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GENERAL INTRODUCTION

Plant oilsin the context of sustainable development

The concept of sustainable development appeared in 1987 after the Brundtland
commission as the main goal to be achieved in response to the accelerated deterioration
of the environment. It was defined as the social and economic advance to assure human
beings a healthy and productive life, but one that do not compromise the ability of
future generations to meet their own needdthough the availability of energy was
admitted to be key for the future development, the necessity of a steady transition to a
broader and more sustainable mix of energy sources was pointed out as a major
objective. Sustainable development was further addressed in the United Nations
Conference on Environment and Development (UNCED), held in 1992 in Rio de
Janeiro® Among other documents that resulted from the Earth summit, Agefideag1
launched as a wide-ranging blueprint for action to achieve sustainable development
worldwide. Within the means of implementation, the role of sciences “in supporting the
prudent management of the environment and development for the daily survival and
future development of humanity” was established. It was pointed out that “scientific
knowledge should be applied to articulate and support the goals of sustainable
development” and that it was “necessary to build up scientific capacity and strengthen
such capacity in all countries for the generation and application of the results of
scientific research and development concerning sustainable development” (Agenda 21,
Chapter 35). In relation to chemical sciences, the Environmental Protection Agency
coined a new term in 1998 that collected the ideals of sustainability applied to
chemistry: green chemistry, also called sustainable chemistry. It was formally
delineated with the aim of preventing pollution through better process design rather than
by managing emissions and waste. Green chemistry is based on a set of 12 principles
that provide a jumping-off point for all chemists and chemical engineers to use classical
chemistry to design chemical products and processes that have little or no impact on the
environment.

In 2002, the Johannesburg sunfraitmed to assess progress toward attaining the
goals of Agenda 21, strengthening commitment of parties to the program and setting
priorities for further action. But more than anything else, the summit was a message to

the world to stop talking about what needs to be done and to get on with



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

implementatiorf. Important contributions have been made towards these objectives,
being some of the most relevant the use of renewable raw materials, direct oxidations
using oxygen, improved separations technology, and all forms of catalysis. However,
progress toward sustainable chemistry has to increase drastically to meet the challenges
of this century’

Although there are few examples of green processes that have had an industry
wide impact, the increasing application of the principles of green chemistry to
individual products and processes at lab scale has lead to the appearance of a new
branch of chemistry, which is now consolidated. The fully application of the twelve
principles in the development of new chemical processes or in the modification of the
existing ones is not viable in most cases; however, if part of these principles can be
accomplished, the objective of sustainable development will be closer.

The use of raw materials and feedstocks that are renewable rather than depleting,
as written in the fourth principle, is crucial both from environmental and economic
reasons. Petrochemicals are the main feedstock for the chemical industry, but they are
subjected to price variations due to its scarcity and non-renewable nature. Nowadays,
renewable raw materials make up an approximate 10-12% of the feedstocks used by the
chemical industry and it is expected to increase up to 25% in 2020. Oils and fats
constitute the most important renewable raw materials for the chemical industry,
followed by carbohydrates and other renewables such as proteins and protein

surfactant$:®

Plant oilsin polymer chemistry

The application of plant oils and their derivatives in polymer chemistry has become an
important research area in constant growth. The versatile chemistry that can be applied
to triglyceride oils has lead to a wide variety of polymeric structures from linear,
processible polymet$to cross-linked systems with applications as resins and coatings
among others? Due to the presence of fatty acid chains within the polymeric structure,
these polymers present improved physical properties such as higher flexibility, adhesion
and resistance to water and chemicalalthough to date plant oils have been widely
used in polymer science, their potential for the development of new monomers and
polymeric structures has not yet been fully exploited. Regarding the future

developments in this area, the study of well defined polymers for specialty applications,
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obtained by controlled/living polymerization techniques will improve the application
possibilities™® Furthermore, it is expected that fatty diacids asl &slw-amino fatty

acids, andw-hydroxy fatty acids derived from plant oils, will be available and may
substitute during the next few years the respective petrochemical monomers for the
production of polyamides, polyurethanes, and polyesters. Moreover, liwear
unsaturated fatty acids of different chain length will be available, being interesting

monomers for copolymerization with alkerfes.
Structure and reactivity of plant oils

Plant oils are mainly constituted by triglycerides, which are the product of esterification
between a molecule of glycerol and three fatty acids (Figure 1). They are liquid at
ambient temperature and insoluble in water. Fatty acids are an approximate 95 % of the
total weight of a triglyceride molecule and their length varies from 12 to 22 carbon
atoms. Common fatty acids can be completely saturated but they can also present
several double bonds. Besides, there is a number of naturally occurring fatty acids
containing other functional groups such as hydroxyls or epoxides. The most common
fatty acids are shown in figure 2. Each plant oil is composed by a characteristic fatty
acid distribution that determines its physical and chemical properties (Table 1).

Oleic acid o) o Linolenic acid

PPN =
o/\o(\o

Linoleic acid Glycerol

Figure 1. General structure of triglycerides. In this example, with oleic, linoleic and linolenic

acids.

Triglycerides can be polymerized directly using its intrinsic reactivity but they
can also be chemically modified in order to increase their reactivity towards
polymerization. The first approach consists of the direct polymerization of the internal
double bonds of the fatty acid chains of different plant oils. This process can be carried

out via radical, cationic or thermal polymerizatiéfin this way, castor oil can also be
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directly cross-linked by reaction of the hydroxyl groups of ricinoleic acid with

diisocianates or dicarboxilates to obtain elastomers and thermosetting materials.

a. H()OC%Vf”\\ g. HCXDCT¢TC:T\\//::}\V/A\V//\\ m. FKDOC%VTf\\
11 17

7

b. HOO%M h. HOO — — — n. HOOW
7 9

7 7

C.  HOO . HOO NN 0.  HOO
U e
d. HOOW j HoO — p. HOOW
7 7 11

5 7
Q
e. HOO k. HOOQM/WAW\ g. HOO
RO : o
OH
f  HOOC,— ! HOOC\W\M/
I . 5

Figure 2. Structure of some common fatty acids. Mistiric (a), myristoleic (b), palmitic (c),
palmitoleic (d), stearic (e), oleic (f), linoleic (g), linolenic (h), calendic digleostearic (j),

vernolic (k), ricinoleic (l), arachidonic (m), gadoleic (n), behenic (0), erucic (p), lignoceric (q).

Although straightforward, the direct polymerization of triglycerides do not
provide polymeric materials with the mechanical and thermal properties required for
some applications. Moreover, low crosslinking degrees are usually obtained which are
accompanied by high soluble fractiofig-or these reasons, the second approach, that is,
the chemical modification of the triglyceride is preferred, enabling the synthesis of
designed monomers in the way to target polymeric materials.

