2.2 Synthesis of phosphonate-oxanorbornen {3,5-dioxo-10-dioxa-4-
azotricyclo[5.2.1.02,6]dec-8-en-4-ylmethyl)-phosphonic acid diethyl ester}

(monomer 1)
The literature was used to synthesize Monomer 1 [16].

In 250ml two-necked round bottom flask oxanorbornene-imide (3.01 g, 13.2 mmol) is
added with 30 ml dry THF and triphenylphospine (4.75 g, 18.1 mmol). After stirring for
10 minutes, diethyl (hydroxymethyl) phosphonate (2.8 mL, 19.0 mmol) was added and
the reactants were stirred under N at room temperature for 15 minutes, then diisopropyl
azodicarboxylate (3.8 mL, 19.4 mmol) was put into the flask slowly by syringe in 30

minutes at 0°C. The flask was covered with aluminum then flask was brought to room
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temperature, it was stirred for 2 nights under N2 Then, petroleum ether was added and
the mixture was precipitated. Column chromatography on silica gel by methanol/
haxane/ ethyl acetate (1:1:4) solvent mixture was used in order to obtain white
crystalline solid product with an yield of 62 %. 'H NMR (CDCl): & (ppm) = 6.52 (s,
2H),5. 26 (s, 2H), 4.10-4.20 (m, 4H), 3.90 (d, 2 H, J=11Hz),2.91 (s, 2H),1.32 (t, 6 H,
J=7 Hz, CHs). ¥C{*H} NMR (CDCl): § (ppm) = 174.7 (C=0), 136.5 (C=C), 80.9(C-
0), 62.9 an 62.8 (O-CH,-CHz-phosphonate), 47.5 [CH-C(=0)], 35.09 and 35.03 (d,
CH.P) 16.32 and16.24 (CHs-phosphonate). 3P{*H} NMR (CDCls): & (ppm) =18.51.IR
(cm™): 703 (s), 725 (s), 807 (m), 835 (s), 881 (s), 955(s), 1007 (s), 1053 (m), 1094 (m),
1241 (s), 1319 (s), 1378(m), 1399 (s), 1699 (s), 1769 (w), 2985 (w). HRMS (El)calcd.
for C13H1sNOgP: 315.26 Found: 315.24 [16].

2.2.3 Synthesis of the [2-(tert-butyl-dimethyl-silanyl)-1,2-dicarba-closo-
dodecaboran(12)-1-yl]-propan-1-ol (Monomer 2)

Monomer 2 was prepared according to the literature [121].

First step of the synthesis is to obtain 1-(tert-butyl-dimethylsilanyl)-1,2-dicarba-
closododecaborane(12) (Compound A). In a round-bottom 250 mL Schlenk flask
capped with a rubber septum and equipped with a magnetic stir bar under an argon
atmosphere, o-carborane (5g, 34.7 mmol, 1 eq) dissolved in 20 mL diethyl ether was
deprotonated by dropwise addition of n-butyllithium (26 mL, n-BuLi 1.6 M, 41.7 mmol,
1.2 eq) at 0 °C. After 1 h, tert-butyldimethylsilyl (TBDMS) chloride (6.8 g, 45 mmol,
1.3 eq) in 10 mL diethyl ether was added. Then the stopcock was closed and the septum
removed. A rubber septum-capped condenser was fitted on top of the reaction flask with
a nitrogen overpressure. The stopcock was then opened and the solution was brought to
reflux overnight. The solution was quenched with a few drops of methanol to avoid an
exothermic reaction upon addition of 30 mL of water. The layers were separated in a
separatory funnel and the aqueous solution was extracted with additional diethyl ether
(3 x 30 mL). The combined extracts were dried over Na.SO4 and concentrated in vacuo
to give silyl-o-carborane A as a white powder (88% vyield). *H NMR (CDCls): § (ppm)
=3.46 (s, 1H, CH), 1.04 (s, 9H, CCHg), 0.25 (s, 6H, SiCH3); *C{*H} NMR (CDCl3): §
(ppm) = 66.03, 60.24, 26.97, 19.43, -4.55 ; *'B{*H} NMR (CDCls): § (ppm) = 0.3 (1B),
-1.8 (1B), -7.0 (2B), -10.7 (2B), -13.3 (2B); m.p. = 61 °C.
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Second step of the synthesis is to obtain [2-(tert-butyl-dimethyl-silanyl)-1,2-dicarba-
closododecaboran(12)-1-yl]-propan-1-ol (Compound B). Under a nitrogen atmosphere,
compound A (5 g, 19.3 mmol, 1 eq) dissolved in 30 mL diethyl ether was deprotonated
by addition of n-BuLi (14.5 mL of a 1.6 M solution, 23.2 mmol, 1.2 eq) at 0 °C.
Trimethylene oxide (1.63 mL, 25.13 mmol, 1.3 eq) was added after 1 h and the solution
turned light yellow. The solution was refluxed overnight and turned orange. The
reaction was quenched with a few drops of methanol and 30 mL of water. The layers
were separated in a separatory funnel and the aqueous solution was extracted with
additional diethyl ether (3 x 30 mL). The combined extracts were dried over Na>SO4
and concentrated in vacuo to give a sticky solid. The solid was then recrystallized from
boiling hexanes followed by cooling at 0 °C. Thin fibrous white crystals were formed
and isolated by filtration over sintered glass to obtain carboranylpropanol B (87%
yield). *H NMR (CDCl): § (ppm) = 3.62 (g, 2H, CH,OH), 2.36 (g, 2H, CH.CH-0OH),
1.78 (t, 2H, CH2-Cage), 1.06 (s, 9H, CCHs), 0.33 (s, 6H, SiCHs); ); ¥C{*H} NMR
(CDCls): & (ppm) = 81.27, 76.46, 61.60, 34.72, 33.04, 27.54, 20.33, -2.49; “'B{*H}
NMR (CDCl3): & (ppm) = 0.2 (1B), -4.0 (1B), -7.4 (2B), -10.4 (6B); m.p. = 83 °C.

For last step of the synthesis, in a dry 250 mL round bottom flask, [2-(tert-
butyldimethyl- silanyl)-1,2-dicarba-closo-dodecaboran(12)-1-yl]-propan-1-ol B (4 g,
12.75 mmol, 1.1 eq), exo-7-oxonorbornene imide (1.9 g, 11.5 mmol, 1 eq) and
triphenylphosphine (3.325 g, 12.75 mmol, 1.1 eq) were dissolved in 100 mL dry
tetrahydrofuran (THF) under a nitrogen atmosphere. The flask was cooled to 0 °C by
using an ice bath. After 10 minutes, diisopropylazodicarboxylate (DIAD) (2.5 mL,
12.75 mmol, 1.1 eq) was added and the solution turned yellow. The mixture was stirred
overnight. The crude mixture was then concentrated in vacuo to obtain a sticky yellow
paste. The solid was purified by column chromatography (2/1 ethyl acetate/petroleum
ether) (88% yield).

IH NMR (CDCls): § (ppm) = 6.53 (s, 2H, CH=CH), 5.75 (s, 2H, bridgeheads), 3.47 (t,
2H, NCHy), 2.84 (s, 2H, NC(O)CH), 2.14 (m, 2H, NCH.CH,), 1.81 (m, 2H,
NCH,CH2CH), 1.07 (s, 9H, CCHs) 0.32 (s, 6H, SiCHs); 3C{H}NMR (CDCI3): &
(ppm) = 176.10, 136.50, 80.95, 80.38, 70.18, 47.42, 38.06, 34.97, 28.29, 27.50, 20.38, -
2.61; UB{*H} NMR (CDCls): 5 (ppm) = 0.4 (1B), -3.9 (1B), -7.5 (2B), -10.4 (6B); m.p.
=136 °C.
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2.2.4 Synthesis of 2-(anthracen-9-ylmethyl)-3,4,7,7-tetrahydro-4,7-

epoxyisoindole-1,3-dione (Monomer 3)

9-(chloromethyl)anthracene (2.77 g, 12.2 mmol) and oxanorbornene imide product
(2.005 gr, 6.1 mmol) stirred for 5 minutes in dry DMF (70 mL) under nitrogen. K.COs
(0.5 g, 3.6 mmol) was added to the mixture and the reaction mixture stirred for 5 hours
at 50°C. After cooling the reaction mixture to the room temperature, the solution was
diluted with dichloromethane, then washed in brine and distilled water. Na>SO4 was
used as drying agent. The product was filtered and evaporated under reduced pressure.
It was washed in diethylether. At the end 43% yields of product was obtained. The
structure of product was confirmed by *H NMR spectroscopy. *H NMR (CDCls): §
(ppm) = 8.55-7.3 (m, 9H), 6.39 (s, 2H), 5.59 (s, 2H), 5.18 (s, 2H), 2.68 (s, 2H).

13C{'H} NMR (CDCI3): & (ppm) =176.11, 136.33, 131.09, 129.12, 126.03, 124.7,
80.96, 77.02, 47.31, 36.35.

2.2.5 Synthesis of 1,2-dicarba-closo-dodecaboran(12)-1-yl]-propan-1,2-ol

(Monomer 4)

A 1.53 M solution of n-BuL.i in n-hexane (10.43 mL, 5.96 mmol) was added dropwise
to a solution of 0-C2B1oH12 (1 g, 6.94 mmol) in a dry toluene/Et.O mixture (2:1, 30 mL)
with stirring at 0°C. The mixture was allowed to warm to room temperature and stirred
for 90 min. The solution was then cooled to 0°C, and a solution of oxetane (1.03 ml,
15.96 mmol) in toluene/ EtO (2:1, 10 mL) was added with stirring. The reaction
mixture was stirred at room temperature overnight and then quenched with 50 mL of
water. The organic layer was separated, and the aqueous layer was extracted with Et,O
(30 mL x 2). The combined organic portions were dried over anhydrous Na>SOa.
Removal of the solvents gave a white solid that was washed with n-hexane (10 mL x 2)
and dried under vacuum to afford as a white powder (1.5 g, 83%). Recrystallization
from dichloromethane yielded colorless crystals. *H NMR (CDCls): § (ppm) = 3.67 (t,
4H, 3JHH =5.4 Hz, CH,0OH), 2.34 (m, 4H, CH2 Ccage ), 1.79 (m, 4H, CH2CH2 Ccage );
BC{'H} NMR (CDCI3): § (ppm) =79.6 (Ccage ), 61.3 (CH20H), 32.4 (CH2 Ccage), 31.6
(CH2CH2 Ceage ); 1'B{*H} NMR (CDCls): & (ppm) = —4.74 (s, 2B), —10.43 (s, 8B).
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2.3 Synthesis of the Polymers