The chemical transformation of triglycerides affords a wide variety of monomers
for the synthesis of lineft hyperbranched, or cross-linked structurfs The
modification of triglycerides is performed using the reactivity of the functional groups
in their structure. For the synthesis of cross-linked structures, the epoxidation of the C-C
double bonds is one of the most important functionalization reactions, that can be
achieved by environmentally friendly procedures such as catalyzed chemical oxidation
with hydrogen peroxid&'®or by enzymatic oxidatiol. The opening of the epoxide
ring is a versatile reaction that leads to numerous prodficisme of which are

represented in figure 3.
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Table 1 Fatty acids percentage distribution in different plant@ilnumber of carbon atoms.

DB: number of double bonds.

] Cotton ] High
Fatty acid C:DB Canola Corn Linseed Olive Palm Soybean Sunflower ~
seed oleic
Mistiric 14:0 0.1 0.1 0.7 0.0 0.0 1.0 0.1 0.0 0.0
Myristoleic 14:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Palmitic 16:0 4.1 10.9 21.6 55 13.7 444 11.0 6.1 6.4
Palmitoleic 16:1 0.3 0.2 0.6 0.0 1.2 0.2 0.1 0.0 0.1
Margaric 17:0 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0
Margaroleic 17:1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Stearic 18:0 1.8 2.0 2.6 35 25 4.1 4.0 3.9 3.1
Oleic 18:1 60.9 254 18.6 19.1 711 393 23.4 42.6 82.6
Linoleic 18:2 21.0 59.6 54.4 15.3 10.0 10.0 53.2 46.4 2.3
Linolenic 18:3 8.8 1.2 0.7 56.6 0.6 0.4 7.8 1.0 3.7
Arachidonic 20:0 0.7 0.4 0.3 0.0 0.9 0.3 0.3 0.0 0.2
Gadoleic 20:1 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Eicosadienoic 20:2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Behenic 22:0 0.3 0.1 0.2 0.0 0.0 0.1 0.1 0.0 0.3
Erucic 22:1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Lignoceric 24:0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DB/Triglyceride 3.9 45 3.9 6.6 2.8 1.8 4.6 0.0 3.0
(0]
O/Y\O)K/WW\/W
RZT
[¢]
(0]
cl H,0, Ao
o”j/\ka/\/\v”\)‘gqf\/\vﬂ\/ R-COOH ofﬁ/\Oﬂ\/\/«vf\/qu/\/\vﬁ\/
RZT RZY
o a o f
O
o/\ﬁo
R
b 7( e
H
Ry O/Y\OWW R{ OMO)KW_(BHW
RZW RZW/

OH

Ri Ofﬁ/\OJ\/\VA\/\/}T\/AV/\/AV/ o”ﬁ/\o
&Tf &1§

OH

Figure 3. Ring opening products of epoxidized triglycerides with HCI (a), HBr (b), MeOH/H
(c), HLO/H" (d), catalytic hydrogenation (e) and acryloyl chloride (f).
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Recent publications report the use of polyols derived from epoxidized plant oils
for the preparation of polyurethan®s,polyurethane dispersiof, polyurethane
foams?! polyurethane IPN§ and hybrid latexes prepared from waterborne PU and
acrylic MMA/BA copolymers® Direct polymerization of epoxidized plant oils and
fatty acids has also been reported with diamifieanhydride® or by cationic
polymerization in the synthesis of linseed 0il-POSS hybrid maté&tials

As mentioned above, some plant oils present functional groups in their structure.
Castor oil has lately found applications in the synthesis of hyperbranched
polyurethane¥, in the synthesis of biodegradable plastic foams by curing with maleic
anhydidé® and in the preparation of UV-curable thiol-ene formulatforsn interesting
castor oil derivative is 10-undecenoic acid, which is produced by cracking of castor oll
under pressure. It is one of the oldest renewable building blocks, being used in the
industry as a Nylon 11 precursor. It has been recently used for the synthesis of a variety
of a,wdienes as interesting monomers for acyclic diene metathesis (ADMET)
polymerizatiom* The dehydration of castor oil followed by crosslinking with
bismaleimides via Diels-Alder reaction has been also recently repbrted

Another recent examples of fatty acid and plant oil-based polymers include the
synthesis of polyols through Pd catalyzed cyclotrimerization of fatty acid derivatives for
polyurethane synthesi$, the synthesis of isocyanate-containing triglycerittethe
preparation of thermosets from soybean oil gmdinitrosobenzenevia an ene
reaction® the development of a linseed oil-based thermaseROMP3* the cationic
polymerization of soybean oil in supercritical €0and the synthesis of soybean-based

silicon-containing thermosets by cationic polymerization.

! The Brundtland Commission, formally the World Commission on Environment and
Development (WCED). Convened by the United Nations in 1983.

2 G. Brundtland, Our Common FuturgOxford University Press, Oxford, 1987.

3 Report of the United Nations Conference on Environment and Development, Rio de Janeiro,
1992; http://www.un.org/esa/sustdev.

* Report of the United Nations Conference on Environment and Development in June 1992 in
Rio de Janeiro—Documents—Agenda 21.

® Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practi&xford University Press,
Oxford, 1998, p. 11.
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OBJECTIVES

As explained in the introduction, the use of renewable feedstocks, such as vegetable
oils, for the development of polymers is a crucial step towards sustainability. The
general objective of this thesis is the investigation of new approaches for the synthesis
of plant oil-derived polymeric materials.

The first objective consist of the development of new synthetic pathways for the
synthesis of thermosetting materials using high oleic sunflower oil as starting material.
High oleic sunflower oil is obtained from modified sunflowgiscontains a minimum
of 80 % of oleic acid (monounsaturated) that makes it specially attractive for certain
synthetic applications.

The second main objective is the synthesis of phosphorus-containing plant oil
monomers for the synthesis afeactive phosphorus-containing flame retardant

materials.

SUMMARY

The first part of this thesis (chapters one and two) is focused on the modification of
commercial high oleic sunflower oil for the synthesis of two triglyceride-monomers.
Both monomers were synthesized through the singlet oxygen photoperoxidation of high
oleic sunflower oil. Further dehydration or reduction led to,@unsaturated ketone-

containing derivative and an allylic hydroxyl-containing derivative.

Acrylation

— High oleic sunflower oil Azm-Michael
cross-link
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» Chapter one contains the work developed on the cross-link of the enone
derivative with an aromatic diamin@a aza-Michael addition reaction. First, the
reactivity of the curing system is presented and compared with a conventional epoxy-
diamine system. Secondly, a thorough study of the secondary reactions taking place, in
relation with the reaction conditions, enabled the development of new quinoline-
containing triglyceride-based thermosets.

» Chaper two contains the cross-link of the allylic hydroxyl derivative through
acrylation and subsequent radical polymerization. The study of the effect of an increase
of cross-link density on the material properties was carried out by using different
amounts of pentaerythritol tetraacrylate as cross-linking agent. Moreover, a complete
hydrogenation of the internal double bonds of the monomer was carried out to study the

effect of unsaturations on the cross-linked polymer properties.

The second part of this thesis (chapters three and four) is focused on the
development of phosphorus-containing plant oil-based materials with flame retardant
properties. High oleic sunflower oil and 10-undecenoic acid (derived from castor oll
cracking) were used as starting reagents.