2.3.1 Carborane and Phosphorus Containing Polymers via ROMP

2.3.3.1 Carborane and Phosphonate Ester Containing ROMP (Ring Opening
Metathesis Polymerization) Block Copolymers

Monomer 1 was dissolved in dry CH.Cl. (DCM) under nitrogen atmosphere. The
required amount of catalyst was calculated and dissolved in dry CH2Cl, in a separate
vial, and then added to the monomer solution in one pot with vigorous stirring. When
the first block was completed (~1 h), as determined via GPC, *H NMR spectroscopy or
TLC, the required amount of monomer 2 previously dissolved in dry CH2Cl> was added
to the polymerization mixture. To reach completion, the mixture was allowed to stir for
1 h at room temperature. The reaction was stopped by addition of an excess amount of
ethyl vinyl ether, while stirring for 30 min [121]. The polymer was precipitated and
washed with petroleum ether, then dried in vacuum oven under nitrogen. NMR
characterization of block copolymers was done in CDCls, and GPC was performed in
THF. Phosphonate- and carborane-based block copolymers’ weight ratio was: P1: 10
kDa : 40 kDa; P2: 40 kDa : 10 kDa; and P3: 25 kDa : 25 kDa. The required amount of
monomer and catalyst for each polymerization was: 0.1274 g (0.4 mmol, 1.0 eq) of
monomer 1, 0.5 g of monomer 2 (1.1 mmol, 2.75 eq) and 0.0112 g (0.012 mmol, 0.3 eq)
of Grubbs 3 catalyst for P1. 0.5 g (1.59 mmol, 5.9 eq) of monomer 1, 0.1252 g (0.27
mmol, 1.0 eq) of monomer 2 and 0.011 g (0.012 mmol, 0.04 eq) of Grubbs 3" catalyst
for P2. 0.5 g (1.59 mmol, 1.45 eq) of monomer 2 and 0.5 g (1.1 mmol, 1.0 eq) of
Grubbs 3' catalyst for P3.

P1: 'H NMR (CDCl): & (ppm)= 6.08 (s, 2H, PhCH-HC=CHuas), 5.80 (s, 2H,
PhCH-HC=CHeis), 4.98 (m, 2H, HC=CHa), 4.47 (m, 2H, HC=CHuans), 4.14 (m, 4H,
PO-CHy), 3.90 (t, 2H, (C=0);:N-CH,—P), 3.44-3.37 (m, 6H, (C=0);N-CH,~CHy),
2.20 (M, 2H, CHoCH2CHzCester), 1.80 (br t, 2H, CHoCHzCouster), 1.28 (t, 6H,
PO-CH,CHs), 1.07 (s, 9H, C(CHs)s), 0.33 (s, 6H, Si~CHs).

13C{!H} NMR (CDCl): & (ppm) = 174.2 (C=0), 131.6 (C=C), 70.3 (C-0), 62.5
(C-0), 53.4 (CHsCHz—OP), 52.3 (CH2-N), 38.1 (P~CH2-N), 31.8 (CH-CH-CO),
28.5 (CHs—CHy), 23.1 (CHs—CH), 21.9 (CHs—C(CHs)), 20.5 (CHo—Couster), 16.3
(C-Si), 14.1 (C-Si), 11.6 (Cotuster).
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31p{1H} NMR (CDCls): & (ppm) = 18.4 (s, (P=0)).
UB{'H} NMR (CDCls): & (ppm) = 0.1 (br s, 2B), —7.6 (br s, 8B).

P2: 'H NMR (CDCl): & (ppm)= 6.08 (s, 2H, PhCH-HC=CHuans), 5.79 (s, 2H,
PhCH-HC=CHis), 4.96 (m, 2H, HC=CHas), 4.48 (m, 2H, HC=CHuans), 4.15 (m, 4H,
PO-CH3), 3.90 (t, 2H, (C=0),N-CH,-P), 3.44-3.37 (m, 6H, (C=0);N-CH,~CHy),
2.18 (M, 2H, CHaCH2CHo—Couster), 2.01 (br t, 2H, CH2CHo—Couster), 1.34 (t, 6H,
PO-CH,CHs), 1.07 (s, 9H, C(CHa)s), 0.32 (s, 6H, Si~CHs).

BC{IH} NMR (CDCl): & (ppm) = 173.9 (C=0), 131.6 (C=C), 80.4 (C-0), 63.2
(C-0), 53.2 (CHsCH2—OP), 52.0 (CH2-N), 38.8 (P-CHo—N), 35.6 (CH-CH-CO),
31.7 (CHs—CHy), 29.2 (CH3s—CHy), 26.9 (CH3~C(CH3)), 18.1 (CH2—Ceiuster), 16.2
(C=Si), 13.6 (C-Si), 11.3 (Coiuster).

31p{*H} NMR (CDCls): & (ppm) = 19.2 (s, (P=0)).
UB{*H} NMR (CDCls): & (ppm) = 23.8 (br s, 2B, B—Celuster), —7.9 (br s, 8B, B—Beiuster).

P3: 'H NMR (CDCls): & (ppm)= 6.08 (s, 2H, PhACH-HC=CHuans), 5.79 (br s, 2H,
PhCH-HC=CHyis), 4.98 (m, 2H, HC=CHiis), 4.47 (br s, 2H, HC=CHans), 4.13 (m, 4H,
PO-CHy), 3.87 (t, 2H, (C=0);N-CH,—P), 3.44-3.37 (m, 6H, (C=0):N-CH,—CHy),
2.20 (br s, 2H, CH2CH2CH2Couster), 1.90 (br t, 2H, CHoCHz—Couster), 1.33 (t, 6H,
PO-CH,CHs), 1.06 (s, 9H, C(CHs)s), 0.33 (s, 6H, Si~CHs).

1BC{!H} NMR (CDCls): & (ppm) = 173.8 (C=0), 131.1 (C=C), 80.4 (C-0), 69.7
(C-0), 62.5 (CHsCHz—OP), 53.2 (CH2-N), 38.6 (P~CHz-N), 35.2 (CH-CH-CO),
33.7 (CHs—CHa), 31.7 (CHs—CHy), 27.3 (CHs—CHg), 21.7 (CHs—C(CHs)), 15.8
(CH2—Causter), 13.9 (C—Si), 10.9 (Cotuster).

$1pLIH} NMR (CDCls): & (ppm) = 18.5 (s, (P=0)).

118{1H} NMR (CDCIS) 5 (ppm) = 04 (bl‘ S, ZB, B_Ccluster), _103 (br S, SB, B_Bcluster).

2.3.3.2 Carborane and Phosphonic Acid Containing ROMP (Ring Opening

Metathesis Polymerization) Block Copolymers

A literature procedure was followed for this synthesis [16]. Three polymers (P1, P2 and
P3), which obtained in the previous step, were separately used for each synthesis. The
polymer (100 mg, 0.002 mmol) was dissolved in 8 mL dry dichloromethane. Excess

bromo trimethyl silane (2 mL, 15.3 mmol) was added the polymer solution at room
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temperature, then the reaction mixture was stirred under nitrogen at 40 °C for 3 h. The
reaction was cooled down to the room temperature, then the solution was purged
nitrogen. Excess amount of methanol was added and the reaction was stirred at room
temperature for 3 days. Methanol solvent was removed under reduced pressure and
resulting product was washed with excess diethyl ether. It was kept in a desiccator after

having been dried.

P1A: 'H NMR (DMSO-ds): & (ppm)= 5.96 (s, 2H, PhCH-HC=CHuans), 5.76 (s, 2H,
PhCH-HC=CHyis), 4.76 (m, 2H, HC=CHis), 4.39 (M, 2H, HC=CHans), 2.21 (br s, 2H,
CH2CH2CH2—Cetuster), 1.67 (br s, 2H, CHaCH2—Causter), 1.01 (s, 9H, C(CHs)s), 0.30 (s,
6H, Si-CHsa).

*P{'H} NMR (CDCly): 3 (ppm) = 14.1 (s, (P-OH)).

P2A: 'H NMR (DMSO-ds): & (ppm)= 5.96 (s, 2H, PhCH-HC=CHuans), 5.74 (s, 2H,
PhCH-HC=CHyis), 4.79 (m, 2H, HC=CHis), 4.37 (M, 2H, HC=CHans), 2.20 (br s, 2H,
CHoCH2CHa—Ceuster), 1.68 (br s, 2H, CHaCHo—Couster), 1.01 (s, 9H, C(CHa)s), 0.30 (s,
6H, Si~CHa).

S1p{IH} NMR (CDCls): § (ppm) = 14.4 (s, (P—OH)).

P3A: 'H NMR (DMSO-de): & (ppm)= 5.96 (s, 2H, PhCH-HC=CHusans), 5.75 (s, 2H,
PhCH-HC=CHyis), 4.81 (m, 2H, HC=CHiis), 4.55 (M, 2H, HC=CHuans), 2.20 (br s, 2H,
CH2CH2CH2—Celuster), 1.67 (br s, 2H, CHaCHa—Catuster), 1.01 (s, 9H, C(CHa)s), 0.29 (s,
6H, Si~CHs).

#P{*H} NMR (CDCls): 3 (ppm) = 13.3 (s, (P-OH)).

2.3.3.3 Incorporation of Iron Naoparticles with Deprotected Carborane and
Phosphonate Ester Containing ROMP (Ring Opening Metathesis

Polymerization) Block Copolymers

In the first part of the study, bare iron nanoparticles were synthesized using the co-
precipitation method. Eighty milliliters of distilled water was placed into a jacketed
glass reactor and degassed using nitrogen gas for 30 min while stirring with a
mechanical stirrer (200 rpm) at 60 °C. Then, 0.28 g of FeClz and 0.24 g of FeSO4-7H20
was added to the reactor and left stirring for 15 min. Then, NaOH solution (0.51 g
dissolved in distilled H2O) was added to the reactor and nitrogen gas was stopped. The

solution turned black immediately after base addition and stirring was continued for 30
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min. Then the reaction mixture was transferred into a falcon tube and centrifuged at
5000 rpm for 5 min. The obtained bare iron oxide nanoparticles were washed with
acetone three times and dried using a lyophilizer.

In a typical example, P2A was dissolved in 3 ml DMSO and 1-5% (by weight) iron
oxide nanoparticles were added to the scintillation vial and sonicated for 6 h. After
membrane dialysis, the polymer-uncoated iron oxide nanoparticles were separated and
the polymer-coated nanoparticles were characterized via TEM, ICP-OES techniques.
The same procedure was also applied for P1A and P3A.