» Chapter three contains the synthesis of flame retardant thermosets from high
oleic sunflower oil. The previously mentioned allylic hydroxyl derivative was partially
modified by introducing different amounts of tertiary phosphine oxide grougs
formation of allyl phosphinite and [2,3]-sigmatropic rearrangement. The remaining
hydroxyls were acrylated and the subsequent radical polymerization afforded a family

of thermosets with improved fire resistance.

High oleic sunflower oil
polimerization

10
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» Chapter four contains the synthesis of linear and cross-linked castor oil-derived
phosphorus-based flame retardants. In the first section, a series of flame retardant linear
polyesters with different phosphorus contents were synthesizad ADMET
polymerization. The effect of the polymerization temperature on the molecular weight
and thermal properties is also reported. In the second section, hydroxyl-containing
linear polyesters with different phosphorus contents were synthegiaedADMET
polymerization. The acrylation of the backbone hydroxyl groups followed by radical

polymerization afforded a family of flame retardant thermosets.

10-Undecenoic acid

Radical
polimerization

! Fick, G. N. (Breckenridge, MN®unflower products and methods for their production US
Patent 4627192, 1986.

11
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FIRST PART

In the first part of this thesis, the ene reaction of singlet oxygen with the internal double
bonds of high oleic sunflower oil has been applied as a general first functionalization
step for the development of plant oil-based thermosets. The photoperoxidation of high
oleic sunflower oil has been used for the synthesis of two different triglyceride
derivatives. Chapter one describes the synthesis of thermosets from a triglyceride
derivative containing o,B-unsaturated groups via aza-Michagl reaction. Chapter two
contains the synthesis of thermosets from a hydroxyl-containing triglyceride derivative

viaacrylation and radical polymerization.

13
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THE CHEMISTRY OF SINGLET OXYGEN

I ntroduction

For more than 70 years, researchers in several areas of science have been intrigued by
the physical and chemical properties of the lowest excited states of molecular oxygen.
With two singlet states lying close above its triplet ground state (Figure 1),.the O
molecule possesses a very unique configuration, which gives rise to a very rich and
easily accessible chemistry, and also to a number of important photophysical
interactions. In particular, photosensitized reactions of the first excited szténeg)o

play a key role in many natural photochemical and photobiological processes, such as
photodegradation and aging processes including even photocarcinogenesis. Reactions of
Oz(lAg) are associated with significant applications in several fields, including organic
synthesis, purification of water, bleaching processes, and, most importantly, the
photodynamic therapy of cancer, which has now obtained regulatory approval in most

countries for the treatment of several types of tumors.

37 1y
S Excited singlet states
£
= 22 A,
Q
3
L

O —— 3% Ground state triplet

Figure 1. Ground state and excited states of molecular oxygen.

Singlet oxygen generation

Singlet oxygen is the lowest excited state of the dioxygen molecule. The most common
means of singlet oxygen generation is photosensitization or, more precisely, energy
transfer to @ from an excited state of a sensitizer, which is formed by the absorption of
light in a specific wavelength region (Schemel). A photosensitizer is irradiated to its

singlet excited state, followed by conversion (called intersystem crossing) to its triplet

15
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excited state. The triplet excited sensitizer may undergo radical reactions (type |
process) or produce singlet oxygen (type Il process). Ideal sensitizer properties and
experimental conditions that favor the singlet oxygen (type Il) pathway include (i) a low
sensitizer and ©concentration, (ii) a high intersystem crossing yield of the sensitizer,
(ii) a low chemical reactivity of the sensitizer triplet state, and (iv) a small singlet-
triplet splitting of the sensitizer. However, competition between type | and Il
photooxidation chemistry is inevitable upon the formation of an excited sensitizer in the
presence of°0,! Other experimental parameters influencing the singlet oxygen

phobsensitized generation are the solvent polarity, the temperature or the pfessure.

Type | Radicals or 0, Oxygenated
radical ions products
SensL Sens*
Type ll substrate  Oxygenated

1
0, products

Scheme 1. Substrate photosensitized oxidation through type | and type Il mechanisms.

Figure 2 shows some examples of the great synthetic utility of singlet oxygen for
generating oxygenated hydrocarbons, such as endoperoxides from [2 + 4]
cycloadditions, dioxetanes from [2 + 2] cycloadditions, sulfoxides from sulfide

oxidations, phosphine oxides from phosphine oxidations, and hydroperoxides from

phenol oxidations and “ene” reactions.
Al C? d) RsP —— RgP=0

(0]

R R
OH (0]
2+2

n | f-ZE 9 e) — Ho

o o R R

R

H
f Q ‘ene’ 9
R;S=0 ~ O bo

Figure 2. synthesis of a@ndoperoxides, lioxetanes, c) sulfoxides, d) phosphine oxides, and

7\
0=0

C) R,S

e) and f) hydroperoxides with singlet oxygen.
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The enereaction of singlet oxygen with alkenes

Singlet oxygen reacts with alkenes through ane reaction to form allylic
hydroperoxides. This reaction was first described in 1945 by Schentkt was not

untl 2003 that its mechanism was elucidated by combination of computational and
experimental investigations on the reaction betwk®nand cis-2-butené’ It is now
accepted that thene reaction contains a valley-ridge inflection (VRI) between two
transition states (TS1 and TS2) which are connected sequentially. The pathway

bifurcates at the VRI point prior to TS2 to give the allylic hydroperoxide products

(Scheme 2).
OH
O kS H C{ H
| o i —p "
9 é HaC CH,
H H 102 H // \\ H H H
= —— H . H —p o ]
HC  Chg Ho < CH HeC  Ch HO.
H \H
TS1 VRI l > \
H,C  CHs
0© ¥
Lo
TS2 H, wH
HiC  CHs

Scheme 2. Mechanism of the eneeaction between singlet oxygen amg-2-butene
A biological example of th&, “ene” reaction is in lipid peroxidation processes, where

a shift in the double bond takes place. As an example, figure 3 shows the products of

hydroperoxidation of linoleoyl groups at the 9, 10", 12", and 13" positions.
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(e}

9 10" 12° 13
RO — —

102
O OOH O OOH
RO)J\/\/\/\/IW RO)J\/\/\/\/_I\/=\/\/\
9"-O0H 10"-O0OH
O OOH o OOH
RO)MW ROJJ\/\/\/\/W_I\/\/\
12°-OCH 13-OCH

Figure 3. Products of the eneeaction of an ester of linoleic acid with singlet oxygen.

The ene reaction of singlet oxygen with the internal double bonds of high oleic
sunflower oil has been applied in this work as a general first step for the development of
plant oil-based thermosets. The photoperoxidation of high oleic sunflower oil affords a
triglyceride derivative with allylic hydroperoxides. Dehydration or reduction of the
hydroperoxides can afford a triglyceride containm@-unsaturated groups or allylic
hydroxyls that have been used as new monomers in the synthesis of plant oil-based

thermosets.