2.3.3.4 Carborane and Phosphonate Ester Containing ROMP (Ring Opening

Metathesis Polymerization) Random Copolymers

Monomer 1 and 2 were dissolved in the presence of 1 mL dry CH.Cl,. The required
amount of catalyst was dissolved by dry CH2Cl. in another flask, and then added into
the dissolved monomers” solution with vigorous stirring. The reaction mixture was
stirred for 2.5 h at room temperature. The reaction was stopped by addition of excess
amount of ethyl vinyl ether (dissolved in dry dichloromethane). The polymer was
purified by petroleum ether and dried under nitrogen. Polymers were dissolved in
CDClz for NMR measurement. Phosphonate- and carborane- containing random
copolymers’ weight ratio was: P4: 10 kDa: 40 kDa; P5: 40 kDa : 10 kDa; and P6: 25
kDa : 25 kDa.

The required amount of monomer and catalyst for each polymerization was: 0.1274 g
(0.4 mmol, 1.0 eq) of monomer 1, 0.5 g of monomer 2 (1.1 mmol, 2.75 eq) and 0.0112 g
(0.012 mmol) of Grubbs 3" catalyst for P1. 0.5 g (1.59 mmol, 5.9 eq) of monomer 1,
0.1252 g (0.27 mmol, 1.0 eq) of monomer 2 and 0.011 g (0.012 mmol) of Grubbs 3™
catalyst for P2. 0.5 g (1.59 mmol, 1.45 eq) of monomer 2 and 0.5 g (1.1 mmol, 1.0 eq)
of Grubbs 3" catalyst for P3.

P4: 'H NMR (CDCl): & (ppm)= 6.08 (s, 2H, PhCH-HC=CHuams), 5.80 (s, 2H,
PhCH-HC=CHais), 4.98 (m, 2H, HC=CHyis), 4.47 (m, 2H, HC=CHuans), 4.14 (m, 4H,
PO-CHy), 3.90 (t, 2H, (C=0)2N-CH2—P), 3.44-3.37 (m, 6H, (C=0)2N-CH2—CHb>),
2.20 (m, 2H, CH2CH2CH2—Couster), 1.80 (br t, 2H, CH2CHo—Couster), 1.28 (t, 6H,
PO-CH2CHs), 1.07 (s, 9H, C(CHs)3), 0.33 (s, 6H, Si-CHs).
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BC{'H} NMR (CDCl3): § (ppm) = 156.1 (C=0), 132.3 (C=C), 69.9 (C-0), 48.2
(C-0), 38.8 (CH3CHz—OP), 30.7 (CHz-N), 27.3 (P-CH2-N), 26.4 (CH-CH-CO),
21.9 (CHs—CHy), 21.2 (CH3—CHy), 19.0 (CHs—C(CHa)), 18.8 (CH2—Cecluster), 15.4
(C-Si), 14.3 (C-Si), 11.4 (Causter).

31p{IH} NMR (CDCls): & (ppm) = 18.4 (s, (P=0)).

UB{'H} NMR (CDCl): & (ppm) = 24.1 (br s, 2B, B—Ceuster), —19.9 (br s, 8B,
B_Bcluster)-

P5: 'H NMR (CDCl): & (ppm)= 6.08 (s, 2H, PhCH-HC=CHuans), 5.79 (s, 2H,
PhCH-HC=CHais), 4.96 (M, 2H, HC=CHis), 4.48 (m, 2H, HC=CHuans), 4.15 (m, 4H,
PO-CHy), 3.90 (t, 2H, (C=0),N-CH2-P), 3.44-3.37 (m, 6H, (C=0)sN—-CH2—CHby),
2.18 (m, 2H, CH2CH2CH2—Causier), 2.01 (br t, 2H, CH.CHo—Couster), 1.34 (t, 6H,
PO-CH2CHs), 1.07 (s, 9H, C(CHs)3), 0.32 (s, 6H, Si-CHs).

BC{'H} NMR (CDCl): & (ppm) = 174.2 (C=0), 132.3 (C=C), 62.9 (C-0), 41.2
(C-0), 39.8 (CHsCHz—OP), 33.6 (CH2-N), 29.1 (P-CHz-N), 27.3 (CH-CH—CO),
22.3 (CHs—CHy), 22.1 (CH3—CHy), 20.0 (CHs—C(CHs)), 19.4 (CH2—Cecluster), 16.4
(C-Si), 14.3 (C-Si), 11.4 (Cetusier).

31p{IH} NMR (CDCls): § (ppm) = 18.1 (s, (P=0)).

UB{IH} NMR (CDCl): & (ppm) = 28.7 (br s, 2B, B—Causer), —19.5 (br s, 8B,
B_Bcluster)-

P6: 'H NMR (CDCls): & (ppm)= 6.08 (s, 2H, PhACH-HC=CHuans), 5.79 (br s, 2H,
PhCH-HC=CHiais), 4.98 (M, 2H, HC=CHgis), 4.47 (br s, 2H, HC=CHians), 4.13 (m, 4H,
PO-CHy), 3.87 (t, 2H, (C=0),N-CH2-P), 3.44-3.37 (m, 6H, (C=0):N—-CH2—CHby),
2.20 (br s, 2H, CH2CH2CH2Couster), 1.90 (br t, 2H, CHCHz—Couster), 1.33 (t, 6H,
PO-CH2CHs), 1.06 (s, 9H, C(CHz)3), 0.33 (s, 6H, Si-CHs).

13C{!H} NMR (CDCl): & (ppm) = 174.6 (C=0), 132.3 (C=C), 70.1 (C-0), 62.9
(C-0), 53.4 (CHsCHz—OP), 41.4 (CHz-N), 352 (P-CH2-N), 29.1 (CH-CH-CO),
22.6 (CHs—CHy), 21.9 (CHs—CHy), 20.4 (CHs—C(CHs)), 19.5 (CHo—Couster), 16.4
(C-Si), 14.1 (C-Si), 11.4 (Cotuster).

31pLIH} NMR (CDCls): & (ppm) = 18.7 (s, (P=0)).

118{1H} NMR (CDCIS) 6 (ppm) =253 (br S, 2B, B_Ccluster), 11.0 (bl‘ S, SB, B_Bcluster).
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2.3.2 Synthesis of Carborane and Phosphorus Containing Polymers via

Condensation Route and Application in Epoxy Resin Formulation

In a flame-dried 2-neck round-bottom flask connected to a dropping funnel, 1,2-
(HOCH2CH2CH>)2-1,2-C2B1oH10 (Monomer 4) (0.572 g, 2.42 mmol, 1.1 eq) was
dissolved in 15 mL of anhydrous toluene and 0.3 mL (2.2 mmol, 1.0 eq) of anhydrous
triethylamine. Then 4-dimethylaminopyridine (DMAP) (15 mg, 0.01 mmol, 0.005 eq)
was added and the flask was cooled to 0 °C. Phenyl phosphonic dichloride (PPDC)
(0.33 mL, 2.2 mmol, 1 eq) in 3 mL of anhydrous toluene was added drop-wise over ca.
15 min with vigorous stirring. The reaction mixture was then warmed up to room
temperature, stirred for 3 h, and then for 4 h at 110 °C. The end-capping agent, 1,2-
(HOCH2CH2CHj>)2-1,2-C2B10H10 (monomer 4) (0.05 mg, 0.25 mmol, 0.11 eq) was then
added, and stirred for an additional hour. After that, the reaction mixture was diluted
with 250 mL of dichloromethane. The dichloromethane solution was washed with cold
water (5 x 30 mL), and the organic phase was dried over anhydrous magnesium
sulphate. The organic phase was then concentrated to 20 mL, then precipitated into a
stirred solution of cold hexane (~100 mL), yielding a white sticky product (92%). The
product was dried in vacuum oven for 24 h under nitrogen. The structure of P7 was

analyzed via NMR spectroscopy.

P7: 'H NMR (CDCls): 8 (ppm)= 9.34 (s, ~OH), 7.70-7.09 (m, SH, Ar—H), 3.46-3.37
(m, 4H, O—CHy), 2.32-2.17 (M, 4H, CH2CH2CHy), 1.92-1.78 (m, 4H, CHa—Celuster).

SLp{IH! NMR (CDCI3): § (ppm) = 17.5 (s, (P=0)).

UB{IH} NMR (CDClk): & (ppm) = —4.6 (br s, 2B, B—Ceuster), —10.3 (br s, 8B,
B_Bcluster)-

In order to investigate the flame-retardant properties of the polymer (P7), it was used in
epoxy resin with the varied ratios such as 5%, 7.5%, 12.5% and 20% by weight. This
oligomer (P7) can be introduced into the epoxy polymer system by physical mixing of
the resin with the flame retardant before adding an accelerator and hardener. In a 25 ml
flask, 1.1 g epoxy resin and accordingly calculated amount of P7 were mixed at 100 °C
for 1 h. After curing, the thermal properties of the samples were studied using TGA and
MCC analysis. The reaction between epoxy bond and -OH bond in the polymer

structure was monitored by DSC (Differential Scanning Calorimetry).
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2.3.3 Carborane and Anthracene Containing Random Copolymers via ROMP

Carborane-based monomer (monomer 2) and anthracene-based monomer (monomer 3)
were dissolved in 1 mL dry CH2Cl> (2 mL dichloromethane was used for synthesis of
P10). The required amount of catalyst was dissolved in dry CH2Cl, (0.5 mL) in another
flask and then the catalyst solution was added in one shot to the monomer solution
while the reaction mixture was stirring. Then it kept being stirred at room temperature
for 1 h under nitrogen. The reaction was terminated by an injection of 0.5 mL 30% ethyl
vinyl ether (in dry dichloromethane). The polymer was precipitated and washed with
excess petroleum ether, then dried under inert atmosphere. The structures of products
were confirmed by NMR spectroscopy. Anthracene- and carborane-containing random
copolymers are given as; P8: 10 kDa:70 kDa, P9: 20 kDa:60kDa and P10:
30kDa:50kDa g/mol, respectively.

P8: 'H NMR (CDCL): & (ppm)= 8.35-7.38 (m, 9H, Ar—H), 5.99 (br t, 2H,
PhCH-HC=CHans), 5.68 (br s, 2H, PhCH-HC=CHqis), 4.88 (br t, 2H, HC=CH), 4.31
(br s, 2H, HC=CHuans), 3.36-3.23 (m, 8H, (C=0);N-CH»~CH,), 2.10 (br s, 2H,
CH2CH2CH2—Cange), 171 (t, 2H, CHz—Causta), 0.99 (5, OH, C(CHa)s), 0.24 (s, 6H,
Si—CHg).

P9: !H NMR (CDCl): & (ppm)= 8.32-7.33 (m, 9H, Ar-H), 5.84 (br t, 2H,
PhCH-HC=CHyans), 5.46 (br s, 2H, PACH-HC=CHeis), 4.80 (br t, 2H, HC=CHyi), 4.28
(br s, 2H, HC=CHans), 3.28-2.96 (m, 8H, (C=0)2N—CH2—CH>), 2.10 (br s, 2H), 1.68 (t,
2H), 0.95 (s, 9H, C(CHa)s), 0.21(s, 6H, Si—CHs).