' Greer, A. Acc Chem Res 2006, 39, 797-804.

Z Schweitzer, C.; Schmidt, R. Chem Rev, 2003, 103, 1685-1758.

¥ Schenck, G. O. Naturwissenschaften 1948, 35, 28-29.

4 Singleton, D. A.; Hang, C.; Szymanski, M. J.; Meyer, M. P.; Leach, A. G.; Kuwata, K. T.;
Chen, J. S.; Greer, A.; Foote, C. S.; Houk, K. N. J Am Chem Soc 2003, 125,1319-1328.
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Chapter 1

1. A New Enone-Containing Triglyceride Derivetive as

Precursor of Thermosets from Renewable Resources

2. Quinoline-Containing Networks from Enone and

Aldehyde Triglyceride Derivatives
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A New Enone-Containing Triglyceride Derivative as

Precur sor of Ther mosets from Renewable Resour ces

Lucas Montero de Espinosa, Juan C. Ronda, Marina Galia, Virginia Cadiz
Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus

Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spain.

ABSTRACT. A novel triglyceride containingt,-unsaturated ketone was prepared
through photoperoxidation from high oleic sunflower oil by two steps one pot
environmentally friendly procedure. This new enone-containing triglyceride was
crosslinked with diaminodiphenylmethane (DDM) via aza-Michael addition. A kinetic
study of the reaction op-toluidine with either enone-containing methyl oleate or
epoxidized methyl oleate, as model compounds, allowed to establish the higher
reactivity of the former, thus confirming this curing system as an alternative to amine-
cured epoxidized vegetable oils. The thermal properties of thermosets from enone and
epoxy-containing triglycerides with DDM have been evaluated.

Keywords: triglyceride, crosslinking, renewable resources, aza-Michael

INTRODUCTION

The development of environmentally compatible polymers is one of the current
challenges in polymer chemistry. The scarcity of non renewable resources encouraged
the scientific community to develop and commercialize new biobased products that can
alleviate the wide-spread dependence on fossil fuels and, enhance security, the
environment and the econorhatural oils are considered to be the most important
class of renewable sourcédhe main component of the triglyceride vegetable oils are
saturated and unsaturated fatty acids. Although they have double bonds which can be
used as reactive sites in coatings, for obtaining high performance polymeric materials
the introduction of more reactive functional groups, such as hydroxyl, epoxy or
carboxyl groups, is much more suitaBfe. Various chemical pathways for
functionalizing triglycerides and fatty acids have been studiEpoxidation is one of

the most important functionalization reactions of the C-C double bonds, that can be
achieved by environmentally friendly procedures such as catalyzed chemical oxidation

21 Journal of Polymer Science: Part A: Polymer Chemistry
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with hydrogen peroxide or by enzymatic oxidatioh The opening of the epoxide ring

is a versatile reaction that leads to numerous prodtiétahus, epoxidized vegetable

oils are extremely promising as inexpensive renewable materials for industrial

application$' because they share many of the characteristics of conventional epoxy
thermosets. In this way, naturally occurring epoxy oil, as vernonia seed oil or

epoxidized vegetable oils from soybean, linseed or castor oils have been cured
cationically® or with conventional hardeners as diamines or dianhydffcf8s.

The challenge to progressively replace fossil feedstocks by materials arising
from plant-derived renewable sources implies not only the development of new original
reactions and catalysts but also the application of well established reactions to the
production of new tailor made compounds capable to produce competitive performance
materials.

In this communication we report the synthesis of a new highly reactive
triglyceride derivative witha,B-unsaturated carbonyl groups. This enone-containing
triglyceride is obtained by an environmentally friendly chemical procedure from high
oleic sunflower oil and it could be an interesting alternative to epoxidized vegetable oils
to produce thermosets by crosslinking with conventional aromatic diamines. Amine-
curedw-epoxy fatty acid triglycerides have been shown to yield robust networks with
good adhesive characteristics similar to those of conventional thermosets based on
diglycidylether of Bisphenol A®> However, epoxidized fatty oils such as epoxidized
linseed and soybean oils, which contain oxirane groups that are hindered at both
carbons, react sluggishly with nucleophilic curing agéht®n the other hand, the
Michael addition reaction is a valuable tool in the synthesis of polymeric netiforks.
The aza-Michael reaction, a variation in which an amine acts as the nucleophile, has
been used in the synthesis of improved bismaleimide netwbtks, this reaction has
not been applied to the synthesis of crosslinked polymers derived from vegetable oils.

In this work the high reactivity of the enone groups has been proved. By means
of a'H NMR kinetic experiment, the reactivity gftoluidine with either enone or
epoxy functions in fatty acid derivatives as model compounds has been studied. The
crosslinking of the enone- and epoxy-containing triglycerides  with
diaminodiphenylmethane was followed by FTIR spectroscopy and the thermal

properties of the final materials were evaluated.

22 Journal of Polymer Science: Part A: Polymer Chemistry
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EXPERIMENTAL PART

Materials

High oleic sunflower oil (minimum 80% oleic acid) was kindly supplied by Bétges
Methyl oleate (Alfa Aesar), meso-tetraphenylporphyrin  (TPP) (Aldrich),
borontrifluoride monoethanolamine complex WEA) (Aldrich), p-toluidine
(Aldrich), diaminodiphenylmethane (DDM) (Aldrich), triethylamine (Scharlau), acetic
anhydride (Scharlau) and hydrogen peroxide 50% (w/v) (Scharlau), were used as
received. Toluene was dried over sodium/benzophenone and dichloromethane from
P,Os, both distilled immediately before use. Epoxidized methyl oleate (E¥1&)d the
mixture of methyl-9-oxo-10-octadecenoate and methyl-10-oxo-8-octadec€noate
synthesized as previously reported. Tetrakis(diperoxotungsto)phosphate was
synthesized following a published procedtfr@LC plates were developed by spraying
with sulphuric acid/anisaldehyde ethanol solution and heating at 200 °C.

Photoper oxydation of high oleic sunflower oil. In a 450mL standard immersion-well
photochemical reactor with a 400W high pressure sodium vapour lamp, high oleic
sunflower oil (70 g, 79.1 mmol), TPP (0.02 g, mol) and dichloromethane (400mL) were
introduced. Cold water was circulated through the lamp jacket, while a gentle stream of
oxygen was bubbled through the stirred reaction mixture. After a few minutes, the lamp
was turned on and the reaction was monitored by TLC (hexane/ethyl acetate, 5:1). After
4 h of irradiation the total disappearance of isolated double bonds and formation of the
intermediate allylic hydroperoxides was observed. The lamp was turned off and the
reactor was placed into a water bath. Acetic anhydride (24.60 mL, 260.9 mmol) and
triethylamine (18.20 mL, 130.4 mmol) were added with stirring at room temperature.
After 30 min TLC (hexane/ethyl acetate, 5:1) confirmed the formation of the enone and
the complete disappearance of the hydroperoxide. The solvent was then eliminated at
reduced pressure. The reaction mixture was diluted with ethyl acetate (500 mL) and
washed successively with water, saturated NakEIQI| (10% v/v) and saturated NaCl.
After drying over MgS® and concentrating under reduced pressure, the product was
obtained as a triglyceride mixture with 2@,B-unsaturated ketones per molecule
(determined by'H NMR spectroscopy). Further purification was achieved by
crystallization, at 5°C, from hexane (200 mL) obtaining a product with o2®
unsaturated ketones per molecule (determinedHByMR) with 76%yield.