P10: 'H NMR (CDCk): & (ppm)= 8.27-7.33 (m, 9H, Ar-H), 5.78 (br t, 2H,
PhCH—HC=CHyrans), 5.40 (br s, 2H, PA\CH-HC=CHyis), 4.81 (br t, 2H, HC=CHyis), 4.17
(br s, 2H, HC=CHyans), 3.27-2.91(m, 8H, (C=0)oN-CH>—CH), 2.10 (br s, 2H,
CH2CH2CH2—Ceiuster), 1.66 (t, 2H, CH2—Ceiuster), 0.92 (s, 9H, C(CHa)s), 0.19 (s, 6H,
Si—CHs).

2.3.3.1 Hydrogenation of Carborane and Anthracene Containing ROMP (Ring
Opening Metathesis Polymerization) Random Copolymer (P10)

According to the literature [116], 330 mg p-toluenesulfonyl hydrazide (1.78 mmol) was
added to a solution of 110 mg (0.001 mmol) polymer (P10) in 25 ml o-xylene. After
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stirring under reflux for 2 h, the product was precipitated by using an excess amount of

petroleum ether and washed with methanol. It was then dried in vacuum oven.

P11: 'H NMR (CDCk): & (ppm)= 8.38-7.35 (m, 9H, Ar—H), 3.32-2.85(m, 8H,
(C=0)2N—CH>—CHy>), 2.20 (br s, 2H, CH2CH2CH>—Celuster), 1.76 (t, 2H, CH2—Celuster),
0.93 (s, 9H, C(CHBa)z3), 0.17 (s, 6H, Si—CHs).

2.3.3.2 Photocharacterization of Carborane and Anthracene Containing ROMP
(Ring Opening Metathesis Polymerization) Random Copolymers

Photodimerization: The quartz cuvette containing the polymer sample was irradiated
with light at 350 nm for 10 seconds intervals, after each interval, UV-vis spectrum was
recorded. This process was repeated until no changes in the UV-vis spectra were
detectable, signifying that the sample has reached its dimerization limit.

Photo Cleavage: The cuvette containing the completely dimerized block copolymer
solution was irradiated with light at 254 nm for 10 second intervals, after each interval a
UV-vis spectrum was recorded. This was repeated until no changes in the UV-vis
spectra were detectable, signifying that the limit of photo-cleavage of the dimer was

reached.

A stock solution of block copolymer at 0.16 mg/mL concentration was prepared by
dissolving the polymer (1.6 mg) in tetrahydrofuran (10 mL) under N2 atmosphere in a
scintillation vial. The vial containing the solution was covered with septum cap and
sonicated for 15 minutes. After using tetrahydrofuran (3.5 mL) in a quartz cuvette as a
blank, the cuvette was emptied and dried before an aliquot (3.5 mL) the stock solution
of polymer was added. By using the UV-vis spectrophotometer, the absorption spectrum

of the sample was recorded.
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CHAPTER 3

RESULT AND DISCUSSION

3.1 Synthesis and Characterization of Carborane and Phosphorus-containing

Polymer

3.1.1 Synthesis of Phosphorus Functional Monomer (monomer 1)

In this part of the study, furan and maleimide were reacted in the presence of hot ethyl
acetate to obtain the oxanorbornene structure (1) via Diels-Alder mechanism (Scheme
3.1).

o H o 0
( ; 0 0
\ / + EtOAc NH
— 90 °C /
0

Compound 1

o]
/ \
o HO/\//P—O 0
o I ) o
NH > | N—/ 0\
/ Diisopropyl azodicarboxylate /p/—o
) PPh, o 0O >

Monomer 1

Scheme 3.1 Synthetic pathway to compound 1 and monomer 1 used in the study

In addition to the Diels-Alder reaction, compound 1 and hydroxyethyl phosphonate
were synthesized by Mitsunobu coupling. In the field of organic chemistry, the

Mitsunobu reaction has been widely used because it is a highly versatile and effective
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synthesis method [122], [123], [124]. This mild synthetic reaction was discovered in
1967. During the process, a hydroxyl group is converted into a potent leaving group,
which can be replaced with a wide variety of nucleophiles [125]. For C-O, C—N, C-C
and C—X bond formation, the Mitsunobu reaction is a practical, useful and diverse
method, with the additional advantages of requiring mild reaction conditions and having
excellent stereoselectivity. Obviously it will keep being a very important synthetic
pathway in organic chemistry [126].

The phosphonate-functionalized oxanorbornene monomer 1 was prepared according to
the general synthetic route shown in Scheme 3.1. A key feature of the synthesis was the
Mitsunobu coupling of hydroxymethylphosphonate and compound 1. Monomer 1 was
characterized by *H NMR and *C{*H} NMR spectroscopy (Figure 3.2, 3.3). The data
were in accordance with the reported literature values [127]. Characteristic signals
appeared at 1.3 and 4.1 ppm in the *H NMR spectrum and 16.3 and 62.9 ppm in the
BC{*H} NMR spectrum, which can be assigned to the new aliphatic bonds. In addition,
13C{*H} NMR showed the characteristic doublet shifts from 33.0 to 35.1 ppm due to the

hetero-coupling between the C-nucleus and the P-nucleus [128].
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Figure 3.1 *H NMR (400.13 MHz) spectrum in CDCls of compound 1
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Figure 3.2 'H NMR (400.13 MHz) spectrum in CDCls of monomer 1
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Figure 3.4 31P{*H} NMR (161.97 MHz)) spectrum in CDCls; of monomer 1
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3.1.2 Carborane functional Monomer (Monomer 2)

A literature procedure was used for the synthesis of the carborane-containing
oxanorbornene unit, monomer 2 [121]. The final product (monomer 2) was obtained

with a 3-steps reaction, which is given in Scheme 3.2.

OH
Si ‘
Si
\ \
1) n-Buli, 0 °C _
® BH 2) o
,40°C
Sis Compound B
Et,O
Compound A ? o
NH
PPh,, DIAD, dry THF
Mitsunobu Coupling
1) n-Buli, 0 °C (o]
2) TBDMS-CI

Et,0, N, v X

o /Si
0]
N
® BH
O CH (6]

Monomer 2

Scheme 3.2 Synthetic pathway to monomer 2

In the first step, one of the carbon atoms in o-carborane was protected by using tert-
butyldimethylsilyl chloride (compound A) to obtain a monosubstituted carborane
derivative. After purification and characterization, the intermediate compound A was
used for the second step, to obtain the propan-1-ol derivative of the silyl protected
carborane (compound B). In the last step, monomer 2 was obtained as a pure white

powder via Mitsunobu coupling between compound B and oxanorbornene (1). All the
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compounds in each step were purified and then characterized by 'H, *C and !B NMR
spectroscopy. The *H NMR spectrum of monomer 2 (Figure 3.5) shows characteristic
signals at 0.32 and 1.07 ppm for 15 protons, which belong to the protons of the tert-
butyl and methyl groups, respectively, and a peak at 3.47 ppm for the protons in alpha
position to the nitrogen atom. Moreover, the protons of the double bond (H?) are found
at 6.53 ppm. Based on the 2*C{*H}. NMR spectrum (Figure 3.6), specific peaks at —2.6,
20.3 and 27.5 ppm belong to carbon atoms next to the silicon atom, the peak at 34.9
ppm shows the carbon atom next to the nitrogen atom, and the peak at 136.5 ppm
belongs to the double bond. The **B{*H} NMR spectrum shows four peaks with relative
intensities 1:1:2:6, as expected (Figure 3.7) [121]. The "B{*H} NMR spectrum of
monomer 2, shown in Figure 3.7, illustrates broad peaks due to !B being a quadrupole;
therefore, it is normal that signals overlap, even though it is expected to see more

signals in the spectrum due to asymmetric substitution at the cluster.
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Figure 3.5 'H NMR (400.13 MHz) spectrum in CDCls of monomer 2
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Figure 3.6 *C{*H} NMR (100.16 MHz) spectrum in CDCls of monomer 2

3.85
-7.47
-10.38

20

0 15 10 § 0 5 -10 -15 20 -35 -30 -35 -40 -45
ppm

Figure 3.7 'B{*H} NMR (128.37 MHz) spectrum in CDCls of monomer 2
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3.1.3 Synthesis of Carborane- and Phosphonate Ester-containing ROMP-type
Block Copolymers (P1, P2, P3)

The synthesis of ROMP block copolymers is shown in Scheme 3.3. The first monomer
(monomer 1) was homopolymerized at room temperature in dry dichloromethane under
nitrogen atmosphere, until complete conversion occurred (typically in 30 minutes), as
observed by TLC, *H NMR spectroscopy, or Gel Permeation Chromatography (GPC).
After building the first block, the second monomer (monomer 2) was added to the
reaction flask, yielding the copolymer. The polymerization was finalised by addition of
ethyl vinyl ether, and then an excess amount of petroleum ether was used for washing
the final product. The polymers were dried in vacuum under nitrogen for 24 h. The ratio
of blocks was designed as 1:4, 4:1 and 1:1 by weight, with the same molecular weight
in total of 50 kDa. The block copolymers were obtained with low polydispersity, and
the molecular weight of the polymers matched the theoretical values.
Thermomechanical behaviour of all polymers was determined by TGA
(Thermogravimetric Analysis) and DSC (Differential Scanning Calorimetry);
furthermore, their flame-retardant effect was investigated by MCC (Micro Combustion

Calorimetry).

o
C e CH PhHC+ ‘n\‘H/h,' 0 ““\#CHZ
T n
I N— O /S' o 0
_\P O_\ ﬁz‘lf; N ¢] N o]
+

o g ) K/o »L

ROMP _P7 N\
BH ~_°9 ! Si—

Dry DCM ro

Monomer 1 Monomer 2

P1: 10kDa-40kDa Block Copolymer
P2: 40kDa-10kDa Block Copolymer
P3: 25kDa-25kDa Block Copolymer

Scheme 3.3 The synthetic pathway for ROMP block copolymers

Figure 3.8, 3.13 and 3.18 (*H NMR) show that polymerization was completed when
olefin protons at 6.5 ppm of the monomer were completely gone, and new signals
between 5.8 and 6.1 ppm for the double bond (cis/trans) in the polymer backbone
appeared. Relative ratio of stereoisomers (cis/trans) was determined by comparing
peaks at 6.1 ppm and 5.8 ppm in the *H NMR spectrum. It was observed that the ratio of

cis/trans stereoisomers is around 60:40 in favor of the cis isomer. The polydispersity

39



index (D) and the molecular weight distribution of the block copolymers were analyzed
by SEC (Size Exclusion Chromatography) in DMF, using poly(methyl methacrylate)
(PMMA) as standard.