23 Journal of Polymer Science: Part A: Polymer Chemistry
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FTIR: 1740 cnt (ester C=0, st), 1696 ¢(C=0,s-cis, st), 1673 ¢m(C=0, s-trans,

st), 1629 cm (C=C, st), 1162 ch(C-O, st).

'H NMR (CDCk, TMS, 5 ppm): 6.78-6.70 (3H, m, H-11), 5.99 (3H, dgy.4)= 16 Hz,
Jio1= 1.6 Hz, H-10), 5.22-5.16 (1H, m, H-19), 4.24-4.20 (2H, m, H-20), 4.06 (2H, dd,
o 2= 11.6 Hz, dya5= 6.0 Hz, H-20"), 2.44 (6H, tod= 7.2 Hz, H-8), 2.25-2.21 (6H,

m, H-2), 2.15-2.09 (6H, m,d1/0J1215 7.3 Hz, H-12), 1.58-1.43 (12H, m, H-3 H-7),
1.434.30 (6H, m, H-13), 1.30-1.10 (42H, m, aliphatic chain), 0.83-0.76 (9H, m, H-18).
13C NMR (CDCE, TMS, 3 ppm): 200.76 (C-9), 200.65 (C-9°), 173.21-172.66 (C-1 C-
1), 147.33, 146.86 (C-11), 130.42-130.30 (C-10), 68.94-68.89 (C-19), 62.05 (C-20),
40.12-39.94 (C-8), 34.11-33.89 (C-2), 32.47-32.35 (C-12), 31.95-31.76 (C-16), 29.72-
28.79 (C-Al), 28.13-27.92 (C-13), 24.86-24.67 (C-3), 24.29-24.15 (C-7), 22.72-22.64
(C-17), 14.15-14.10 (C-18).

Synthesis of epoxidized high oleic sunflower oil. A 250 mL round-bottomed flask
fitted with a reflux condenser was charged with high oleic sunflower oil (50 Q),
tetrakis(diperoxotungsto)phosphate (0.84 g, 0.38 mmol), 1,2-dichloroethane (50 mL)
and HO,; 16% (50 mL). The mixture was heated to 70 °C and stirred vigorously until
TLC (hexane/ethyl acetate, 9:1) showed completion of the reaction (5 h). The reaction
mixture was diluted with water (100 mL) and the resulting two phases were separated.
The organic layer was washed with 50 mL of water and dryed over MJgH@
product was concentrated under reduced pressure and purified by crystallization at -25
°C from acetone. An epoxidized high oleic sunflower oil containing 2.7 epoxi groups

per molecule (determined Bt NMR) was obtained with 92% yield.

FTIR: 1733 cni (ester C=0, st), 1171 ¢h{C-O, st), 844 ci (ring, st).

'H NMR (CDCk, TMS, 3 ppm): 5.26-5.22 (1H, m, -CH(O)-), 4.27 (2H, degs 12 Hz,
b= 4 Hz, -CH-0), 4.12 (2H, dd, 1+ 11.6 Hz, & 5.6 Hz, -CH-0), 2.91-2.86 (5.3 H,
m, -CH(O)- epoxide), 2.29 (6H, t, J= 7.2 Hz, -£60), 1.65-1.15 (78H, m, aliphatic
chain), 0.86 (9H, t, J= 6.8 Hz, -GH

13C NMR (CDC}, TMS, 8 ppm): 173.22, (COOR), 172.82 (C'OOR), 68.93 (-CH(O)-),
62.13 (-CH-0), 57.23-57.17 (-CH(O)-, epoxide), 34.18-34.02H>€C0), 31.98-29.01
(C-Al), 27.89-27.86 (-E1,-CH(O)-), 26.68-26.65 (C-Al), 24.86-24.83 (#z-CH,-CO),
22.73Q), 14.17 (-CH).

24 Journal of Polymer Science: Part A: Polymer Chemistry
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Kinetic M easur ements

Kinetic experiments were carried out 1ty NMR using rubber septa sealed NMR tubes.
The precise amounts of a 1M solution of epoxidized methyl oleate or the methyl-oxo-
octadecenoate mixture and 0.5M solutiorpdbluidine in dry deuterated toluene were
introduced using general vacuum-line techniques. The reaction was monitored at 80 °C.
In the case of the epoxidized methyl oleate an experiment using 4% maol-dBkas

catalyst was also carried out.

Curing reactions

The curing reactions were carried out as follows. The enone-containing triglyceride and
the DDM were melted and then mixed. The resulting liquid was put into a previously
heated (60 °C) mold. The mixture was heated at 90 °C for 12h and post-cured at 120 °C
for 6h. In the case of the epoxidized high oleic sunflower oil, the procedure was similar.
The epoxy-containing triglyceride and DDM were melted, mixed and placed into a
mold at 120 °C for 6h. The material was post-cured at 140 °C for 2h. In the catalyzed
curing reaction, BEFMEA (4% mol) was added to the mixture just before putting it into

the mold.

I nstrumentation

'H NMR 400 MHz and®™C NMR 100.6 MHz NMR spectra were obtained using a
Varian Gemini 400 spectrometer with Fourier transform, G@€Isolvent and TMS as
internal standard. The crosslinking process at 90°C was monitored with a FTIR-
680PLUS spectrophotometer with a resolution of 4*¢émthe transmittance mode. An
attenuated-total-reflection accessory with thermal control and a diamond crystal was
used to determine FTIR/ATR spectra.

Calorimetric studies were carried out on a Mettler DSC821e thermal analyzer
using N as a purge gas (20 ml/min) at scan rates between 5 and 20°C/min and dynamic
mechanical thermal analysis (DMTA) apparatus (TA DMA 2928). The thermal
transitions were studied in the -80-120°C range at a heating rate of 10°C/min and at a
fixed frequency of 1 Hz.

Thermal  stability studies were carried out on a Mettler
TGA/SDTA851e/LF/1100 with Blas a purge gas, in the 30-800°C at scan rates of
10°Qmin.

25 Journal of Polymer Science: Part A: Polymer Chemistry
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RESULTSAND DISCUSSION

As mentioned in the introduction the synthesis of the new enone containing-triglyceride
derivative was carried out by an environmentally friendly chemical procedure from high
oleic sunflower oil. For this purpose we used the singlet oxygen “ene” reaction which is
one of the highly investigated processes in organic chemistry to functionalize the allylic
C-H bonds of unsaturated compounds. This reaction was discovered in 1948 by
Schenck® who demonstrated that allylic hydroperoxides are handily prepared by
reaction of alkenes with photochemically generated singlet oxygen. The mechanism of
this reaction has been widely studied and it is actually well estabfi$tred.synthetic

applications, the unsaturated substrate can be photoxygenated “in situ” with singlet
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\\/“\/‘\J/\V/:D\/f\//\v/\v)kO/ [ T
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Scheme 1. Synthesis of 1a) enone-containing fatty acid derivative and 1b) enone-containing
triglyceride derivative.
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oxygen generated by means of a high pressure sodium-vapor lamp and TPP as
sensitizer in an oxygen saturated medium, to give a mixture of isomeric allylic
hydroperoxides (scheme 1a). This reaction has been used to oxidize the allylic position
of fatty acids and their derivativ¥&® such the methyl oleate. The mild conditions
utilized and the use of oxygen, as the only reagent, makes this process particularly
favorable from both an economical and ecological viewpoint.
The allylic hydroperoxides can undergo a number of different transforméfions.

One of the most interesting reactions is the conversion of these hydroperoxides into a
regioisomeric mixture of enones (scheme?3jthat can be carried out in the presence
of acetic anhydride and pyridine or tertiary amines. This reaction has been scarcely used
with fatty acids and their derivatives. The application of this reaction to unsaturated
triglycerides, not explored up to date, affords to a multifunctional reactive compound
useful to obtain thermosetting materials from renewable resources. Thus, the
photooxidation and further dehydration of samples of high oleic sunflower oil (scheme
1b) led to the quantitative double bond transformation, accordingHtaNMR

measurements.
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Figure 1. 'H, °C, and HSQC NMR spectra of the enone-containing triglyceride.
The obtained product was purified by crystallization in hexane at 5° C to remove

some triglyceride fractions rich in saturated fatty acids. In this way, a product
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containing 2.6 enone groups per triglyceride was obtained with a yield of 76%. Fig 1
depicts théH, *C and HSQC NMR spectra with all the assignments.

To compare the reactivity of aromatic amines with either enone or epoxy
functions in triglycerides, 3 NMR kinetic experiment using the enone or the epoxy
methyl oleate derivatives, as monofunctional model compounds, was carried out. In this
way, the same amounts of 1M solution of epoxidized methyl oleate or the methyl-oxo-
octadecenoate mixture, were mixed with a 0.5M solutiop-toluidine in sealed NMR
tubes (molar ratio 2:1). The reaction was monitored at 80 °C through the disappearance
of the characteristic multiplet epoxy signal at 2.68 ppm or the double bond doublet
signal at 5.96 ppm corresponding to the methine directly attached to the carbonylic
group. We used as internal reference the signal at 3.40 ppm corresponding to the methyl
in the ester group. Fig. 2 shows the conversion of the enone and epoxy groups versus
time. As can be seen, the enone groups react much fastep-toitindine than epoxy
groups do. Moreover, the analysis of the aromatic region (doublet at 6.39 ppm) allowed

concentration %
S
| |

O T T T T
0 500 1000 1500 2000 2500

t/ min

Figure 2. kinetic'H NMR experiment. Conversion versus time of a) EM(); b) EMO with
4% mol BR-MEA (o) and c) mixture of methyl-9-oxo-10-octadecenoate and methyl-10-oxo-8-

octadecenoataa] when reacted with p-toluidine; d) secondary amine in reactiok §) (

to follow the formation of the secondary amine which is depicted also in Fig. 2 for the

case of enone derivative. The reaction between amine and enone groups occurs very
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fastly reaching a@lateau after 4h. Taking into account the molar ratio used and the
observed conversion we can conclude that only the secondary amine is formed and
other by-products are negligible. This could be confirmed in an experiment in which the
methyl-oxo-octadecenoate mixture, was mixed with a 1M solutiop-tofuidine in

sealed NMR tube (molar ratio 1:1). The reaction was monitored at 80 %8 RWR

untl the enone groups completely reacted. As can be seen in Fig. 3 only signals

corresponding to the secondary amine derivative could be observed.
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Figure 3. '"H NMR spectrum of the product from the reaction between methyl-oxo-decenoate

and p-toluidine in a 1:1 molar ratio.

Because of the scarce reactivity observed in the case of epoxy derivative the
reaction was investigated using BAEA as catalyst. In this case, as can be seen in Fig.
2, the reaction was accelerated but did not reach the high reactivity observed in the
enone derivative.

The curing reaction of enone-containing triglyceride with DDM was monitorized
by FTIR-ATR spectroscopy. Both compounds were mixed in a amine/enone 1:1 molar
ratio and heated at 90°C during 5h. This technique allowed us to follow the evolution of
the groups involved in the process by means of the variations in the corresponding
absorptions. Fig. 4 shows FTIR spectra of the pure triglyceride derivative (a), the
mixture with DDM at t=0 min (b) and the mixture after 60 min (c). In the spectrum b)
typical primary amine bands at 3372 trand 3460 cm, conjugated ketone carbonyl
group at 1696 ci (s<cis) and 1673 ci (strans) and double bonds stretching at 1629
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cm* corresponding to both aromatic amine and enone, can be observed. In the spectrum
c) only a band at 3385 chrorresponding to secondary amine appears. Moreover, there

is a shift of ketone carbonyl band to higher wavenumbers because of the disappearance
of the conjugated double bond. This saturated ketone band overlaps to carbonyl ester
group at 1741 cih Therefore, we confirmed the reaction of the primary amine with the

enone groups in the triglyceride.
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Figure 4. FTIR-ATR spectrum of the enone-containing triglyceride (a) and the initial (b) and

final (c) FTIR spectra of the crosslinking reaction.

A similar curing reaction of epoxidized high oleic sunflower oil with DDM was
monitorized by FTIR-ATR spectroscopy. Both compounds were mixed in a
amine/epoxy group 1:1 molar ratio and heated at 90°C. After 5h no reaction was
observed remaining in the spectrum the corresponding absorptions due to the primary
amine. Moreover no hydroxyl absorption was observed. After this reaction the resulting
compound was soluble indicating the no formation of the network. Thus, MEEA
(4% molar) was added as catalyst to the mixture at 90°C. In this case, the ring opening

polymerization with DDM took place (primary amine absorptions diminish) but
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homopolymerization of epoxidized triglyceride was favoured. This fact was confirmed
by comparison of the spectra of this curing mixture and that of epoxidized triglyceride
only with the Lewis acid catalyst. Both of them show a broad band at 1080 cm

corresponding to ether bond in the resulting polyether.

Finally, the thermal properties of these polymeric networks were evaluated by
DSC and DMTA. Dynamic DSC experiments allowed us to select the appropriate
curing cycles. Thus, the curing was performed at the onset temperature of the curing
exotherm in the plot and the post-curing at the maximum of this exotherm. In this way,
the enone-containing triglyceride was cured for 12h at 90°C and post-cured for 5h at
120°C and the epoxidized triglyceride BAEA was cured for 6h at 120°C and post-
cured for 2h at 140°C. DSC traces after these curing cycles show Tg’s at —10°C and —
7°C respectively and no residual curing enthalpy was observed.