Table 3.1 Summary of characterization of the carborane- and phosphonate ester-
containing ROMP-type block copolymers (P1, P2 and P3)

Polymer | m?® n® Mol Mol | Mastocr | Musiock De cis/trans
Ratio | Ratio | 1, | NMR Ratiot
t ab i ;
%] 9% (@mole | (g/moly
(m/n) | (m/n)
P1 31.75 | 86.33 | 0.37 0.42 50000 | 56756 | 1.06 1.48
P2 127 21.59 | 5.88 6.48 50000 | 55102 |1.09 1.43
P3 79.365 | 53.95 | 1.47 1.59 50000 | 54081 |1.03 1.44

a: Theoretical degree of polymerization (DP) of monomer 1.

b: Theoretical DP of monomer 2.

c: Theoretical molar ratio of monomers.

d: Calculated molar ratio using NMR.

e: Theoretical number-average molecular weight.

f: My calculated by NMR.

g: Polydispersity index (D) determined by SEC.

h: cis/trans ratio in the polymer backbone observed by *H NMR spectroscopy.

Based on the SEC results, the polydispersity index of the polymers is between 1.03 and
1.09, which is generally considered as narrow weight distribution. End group analysis
method was applied to calculate the molecular weight of the polymers (My). Styrene end
group protons stem from the carbene moiety of the Grubbs catalyst [76], [89], [90] and

appear at ca. 5 ~ 7.20-7.50 ppm,; the degree of polymerization was calculated based on
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these protons. The results, summarized in Table 3.1, clearly indicate that the observed

molecular weight of the polymers is close to the theoretical one.

The ratio of the number of carborane repeating units (n, Table 3.1) to the number of
phosphonate repeat units (m, Table 3.1) was determined by *H NMR spectroscopy.
NMR samples were prepared and measured in CDClz. For instance, the peak at 4.13
ppm represents four protons for the phosphonate group (—P—OCH—), and the signal at
0.33 ppm shows six protons for the SiMe; group (the *H NMR spectra of P1, P2 and P3
in Figure 3.8, 3.13 and 3.18, respectively). The feed ratios of other copolymers, targeted
and observed molecular weight analyzed by SEC and also found by NMR [16] are
presented in Table 3.1. The molecular weights of the first repeating units (phosphonate
part) in P3 was 315 g/mol and second repeating units (carborane part) in P3 was 463
g/mol; moreover, the ratio of the target repeating units was known as 79.4:53.9
(polymer P3, Table 3.1), then the theoretical number average molecular weight was
(Mnth) = (315 x 79.4) + (436 x 53.9) = 50 000 g/mol. The calculated molecular weight
of P3 based on styrenic end group analysis via NMR was 54 081 g/mol.
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Figure 3.9 *C{*H} NMR (100.16 MHz) spectrum in CDCl; of ROMP block
copolymer (P1)
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Figure 3.10 31P{*H} NMR (161.97 MHz) spectrum in CDCl3 of ROMP block
copolymer (P1)
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Figure 3.1 3'P{*H} NMR (161.97 MHz) spectrum in CDCl; of ROMP block
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Figure 3.16 'B{*H} NMR (128.37 MHz) spectrum in CDCl; of ROMP block
copolymer (P2)
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Figure 3.20 3P{*H} NMR (161.97 MHz) spectrum in CDCl3; of ROMP block
copolymer (P3).
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Figure 3.21 *B{*H} NMR (128.37 MHz) spectrum in CDCl; of ROMP block
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Figure 3.22 GPC spectrum of ROMP block copolymer (P3) (W (log M): molar mass
distribution)
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3.1.4 Carborane- and Phosphonic Acid-containing ROMP-type Block

Copolymers

Phosphoric acid derivatives can be useful in chemical industry thanks to their properties
as, for example, metal ion chelators or proton conductors for fuel cell membranes under
anhydrous conditions [129]. Furthermore, they typically enhance the fire-retardant
performance of a material and have found application in the biomedical area, such as in
dental composites, with a good chelation efficiency to dentin [50].

In this study, the phosphonate ester groups of the block ROMP polymers P1, P2 and P3
were hydrolyzed in methanol/dichloromethane (3:1, (v/v)) in the presence of
trimethylsilylbromide, yielding the respective phosphoric acid-containing polymers
P1A, P2A and P3A (Scheme 3.4).
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P3C: 25kDa-25kDa Block Copolymer

Scheme 3.4 The synthetic pathway for hydrolyzed ROMP-based block copolymers

The products were obtained as rubbery soft solids after purification. P1A, P2A and P3A
were characterized by NMR spectroscopy (Figure 3.23, 3.25, 3.27). NMR samples for
each polymer were prepared and measured in DMSO-ds. The peak at 4.13 ppm, which
represents four protons for the phosphonate group (—P—OCHy-), in the *H NMR
spectrum disappeared after cleavage. Furthermore, 3'P{*H} NMR spectroscopy was the
most informative to analyse the conversion. The 3P{*H} NMR spectrum of P1A, P2A
and P3A confirmed a replacement by shifts from 18.4 to 14.1 ppm for P1A (Figure
3.24), from 19.2 to 14.1 ppm for P2A (Figure 3.26), and from 18.5 to 14.1 ppm for P3A

(Figure 3.28) referring to the phosphonate ester and phosphoric acid, respectively.
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In a typical example, Figure 3.27 shows the FT-IR spectrum of ROMP block copolymer
P2 with the strong stretching vibration at 1260 cm™ indicating the phosphonate group
(P=0) which disappeared after conversion to the corresponding phosphoric acid (P2A).
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Figure 3.23 'H NMR (400.13 MHz) spectrum in DMSO-ds of hydrolyzed ROMP
block copolymer (P1A)
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Figure 3.24 31P{*H} NMR (161.97 MHz) spectrum in DMSO-ds of hydrolyzed
ROMP block copolymer (P1A)

o1



DMSQ-d;

residue of Et;0

e-d-h
a’[H Ccls/Ctrans
Figure 3.25 'H NMR (400.13 MHz) spectrum in DMSO-ds of hydrolyzed ROMP block
copolymer (P2A)

AT AR A s o

T T T T T T T T T T T T T T T T T T T T T T T T T
280 260 240 220 200 180 160 140 120 100 80 60 40 20 o0 -20 -40 -60 -80 -100 -140 -180 -220 -260
ppm

Figure 3.26 3'P{*H} NMR (161.97 MHz) spectrum in DMSO-ds of hydrolyzed
ROMP block copolymer (P2A)
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Figure 3.28 'H NMR (400.13 MHz) spectrum in DMSO-ds of hydrolyzed ROMP
block copolymer (P3A)
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Figure 3.29 *'P{*H} NMR (161.97 MHz) spectrum in DMSO-ds of hydrolyzed
ROMP block copolymer (P3A)

3.1.5 Carborane and Phosphonate Ester-containing ROMP Random Copolymers

Monomer 1 and monomer 2 were polymerized in dry dichloromethane at room
temperature with Grubbs 3™ generation catalyst, via ROMP method. Polymerization
was terminated by the addition of an excess amount of ethyl vinyl ether (in dry
dichloromethane), and then the product was immediately precipitated with excess
petroleum ether. The reaction progress was monitored via TLC (4:1 ethyl acetate/n-
hexane (v/v)). The polymer was washed with petroleum ether and dried under nitrogen.
Polymers were dissolved in CDCIz for NMR measurements and Table 3.2 summarizes

the composition of copolymers, as obtained from NMR data.
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Scheme 3.5 The synthetic pathway for ROMP random copolymers

The appearance of the signals at 6.08-5.79 ppm, concomitant with the disappearance of
the characteristic olefinic signals of the monomers at 5.50-6.50 ppm, proved that
polymerization had occurred with high conversion. In order to evaluate the
stereochemistry of the double bonds, the ratios of the signals ccs and Cwans has been
compared, as indicated in the *H NMR spectra. The signal of cis protons belonging to
the polymers P5 and P6 is much greater than the signal of trans protons, namely
Ceis/Crans = 1.44/1.00 for P5, and Ccis/Cirans = 1.32/1.00 for P6. On the other hand, for P4

the Ceis/Crans ratio is 1:1.

Table 3.2 Characterization data for the random copolymers P4—P6.

Polymer | m? n® Mol Mol Mablock Malock Myprangom | PDIE | Cis/trans | P %

Ratio | Ratio | NMR GPC Ratioh
Th Obs

() | (/o)

(g/mol)* | (g/mol)f | (g/mol)e

P4 3L.75 86.33 | 0.37 0.7 50 000 56 756 24,465 1.11 1.00 4.12
PS5 127 21.59 | 5.88 8.5 50 000 55102 37,689 1.44 1.41 8.8
P6 79.365 | 53.95 | 1.47 2.18 50 000 54 081 14,605 1.16 1.32 21.54

a: Theoretical degree of polymerization (DP) of monomer 1.
b: Theoretical DP of monomer 2.

c: Theoretical molar ratio of monomers.

d: Calculated molar ratio using NMR.

e: Theoritical number-average molecular weight.

f: M, calculated by NMR.
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g: My and polydispersity index (PDI) are determined by GPC.
h: cis/trans ratio in the polymer backbone observed by *H-NMR.
i: Phosphorous percentage in the polymer backbone.

The ratio of repeating unit numbers of the copolymer P5, phosphorus-based (m, Scheme
3.5) to the repeat unit numbers of the carborane-based (n, Scheme 3.5) moiety were
calculated by the observation of coincident 'H NMR peaks. As an example, the
phosphonate ester protons (—P—OCH>—) indicated by f (Figure 3.30) at 4.18 ppm refer
to four protons in one polymer unit, while the signal at 0.32 ppm (k in Figure 3.30)
indicates six protons in the carborane-based backbone. Thus, the ratio of proton signal
for the phosphonate ester-based unit to the proton signal for the carborane-based unit
according to the NMR spectrum was found as 1.1 (mobs) to 0.13 (nobs), resulting in the

ratio m:n ~1:0.12.
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Figure 3.30 *H NMR (400.13 MHz) spectrum in CDCl; of ROMP random
copolymer (P4)
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Figure 3.32 3'P{*H} NMR (161.97 MHz) spectrum in CDCl; of ROMP random

copolymer (P4)
Figure 3.33 'B{*H} NMR (128.37 MHz) spectrum in CDCl3 of ROMP random
copolymer (P4)
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Figure 3.34 'H NMR (400.13 MHz) spectrum in CDCl; of ROMP random copolymer
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Figure 3.36 'B{*H} NMR (128.37 MHz) spectrum in CDClz of ROMP random
copolymer (P5)
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Figure 3.37 *H NMR (400.13 MHz) spectrum in CDCl; of ROMP random
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61



h
h
si— &
fe-k
pr
m
d
j ’ n ’
, N | IJ
_ S n l_.‘.JL J I N __lrll. 1
T T T T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10 0 -10

ppm

Figure 3.38 *C{*H} NMR (100.16 MHz) spectrum in CDCl; of ROMP random
copolymer (P6)
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Figure 3.39 3P{*H} NMR (161.97 MHz) spectrum in CDCl3 of ROMP random
copolymer (P6)

62



st ——

T T T T T T T T T T T T T T T T T T T T T
80 70 60 50 40 30 20 10 0 -0 -20 30 40 50 -60 -70 80 -90 -100 -110 -120 -130 -140 -150 -160

Figure 3.40 'B{*H} NMR spectrum of ROMP random copolymer (P6)

3.1.6 Stabilization of Magnetic Fe3Os Nanoparticles with ROMP Type Block
Copolymers P1A, P2A, P3A

In order to prevent further agglomeration and phase separation, a suitable way has to be
applied for stabilization of nanoparticles. In this study, phosphoric acid-containing
ROMP block copolymers P1A, P2A and P3A were used for the coating of iron oxide
nanoparticles. Phosphoric acid groups are known to attach to the iron oxide surface as
ligands [130], [131].