The dynamic mechanical behavior of the crosslinked materials was obtained as a
function of the temperature beginning in the glassy state of each composition to the
rubbery plateau of each material (Fig. 5). The crosslinking density of a polymer can be
estimated from the plateau of the elastic modulus in the rubbery%tavevever, this
theory is strictly valid only for lightly crosslinked materials, and is therefore used only
to make qualitative comparisons of the level of crosslinking among the various
polymers. Figure 5 depicts the storage modulus and thRedhhoth samples. As can be
observed, Tg values are 16°C for the enone derivative and 19°C for de epoxy derivative
from the tand curves according to the elastomeric nature of thesterials. Moreover,
from storage modulus in the rubbery state and from the height of tlepeak, it can
be inferred that crosslinking density is higher in the case of the enone derivative.
Moreover, the tad peak width at half-height is broader, in the case of enone derivative,
what is associated with the increasing number of branching modes and a wider
distribution of structures. This could be due to a more complex crosslinking mechanism,
than the single aza-Michael reaction. Further studies are now in progress and will be
presented in a forthcoming paper.

The thermal stability was evaluated by TGA under nitrogen atmosphere. In both
cases the thermogravimetric plots show that the materials have good thermal stability
with 5% of weight loss about 330°C for the material cured via Aza-Michael and 370°C

for the material cured by catalyzed oxirane ring opening. The shapes of the first
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derivative TGA plots show that the degradations take place in broad temperature ranges

in both cases.

CONCLUSIONS

The “ene” reaction has been successfully applied to olutfirunsaturated ketone-
containing triglycerides using a two steps one pot environmentally friendly procedure.
This new enone-containing triglyceride derivative has shown high reactivity towards
amines providing a promising route to obtain polymeric networks under mild conditions

and without the aid of a catalyst.

The authors express their thanks to CICYT (Comision Interministerial de Ciencia y
Tecnologia) (MAT2005-01593) for financial support for this work.
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Quinoline-Containing Networ ks from Enone and Aldehyde

Triglyceride Derivatives

Lucas Montero de Espinosa, Juan C. Ronda, Marina Galia, Virginia Cadiz
Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus

Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spain.

ABSTRACT. The crosslinking reaction of a triglyceride derivative contairang-
unsaturated ketones with diaminodiphenylmethane via aza-Michael addition has been
extensively studied. First, a model study with monofunctional compounds showed that
the conjugated addition product undergoes a series of transformations leading to
formation of a substituted quinoline. The proposed reaction pathway is presented as a
variation of the Skraup-Doebner-Von Miller quinoline synthesis. The presence of
quinolines as crosslinking points in the cured materials has been proved by means of
different characterization techniques and the properties derived from this aromatization
process have been described. This new crosslinking approach has been successfully
applied to an aldehyde-containing triglyceride to obtain high performance thermosets.

Keywords: triglyceride, crosslinking, renewable resources, aza-Michael, aromatization.

INTRODUCTION

The utilization of fossil fuels for the manufacture of plastics accounts for about 7% of
the worldwide use of oil and gas, which will arguably be depleted within the next 100
years' In these next decades of increasing oil prices, global warming, and other
environmental concerns, a change from fossil feedstocks to renewable resources is
important for sustainable development into the fufufemong the renewable raw
materials, natural oils are the most widely used renewable resource for the chemical and
polymer industried.The main component of the triglyceride vegetable oils are saturated
and unsaturated fatty acids. Although they have double bonds which can be used as
reactive sites in coatings, for obtaining high performance polymeric materials the
introduction of more reactive functional groups, such as hydroxyl, epoxy or carboxyl

groups, is much more suitafté. Various chemical pathways for functionalizing
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triglycerides and fatty acids have been stufidepoxidation is one of the most
important functionalization reactions of the C-C double bonds, that can be achieved by
environmentally friendly procedures such as catalyzed chemical oxidation with
hydrogen peroxide® or by enzymatic oxidatioh.The opening of the epoxide ring is a
versatile reaction that leads to numerous prodttt$'Thus, epoxidized vegetable oils
are extremely promising as inexpensive renewable materials for industrial applitations
because they share many of the characteristics of conventional epoxy thermosets. In this
way, naturally occurring epoxy oil, as vernonia seed oil or epoxidized vegetable oils
from soybean, linseed or castor oils have been cured catiofiaallwith conventional
hardeners as diamines or dianhydrid&&®

Recently, in a previous communication we reported the synthesis of a new
highly reactive triglyceride derivative witkx,B-unsaturated carbonyl groupsThis
enone-containing triglyceride obtained by an environmentally friendly chemical
procedure from high oleic sunflower oil resulted an interesting alternative to epoxidized
vegetable oils to produce thermosets by crosslinking with conventional aromatic
diamines. The Michael addition reaction came out as a valuable tool in the synthesis of
polymeric network$® The aza-Michael reaction, a variation in which an amine acts as
the nucleophile, had been used in the synthesis of improved bismaleimide nétworks,
but this reaction had not been applied to the synthesis of crosslinked polymers derived
from vegetable oils. In the aza-Michael reaction with the enone-containing triglyceride
derivative we observed the existence of secondary reactions during the crosslinking
process at high temperatures, reactions that can take place not only in this case, but also
in any other curing process in which an aza-Michael addition is involved. Thus, this
work is focused on the study of the nature of these secondary reactions and their extent,
as they can have a great influence in the properties of the obtained thermosets. The
reactions were followed by NMR, UV and fluorescence spectroscopy, showing that at
high temperatures aromatic moieties are formed in the network. This finding is relevant
to enhance the material properties. Usually, materials from oils are incapable of
displaying the necessary rigidity and strength required for structural applications, and so
modification or copolymerization with aromatic components are required to overcome
this drawback? Finally, the evaluation of thermal properties of the final material could

berelated to the presence of the aromatic structures.
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EXPERIMENTAL

Materials.

High oleic sunflower oil (minimum 80% oleic acid) was kindly supplied by Bétges
BFs-MEA (Aldrich), Decanal (Aldrich), HCI®(60%, Probus), NalQ(Fluka),NaHCG;
(Scharlab) and MgS{(Scharlab) were used as receivedloluidine (Aldrich) was
recrystallized from heptane. Hexane, ethyl acetate, tetrahydrofurane, dichloromethane
and 1,4-dioxane were purchased to Scharlab and used directly. Silica for column
chromatography was purchased to SDS (60 A. C. C. 4@réB8and Silica gel TLC
aluminium sheets to Merck (60.55). The mixture of methyl-9-oxo-10-octadecenoate
and methyl-10-oxo-8-octadecenoatd), ¥ gliceryl tris(9-oxo-10-octadecenoate) and
gliceryl tris(10-oxo-8-octadecenoate) mixtutd'f and epoxidized high oleic sunflower

oil (15)*° were synthesized as previously reported. TLC plates were developed with an
UV lamp (254 nm) or by spraying with sulphuric acid/anisaldehyde ethanol solution
and heating at 200 °C.