Typically, the polymer (P1A, P2A, P3A) was dissolved in DMSO, 5% (by weight) bare
iron oxide nanoparticles were added to the reaction vial and sonicated for 7 h. Scheme

3.6 indicates the synthetic pathway for the coating process.
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Scheme 3.6 Phosphoric acid-bearing ROMP block copolymers coordinate iron oxide
nanoparticles
Some precipitated aggregates were removed by centrifugation at 2500 rpm for 5 min.
The membrane dialysis purification method was applied for a week to get rid of
uncoated iron nanoparticles. Once the polymer was grafted on the surface of the iron
oxide nanoparticles, the color of the suspension turned brown. After dialysis against
water (Figure 3.41), the color of the DMSO solution turned pale yellow. The final
product was collected from the dialysis membrane, which consists of regenerated
cellulose made from virgin wood pulp with 14 kDa molecular weight, then
characterized by inductively-coupled plasma mass spectrometry (ICP-MS) and

transmission electron microscopy (TEM).

s

P2A-iron oxide nanoparticles in DMSO, P2A-iron oxide nanoparticle in water,
before dialysis after dialysis

Figure 3.41 Dialysis membrane application against water

In the literature, the use of phosphonates as ligands for the construction of metal-based
polymeric networks has been mentioned [132]. The block copolymer P2, which bears
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the phosphonate ester groups, was also grafted on the iron oxide nanoparticles, using the
same procedure as described above for P2A, for direct comparison of the binding
efficiency of phosphonate ester and phosphoric acid. As indicated in Table 3.3, P2A
seems to be a better ligand. Measurement was conducted using the Shimadzu ICPE900
ICP atomic emission spectrometer with 10 L/min plasma gas flowrate. It was observed
that phosphonate ester-bearing polymer P2 contained 61 ppm iron, and its phosphoric
acid analog P2A 338 ppm iron (as determined with ICP—MS). On the other hand, ICP-
MS results for the iron oxide nanoparticles coated with phosphoric acid-containing
polymers (P1A, P2A and P3A) show 6.46 ppm, 338 ppm and 18.9 ppm iron after
dialysis, respectively. These data indicate that increased phosphorus content in the
backbone leads to higher binding efficiencies to iron oxide nanoparticles (NP).
Phosphonate- and carborane-based block copolymers’ weight ratio was: P1: 10 kDa:40
kDa; P2: 40 kDa:10 kDa; and P3: 25 kDa:25 kDa.

Table 3.3 Iron concentration obtained from the polymer samples?

Polymer Fe amount before dialysis | Fe amount after dialysis
P1A 191.1ppm 6.46ppm
P2 858 ppm 61 ppm
P2A 758 ppm 338 ppm
P3A 98.5ppm 18.9ppm

a1CP MS result. Fe LOQ : SHIMADZU ICPE900; 0.1 mg/L , method; 0.5 with 2.6977% relative standard deviation
Morphology of the polymer-coated NP was investigated via TEM, after the application

of dialysis against water. The coated nanoparticles were simply dropped on a carbon-
coated copper grid and then left to dry overnight. Aggregation of nanoparticles was
observed (Figure 3.42). Polymer-coated nanoparticles also aggregate in agueous
environment forming spherical micelles. The size distribution of the nanoparticles is not
homogeneous, and the sample showed particle coalescence in the TEM micrographs.
Magnetic interaction between nanoparticles and self-assembly via the phosphoric acid
groups can result in vesicles or micelles and cause the observed large aggregates in
aqueous environments. Iron oxide NP can practically be modified with surface-active
compounds such as phosphonates for fine-tuning of the surface charges. Although it is

well-known that block copolymers having phosphonate esters or phosphoric acids
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(P2A) lead to surface coating on iron nanoparticles, the detailed mechanism behind this

coating event is still not well understood.

1 500 nm L——J 500 nm

Figure 3.42 TEM micrographs of iron oxide nanoparticles coated with phosphonate-
based polymer (P2A)

3.1.7 Thermal Analysis of Carborane and Phosphorus Based ROMP Polymers

Thermal properties of the block and random copolymers were investigated via DSC,
MCC and TGA analyses. DSC was applied between 20 °C and 200 °C and it was
observed that P1-P6 show a broad glass transition temperature Ty, at around 119 °C, 75
°C, 60 °C, 92 °C, 65 °C and 82 °C, respectively (Figure 3.43-3.45). The Glass
Transition Temperature (Tg) is one of the most important properties of any epoxy resin
and is the temperature region where the polymer transitions from a hard, rigid or
“glassy” state to a soft “rubbery” state. These results show that the T4 value is directly
related to the percentage of crystalline and amorphous segments in the polymer
backbone. In this matter, carborane provides rigidity to the system, while phosphorus
provides the mobility. Since icosahedral carboranes are thermally stable compounds,

more carborane units in the structure result in higher T4 values.
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TGA was performed under nitrogen as well as in air, at a heating rate of 10 °C/min
between 25 °C and 600 °C (Figure 3.46-3.50). It was expected that a higher number of
phosphonate units would enhance the char yield. Briefly, the results of TGA of the
block copolymers can be summarized as following: under nitrogen atmosphere, char
residue of P1 (possessing the highest carborane content) is 41%; char residue of P2
(possessing the highest phosphonate content) is 59.3%; char residue of P3 (possessing
equivalent carborane and phosphonate content) is 51.1%. The values in air are 62.4%,
48.4% and 56.8%, respectively. Moreover, char residues of the phosphoric acid- and
carborane-containing block copolymers are given as follows: P1A is 64.20%, P2A is
60.60% and P3A is 62.75% under nitrogen, while P1A is 52.44%, P2A is 60.40% and
P3A is 53.82% in air. Polymer P2 (Figure 3.47), which has a higher phosphorus
content, resulted in 59.3% char (Table 3.4) when compared to the other ROMP block
copolymers (P1 and P3). However, increasing the amount of carborane units (P2) in the
polymer backbone resulted in increased char formation in air, due to the capture of
oxygen by the boron cluster to form B:0s, whereas increasing the amount of
phosphorus units (P1) in the polymer backbone resulted in increased char residue under
nitrogen. Based on char residue of the molecules, the phosphoric acid- and carborane-
containing polymers (P1A, P2A and P3A) are more heat resistant than the phosphonate

ester- and carborane-containing polymers, under both conditions (nitrogen and air).

Comparing the latter values with those of the random copolymers confirmed that the
ordered structures, i.e. block copolymers, generate more char residue than less ordered
structures, i.e. random copolymers. For example, P1 (block copolymer) and P4 (random
copolymer) contain the same amount of phosphonate and carborane units in their
backbone. According to Table 3.4, P1 generated higher char residue (41%) than P4
(36.7%). This data leads us to suggest that, among the studied types of polymers, block

copolymers might have superior fire-resistant properties than random copolymers.

Microscale combustion calorimetry (MCC, Fire Testing Technology, UK) is a
convenient technique used in recent years for the investigation of flammability of
polymers. In this study, approximately 5 mg of polymer sample was heated to 700 °C
with a heating rate of 1 °C/s in a stream of nitrogen (flow = 80 cm®/min). The volatile
and anaerobic thermal degradation products in the nitrogen stream were mixed with a
20 cm®/min stream including 20% oxygen and 80% nitrogen, prior to entering a

combustion furnace at 900 °C. The MCC results are summarized in Table 3.5, which
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shows Heat Release Rate (HRR), Peak Heat Release Rate (PHRR) and Total Heat
Release (THR)values for each polymer. The polymers P1, P2, P3, P4, P5, P6, P1A,
P2A and P3A show HRR values of 72.8 W/g, 263.9 W/g, 223.1 W/g, 68.4 W/g, 154.8
W/g, 86.1 W/g, 41.9 W/g, 9.6 W/g and 22.8 W/g, respectively. Typically, the lower
HRR values indicate higher flame retardancy properties. Random copolymers (P4, P5
and P6) showed considerably lower HRR values than block copolymers under the same
combustion conditions. Furthermore, phosphoric acid-containing polymers have lower
HRR values than phosphonate ester-containing polymers.

Also, acidic polymers showed a much lower Peak Heat Release Rate (PHRR) (Figure
3.52) value than ester polymers. The same trend was observed for Total Heat Release
(THR) values. These data suggest that flammability of acids is considerably lower than

that of esters under the same combustion conditions.
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Figure 3.43 Heat flow curves of phosphonate- and carborane-containing block
copolymers from DSC analysis
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Figure 3.46 Thermogravimetric analysis of phosphonate- or phosphoric acid- and

carborane-containing block copolymers under nitrogen atmosphere
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carborane-bearing block copolymers in air
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Figure 3.48 Thermogravimetric analysis of phosphoric acid- and carborane-

containing block copolymers under nitrogen atmosphere
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Figure 3.49 Thermogravimetric analysis of phosphonate ester- and carborane-

containing random copolymers under nitrogen atmosphere
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Figure 3.50 Thermogravimetric analysis of phosphonate ester- and carborane-

containing random copolymers in air
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Figure 3.51 HRR curves of phosphonate- or phosphoric acid- and carborane-

containing block copolymers from MCC analysis
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copolymers from MCC analysis
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Table 3.4 Residues (%) of the compounds in this Study (N2 and air) from TGA testing

Compound Residue % Residue % Temperature

(Under N») (Under Air) (°C)

P1 41.2 62.4 600
P2 59.3 48.4 600
P3 51.1 56.8 600
P1A 52.44 - 600
P2A 60.4 60.6 600
P3A 53.82 62.75 600
P4 36.7 58.06 600
P5 55.96 49.44 600
P6 53.94 59.24 600

Table 3.5 MCC results of the compounds in this study

Compound HR Capacity Peak HRR Total HR Temperature
(J/9.K) (Wig) (kJ/g) (°C)
P1 75 72.82 6.9 368.7
P2 271 263.9 5.0 334.4
P3 226 223.1 8.8 335
P4 85 68.37 7.5 264
P5 157 154.8 8.3 358
P6 90 86.1 4.3 365.1
P1A 52 41.87 5.8 404
P2A 13 9.594 0.9 382.5
P3A 31 22.84 1.7 394.9
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3.2 Mixtures with Epoxy Resin

3.2.1 Synthesis of Monomer 3

In an attempt to develop a new flame-retardant polymer, monomer 3 was synthesized
following the literature procedure [133] from o-carborane and oxetane, after
deprotonation of the Ceuster Vertices with 2.00 eq. n-BuLi (Scheme 3.7).

The identity of the compound was confirmed by NMR spectroscopy. In the *H NMR
spectrum, three signals for the six methylene protons are found at 3.67 ppm, 2.34 ppm
and 1.79 ppm, respectively. The *B{*H} NMR spectrum shows two signals with a ratio
8:2.

HO

1) n-BuLi (2eq) OH

2) O (2¢q)

]

\

e BH
O CH

Scheme 3.7 Synthesis of monomer 3

3.2.2 Synthesis of the Oligomer (P7)

The synthetic pathway to phospha-carborane-containing oligomer P7 is shown in
Scheme 3.8. Reaction conditions were varied, namely solvent, temperature, reaction
time and relative ratio of the reagents. Optimal conditions were found to be dry toluene
at room temperature for 3 h, then under reflux for 4 h. Monomer 3 was used as end-
capping agent to terminate the reaction. The obtained product (P7) was obtained as a
colorless sticky solid and was characterized by NMR spectroscopy, DSC and TGA

techniques.
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Scheme 3.8 Synthesis of phospha-carborane containing polymer via solution
polymerization

The *H NMR spectrum of P7 is shown in Figure 3.54. The signal at 9.48 ppm is
attributed to the OH proton. The multiplet at 7.73-7.66 ppm corresponds to the ortho
(HY), at 7.44-7.34 ppm corresponds to meta (H®) and at 7.17—7.09 ppm corresponds to
para protons (H) in the phenyl ring. The multiplet at 3.49-3.37 ppm corresponds to the
—CH20- protons (H* and H? in Figure 3.54). The multiplet at 2.34-2.15 ppm
corresponds to the —CH»- protons (b-h). The multiplet between 1.94 and 1.78 ppm

corresponds to the —CH.- protons H® and H'.
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containing copolymer (P7)

To evaluate the flame retardant properties of oligomer P7, first the classic formulation

with epoxy resin was used, adding different amounts of P7 to the resin, according to the

literature [134]. Four different weight % of P7 were used for the formulation, 5%
(P?s%), 7.5% (P77,5%), 12.5% (P712,5%) and 20% (P720%).

Table 3.6 Formulation of P7-containing epoxy resin mixtures (no solvent, at 100 °C)

Formulation P7 % in Epoxy
Resin
P759% 5%
P775% 7.5%
P7125% 12.5%
P7209% 20%
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Epoxy resins are polymer materials with a wide area of applications, either unmodified
or as matrices for composite materials. In all of these applications a curing process is
involved in which the monomeric or oligomeric polyfunctional epoxide is transformed
into a crosslinked macromolecular structure. An understanding of these curing
reactions, together with the availability of reliable methods of monitoring them, are
important in order to obtain consistent products with the desired physical and
mechanical properties. The technique of differential scanning calorimetry (DSC) was
used to provide a convenient and useful method of monitoring the course of exothermic
reaction between -OH terminal groups of P7 and epoxy resin. Measurement conditions
were the same for all experiments, namely temperature range 10-220 °C, with heat flow
of 0.5 W/g per minute. DSC analysis of commercial, additive-free epoxy resin was also
performed, and its response curve was used as reference. In the case of epoxy resin
samples doped with P7, it was observed that the curve between 150 and 200 °C differed
from the reference for each formulation (Figure 3.55). Here, the results confirm that the
ring-opening reaction of the epoxy resin was accompanied by heat release, i.e. an
exothermic process. Additionally, the integration area of the peak maxima increases

upon increasing content of P7 doping.
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Figure 3.55 Heat flow curves of epoxy resin with different doping amounts of P7 from
DSC analysis. Non-doped epoxy resin is also shown, as reference.

TGA analysis was performed in air and under nitrogen atmosphere. The char residue
(%) for monomer 3 was 34.13% under nitrogen and 58.58% in air, due to oxidation of
the carborane cluster. However, oligomer P7 surprisingly formed less char (Table 3.7)
than monomer 3 in either case (under N2 and in air), even though it contains both
phosphorus and boron, which are both known for possessing flame retardant properties,
independently. This could be due to unstable O=P-O bonds under the applied
measurement conditions, where volatile species might be induced to escape from the

polymer matrix.

Table 3.7 Residues (weight %) of monomer 3 and oligomer P7 under N2 atmosphere
and in air at 900 °C, from TGA analysis.

Compound Residue % Residue % Temperature
(0]
(Under N») (Under Air) (°C)
Monomer 3 34.13 58.58 900
P7 30.56 36.26 900
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As already discussed before (section 3.1.7) the lower the heat release rate (HRR), total
heat release (THR) and peak heat release rate (PHRR) values, the higher are the flame-
retardant properties of the material. According to the HRR, PHRR and THR data for
monomer 3, oligomer P7 and the respective doped epoxy resins (Table 3.8, Figures 3.58
and 3.59), the most effective flame-retardant properties are displayed by the epoxy resin
sample doped with 7.5% P7, followed by, in decreasing order, 20% and 12.5% dopings.
On the other hand, addition of 5% P7 to the epoxy resin resulted in the highest HR
capacity (203 J/g-K) and maximum PHRR (163 W/g), i.e. the lowest flame-retardant
properties.

Table 3.8 Results from MCC analysis for monomer 3, oligomer P7 and the P7-doped
epoxy resins

Compound HR Capacity Peak HRR Total HR (kJ/g) | Temperature
(9/g°K) (Wig) (°C)
Monomer 3 151 149.8 10.2 396.9
P7 124 119.7 8.5 291.3
P75% 203 163.3 16.8 451.7
P775% 120 95.55 9.8 455.8
P7125% 115 100.8 10.2 432.2
P720% 134 98.9 11.9 439.7
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Figure 3.56 Thermogravimetric analysis of monomer 3 and oligomer P7 under

nitrogen atmosphere
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Figure 3.57 Thermogravimetric analysis of monomer 3 and oligomer P7 in air
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Figure 3.583 HRR curves of monomer 3 and oligomer P7 from MCC analysis
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Figure 3.59 HRR curves of P7-doped epoxy resin from MCC analysis
3.3 Carborane-Anthracene Bearing ROMP type Polymers

3.3.1 Synthesis of Monomer 4

The synthetic pathway to monomer 4 is given in Scheme 3.9. Monomer 4 was obtained
via reaction of exo-7-oxanorbornene-imide (1) and 9-(chloromethyl)anthracene in dry
DMF (dimethylformamide). In the *H NMR spectrum of monomer 4 (Figure 3.60) the
methylene protons (CH>—N) appear as singlet at 5.22 ppm, and the aromatic protons are
found between 7.51 and 8.50 ppm. Signals for the oxanorbornene moiety appear at 6.42
ppm (CH>=CH), 5.59 ppm (C=C-CH-O) and 2.62 ppm (-CH-CH-(C=0)). The
BC{*H} NMR spectrum (Figure 3.61) shows the methylene carbon at 47 ppm.

Aromatic carbons of anthracene were found in the range 126131 ppm.
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Figure 3.60 'H NMR (400.13 MHz) spectrum in CDClsof monomer 4
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Figure 3.61 C{*H} NMR (100.16 MHz) spectrum in CDCl3 of monomer 4

3.3.2 Copolymer synthesis via ROMP

The synthetic pathway to the polymers is shown in Scheme 3.10. In order to obtain
random copolymer structures, ring-opening metathesis polymerization (ROMP) was
used. The designed polymers (P8, P9 and P10) have a total weight of 80 kDa and
consist of 1:7, 2:6 and 3:5 anthracene/carborane unit ratios in the polymer backbone,
respectively. After drying in vacuum, the synthesized polymers were kept under
nitrogen. Copolymer P10 was stirred in o-xylene at reflux, in the presence of p-toluene
sulfonyl hydrazide, yielding the hydrogenated copolymer P11 (Scheme 3.11).

85



HC /—\ CHy

HICQNT”QCHS PhCH

/, N\=FCH,
/\N—,R,
\ \\/ T ’ O e ‘b ﬂ
° ~s” M
+ i/

° ROMP
Dry DCM

Monomer 2 Monomer 4 P8: 70kDa-10kDa Random Copolymer
P9: 60kDa-20kDa Random Copolymer
P10: 50kDa-30kDa Random Copolymer
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Scheme 3.11 Hydrogenation of carborane- and anthracene-containing random
copolymer (P10)
The copolymer structures were characterized by NMR spectroscopy. The relevant
spectra are given in Figures 3.62-3.64. As it is expected from a polymer molecule due
to its proton multiplicity, broader peaks are observed in the *H NMR spectrum. In
general, the characteristic oxanorbornene peaks at 6.39, 5.59 and 2.68 ppm shift upon
polymerization and become broader. The signals for the anthracene groups appear as
broad, ill-resolved multiplets between 7.38 and 8.49 ppm. In the *H NMR spectrum of
P8, the characteristic olefin protons peak at 6.50 ppm of the monomers disappeared,
while the backbone double bond (cis/trans) signals appear between 5.48 and 6.00 ppm.
Analogous observations can be made for the 'H NMR spectra of copolymers P9 and

P10. The relative ratio of cis/trans isomers of the polymers was assessed via integration
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of the respective *H NMR signals and is reported in Table 3.9. The intensity of the

signals for the trans isomers is, for all copolymers, lower than that of the respective cis

protons.

Table 3.9 Characterization of the carborane-anthracene-based random copolymers.

Polymer | m? | n° | Mole | Mole | Murandom | Mirandom | PDI | cis/trans | Stereo-
Ratio | Ratio
Th GPC Ratio? | isomer"
Th Obs
(g/mol)® | (g/mol)f %
(m/m)® | (m/n)d
P8 151 | 28 5.4 6.33 80,000 48,452 | 1.62 1.68 63 cis
37
trans
P9 129 | 56 2.3 2.75 80,000 46,090 | 1.29 1.23 55 cis
45
trans
P10 108 | 84 | 1.28 1.7 80,000 48,993 | 1.12 1.17 54 cis
46
trans

& Theoretical degree of polymerization (DP) of monomer 2.

b Theoretical DP of monomer 4.

¢ Theoretical ratio of monomers in the random copolymer.

d Calculated mole ratio by using NMR spectroscopy.

¢ Theoretical molecular weight of the polymer.

"M, and polydispersity index (PDI) are determined by GPC.

9 cis/trans ratio in the polymer backbone are calculated by using *H NMR spectroscopy.

h Percentage of stereoisomers in the polymer backbone are calculated by *H NMR

spectroscopy.

The ratios of monomer 2 and 4 for each copolymer were calculated via quantitative *H

NMR (gNMR) spectroscopy. The number of the carborane repeating units and the
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number of anthracene repeating units (m and n in Scheme 3.10, respectively) are
analyzed by NMR spectroscopy. The ratio of the aromatic anthracene peaks to the
carborane-containing unit peaks for compound P8 is 1.90 to 0.30, resulting in the
copolymer ratio of m:n = 6.33. GPC analysis was used to determine the molecular
weight distribution and the polydispersity index (D) of the random copolymers, using
THEF as eluent. D indicates the distribution of molecular mass in a polymer which refers
to ratio of weight average molecular weight (Mw) to number average molecular weight
(Mn). A polydispersity index (P) = 1 indicates the polymer chain to be monodisperse.
However, normally it is difficult to synthesize polymer chains of identical My or M.
Therefore, all polymers in the literature have B > 1. According to GPC results in this
study, narrow molecular weight distributions with a D between 1.12 and 1.62 were
determined (Table 3.9).

GPC-determined M, values are almost half of the theoretical ones for all three
copolymers. For example, the theoretical molecular weight of P8 is 80,000 g/mol, while
the observed M, is 46,090 g/mol. The explanation of this can be that GPC separates
molecules in polymers by size, it only provides the molecular weight distribution of a
material, not the exact molecular weight. In general M, of the respective polymers can
be also calculated by end group analysis of the purified polymers. Even though styrenic
end groups coming from the carbene moiety of the catalyst are visible at ca. 7.20-7.50
ppm and can be used to calculate the degree of polymerization, it was not possible to
apply this specific method in this study, because the aromatic protons of the polymer

backbone overlapped with the aromatic protons of the appended anthracene group.
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Figure 3.62 *H NMR (400.13 MHz) spectrum in CDCl; of carborane-anthracene-based
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Figure 3.63 'H NMR (400.13 MHz) spectrum in CDClsof carborane-anthracene-based
random copolymer P9
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Figure 3.64 *H NMR (400.13 MHz) spectrum in CDCls of carborane-anthracene-based
random copolymer P10

3.3.3 Photodimerization Studies

In this work, we chose anthracene as a cross-linker for its well-known ability to undergo
a photoinduced [4 n + 4 =] cycloaddition when irradiated with UV light of 350 nm,
resulting in dimers that can be reversed via irradiation with wavelengths less than 300
nm or thermally at temperatures higher than 180 °C. We investigated the structure-
property relationship of P8-P11 of carborane-anthracene in the copolymer series
derived via ROMP. Photoswitchable properties have been studied by irradiating the
samples at 350 nm and 254 nm. Photodimerization studies of the polymers were
performed as described in the literature [106]. Figures 3.65-3.72 show the time-
dependent UV-vis spectra of P8—P11, upon irradiation at 350 or 254 nm.
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Scheme 3.12 Irradiation of the polymers at 350 nm

Photodimerization is confirmed by the disappearance (Figures 3.65-3.68) of the
characteristic anthracene n—n* absorption peak at =370 nm measured by UV-vis
spectroscopy. Conversely, upon re-irradiation at 254 nm (Figures 3.69-3.72), re
appearance of the characteristic anthracene absorption peaks confirms that the dimer has

been broken and the original copolymer was reformed.

Table 3.10 lists the amount of conversion (%) for each polymer, after irradiation at 350
nm, and then at 254 nm. The conversion (in %) of carborane-anthracene-based
polymers is directly related to the amount of anthracene in the polymer backbone. More
anthracene in the polymer backbone means more conversion after irradiating the

polymers at 350 nm (photodimerization) and 254 nm (photocleavage).
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Figure 3.65 Overlay of UV-vis spectra for P8, confirming dimerization by

monitoring the disappearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 350 nm; irradiation time 420 s
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Figure 3.66 Overlay of UV-vis spectra for P9, confirming dimerization by
monitoring the disappearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 350 nm; irradiation time 420 s
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Figure 3.67 Overlay of UV-vis spectra for P10, confirming dimerization by
monitoring the disappearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 350 nm; irradiation time 420 s
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Figure 3.68 Overlay of UV-vis spectra for P11, confirming dimerization by monitoring
the disappearance of the characteristic anthracene absorption (=370 nm). Irradiation at

350 nm; irradiation time 420 s
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Figure 3.69 Overlay of UV-vis spectra for P8, confirming cleavage of the dimers by
monitoring the appearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 254 nm; irradiation time 420 s
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Figure 3.70 Overlay of UV-vis spectra for P9, confirming cleavage of the dimers by
monitoring the appearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 254 nm; irradiation time 420 s
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Figure 3.71 Overlay of UV-vis spectra for P10, confirming cleavage of the dimers
by monitoring the appearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 254 nm; irradiation time 420 s
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Figure 3.724 Overlay of UV-vis spectra for P11, confirming cleavage of the dimers
by monitoring the appearance of the characteristic anthracene absorption (=370 nm).

Irradiation at 254 nm; irradiation time 420 s
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Table 3.10 Conversion % of carborane-anthrecene-based random copolymers

Polymer Conversion % Conversion %
At 350 nm At 254 nm
Photo Dimerization Photo Cleavage
P7 60.6 59.9
P8 79.3 78.8
P9 75 54.6
P10 62.5 57.5

TGA was performed for copolymers P8, P9 and P10 between 25 °C and 600 °C under
nitrogen. First degradation starts at 210 °C for each polymer, and char residue is 9%
(P10), 7% (P9) and 5% (P8) by weight. While P8 has the highest carborane content, its
char residue was the lowest of the series. Therefore, it is suggested that the higher
anthracene content is responsible for the higher flame resistance in these types of

polymers under nitrogen.

Even though the polymers P8-P10 contain thermally stable rigid groups such as
carborane and anthracene, their char residues are less than 10% at 600 °C. Moreover,
we observed much higher char yields for ROMP-type copolymers that contain both
phosphorus and anthracene units in the backbone, in our previous work [94]. Therefore,
we concluded that the flame-retardant properties of phosphorus-based blocks outstand
those of icosahedral carborane clusters, for the specific case of anthracene-containing

polymers, under nitrogen atmosphere.
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Figure 3.73 Thermogravimetric analysis of carborane- and anthracene-bearing

random copolymers under nitrogen atmosphere

3.4 Conclusion

In the first part of the study (sections 3.1.3 and 3.1.4), we have successfully synthesized
and characterized well-defined ROMP block copolymers, which contain carborane and
phosphonate ester groups (P1-P3), with the calculated ratio of blocks 4:1 (P1), 1:4 (P2)
and 1:1 (P3), and the same total molecular weight (50 kDa). Hydrolysis of the
phosphonate esters yielded the corresponding phosphoric acid-containing block
copolymers P1A-P3A. Thermogravimetric analysis (TGA) results indicated that
phosphoric acid-containing polymers produce more char residue than the corresponding
phosphonate ester polymers, both under nitrogen atmosphere and in air. Furthermore,
polymers P2 and P2A, which contain the highest amount of phosphorus, produced the
highest char residue under nitrogen atmosphere (P2 59.3 weight%; P2A 60.4 weight%),
while P1, which has a higher carborane content, gave the highest char residue in air
(62.4%), due to the oxidation to B>Os. Micro combustion calorimetry (MCC) revealed
that P1A, which has the higher carborane content, gave the lowest HRR (9.6 WI/g).
Since the lower HRR values (in MCC) and higher char residue (in TGA) indicate higher
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flame retardancy properties, the carborane-rich polymers can be highly effective as
flame-retardants.

In section 3.1.6, the coating efficiency of P1A, P2A and P3A on bare iron oxide
nanoparticles was investigated. ICP-MS analysis revealed that polymer P2A, which
possesses the highest phosphoric acid content, had the highest coating efficiency of the
series of tested polymers. Moreover, phosphoric acid groups showed, in general, better
chelating efficiencies than phosphonate ester groups.

The carborane-phosphorus-based ROMP random copolymers (P4—P6) were also
synthesized and characterized. They showed different thermal properties than block
copolymers. For example, P3 (block copolymer) and P6 (random copolymer) both
contain phosphonate ester and carborane groups in a 1:1 ratio in the polymer backbone
but gave significantly different char residues in air and under nitrogen atmosphere.
Based on the MCC studies, random ROMP copolymers P5 and P6 show less
combustibility than the corresponding block copolymers P2 and P3 of the same

composition.

In the second part of the study (section 3.2), after synthesizing carborane-diol monomer
3, phospha-carborane-containing oligomer (P7) was obtained via condensation
polymerization. Synthesized oligomer (P7) was used for doping epoxy resin with
varying weight percentage from 5 %-20% (P7s%— P7200%). According to MCC results,
the optimal amount of flame-retardant (P7) loading was found to be 7.5% by weight in

the epoxy resin.

In the last part of the study (section 3.3.3), the photo-switchable properties of
carborane- and anthracene-containing polymers (P8-P10) were investigated. The
molecular weight of the polymers was kept constant (80 000 g/mol), with varying
monomer weight ratios (1:7, 2:6, and 3:5, for P8, P9 and P10, respectively), in order to
investigate the structure-photochemical properties relationship depending on the relative
carborane to anthracene content. Intramolecular photodimerization of anthracene was
observed for each polymer of the series. The formation of anthracene photo dimers
upon irradiation with UV light (350 nm) was followed via UV-vis spectroscopy, by
observing the disappearance of the characteristic 7—n* absorption peak of anthracene at
~ 370 nm. To study the reversibility of the anthracene photodimerization, the photo-

dimerized samples were then irradiated with UV light at 254 nm. The UV-vis spectra
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show the partial reappearance of the anthracene absorption peak. The conversion
(monomer—dimer) of the polymers (in %) upon irradiation is directly depending on the
amount of anthracene in the polymer backbone. Calculated values after
photodimerization for P10, which has the highest content of anthracene, is 75%,
whereas for P8, which has the lowest content of anthracene, it is 60.6%.

The polymers synthesized in this study showed very interesting properties for
applications in several fields. For example, the phospha-carborane-containing ROMP-
based polymers and condensation oligomer should be further investigated for
application as flame retardants. Furthermore, iron oxide nanoparticles coated with
carborane- and phosphoric acid-containing polymers could be possibly used for medical
applications, such as magnetic resonance imaging (MRI) agents. Finally, the carborane-
anthracene containing polymers have the potential of being implemented as smart

materials for the development of novel shape memory polymers.
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