Reaction between p-toluidine and methyl-9-oxo-10-octadecenoate/methyl-10-oxo-8-
octadecenoate mixture. The a,-unsaturated ketoné300.0 mg, 0.96 mmol), p-
toluidine (103.5 mg, 0.96 mmol) and BMEA (3.3 mg, 0.03 mmol) were mixed in a

10 mL round bottomed flask under argon. The stirred reaction mixture was heated at 90
°C for 30 minutes, at 110 °C for 2h and finally at 140 °C for 2h more. 100 mg samples
were taken at the end of each reaction step and analysedNiyiR spectroscopy.

Quinoline (11) synthesis from decanal and p-toluidine. Decanal (200 mg, 1.28
mmol), p-toluidine (137 mg, 1.28 mmol) and BMEA (4.3 mg, 0.038 mmol) were
mixed in a 10 mL round bottomed flask under argon. The stirred reaction mixture was
heated at 50 °C for 4h and then the temperature was raised to 140 °C and maintained for
12h. The final mixture was analysed fy-NMR spectroscopy. Quinolindl was
isolated by column chromatography using hexane/ethyl acetate 150/1 with 38 % yield.
FTIR (cmi®): 3060 (C-H, Ar), 3016 (C-H, Ar), 2921 (C-H), 2850 (C-H), 1602 (C=C),
1562 C=C), 1493 (C=C), 1460 (CG+and CH), 823 (C-H, Ar).

'H NMR (CDCk, TMS, 5 in ppm) (assignations of quinoline ring according to IUPAC
nomenclature): 7.90 (d,= 8.50 Hz, 1H, @H), 7.74 (s, 1H, GH), 7.46 (s, 1H, &H),
7.43(dd,J = 8.58, 1.92 Hz, 1H, &£H), 2.96-2.92 (m, 2H, Ar-C}), 2.77-2.73 (m, 2H,
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Ar-CHy), 2.49 (s, 3H, Ar-Ch), 1.81-1.74 (m, 2H, Ar-CKHCHy), 1.71-1.63 (m, 2H, Ar-
CH,-CHy), 1.50-1.22 (m, 24H), 0.93-0.84 (m, 6H, gH

3¢ NMR (CDCE, TMS, 3 in ppm) (assignations of quinoline ring according to IUPAC
nomenclature): 161.50 (2), 145.25 (quaternary), 135.31 (quaternary), 134.44}C
134.22(quaternary), 130.70 ({7), 128.31 (&8), 127.41 (quaternary), 125.936),
36.12(Ar-CHy), 32.60 (Ar-CH), 32.10 CH2-CH,-CHj3), 32.07 CH,-CH,-CHjs), 30.77
(CHy), 30.17 (CH), 30.07 (CH), 29.80 (CH), 29.78 (CH), 29.68 (CH), 29.54 (CH),

29.47 CH,), 22.88 CH2-CHs), 21.69 (Ar-CH), 14.32 (CH).

Synthesis of vic-diol-containing triglyceride (16). Epoxidized high oleic sunflower oll

(59, 5.3 mmol) was dissolved in 400 mL of THF in a 1L round bottomed flask which
was placed in a water bath at 20 °C. A mixture of water (80 mL) and 60 %,HZH#O

mL) was added dropwise under vigorous stirring. The reaction was kept for 12 h and
then reaction mixture was extracted with dichloromethane and washed with water. The
organic layer was dried over Mgg@nd the solvent was removed at reduced pressure.
16 was obtained with 96 % yield after crystallization from hexane. The product has an
average of 2.5 diol groups per triglyceride tByNMR spectroscopy).

FTIR (cm™): 3540 (O-H), 1742 (C=0), 1142 (C-0).

'H NMR (CDCk, TMS, 8 in ppm): 5.28-5.20 (m, CH-OCO), 4.28 (dts 12.0, 4.0 Hz,
CH,-OCO), 4.12 (ddJ = 12.0, 6.0 Hz, CHOCO), 3.38-3.32 (m, B-OH), 2.45-2.80
(broad, OH), 2.29 (t) = 7.4 Hz, CH-CO), 1.65-1.52 (m, B,-CH,-CO), 1.52-1.20 (m,
CH,-CHOH and CH), 0.85 (t, J= 6.8 Hz, C}j.

3C NMR (CDCE, TMS, 3in ppm): 173.55 (COOR), 173.12 (COOR), 74.70 (CH-OH),
74.63 (CH-OH), 69.07GH-OCO), 62.31 CH,-OCO), 34.40 CH,-CO), 34.23 (El,-

CO), 33.80 (®1,-CHOH), 32.07 CH,-CH»-CHg), 29.91-29.14 (Ch), 25.91 CH,-CH,-
CHOH), 25.01 CH,-CH,-CO), 22.87 (€1,-CHj3), 14.31 (CH).

Synthesis of aldehyde-containing triglyceride (17). 16 (5.2 g, 5.3 mmol) and NalO
(3.11 g, 14.5 mmol) were placed in a 100 mL round bottomed flask and 50 mL of a 9/1
mixture of 1,4-dioxane/water were added. The reaction mixture was stirred vigorously
at room temperature for 1 h and then it was diluted with 20 mL of dichloromethane and
washed twice with NaHC{and water. The pale brown oily product was connected to a
high vacuum pump equipped with a liquid nitrogen trap to remove nonanal. The product
was obtained quantitatively with an average of 2.5 aldehyde groups per triglyceride (by
'H NMR spectroscopy).
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FTIR (cm™): 2719 (C-H, aldehyde), 1735 (C=0, ester), 1721 (C=0, aldehyde), 1162
(C-0), 1096 (C-0).

'H NMR (CDCk, TMS, & in ppm): 9.71 (tJ = 1.77 Hz, CHO), 5.24-5.18 (m, CH-
0OCO), 4.25 (ddJ = 11.90, 4.28 Hz, CHOCO), 4.09 (ddJ = 11.91, 5.96 Hz, CH

OCO), 2.38 (tJ = 7.36 Hz, CH-CHO), 2.27 (dtJ = 7.61 Hz, CH-COOR), 1.64-1.50

(m, CH,-CH,COOR and Ei,-CH,CHO), 1.34-1.16 (m, C§), 0.83 (t,J = 6.83 Hz,

CHy).

13C NMR (CDCE, TMS, 8 in ppm): 202.96 (CHO), 173.25 (COOR), 172.85 (COOR),
68.99 CH-OCO), 62.19 CH,-OCO), 43.92 CH,-CHO), 34.18 CH,-COOR), 34.02
(CH,-COOR), 32.01 @Hx-CH,-CHg), 29.79-28.89 (Ch), 24.80 CH,-CH,-COOR),

22.79 CH2-CHg), 22.05 CH,-CH,-CHO), 14.24 (CH).

Curing reactions and extraction of soluble parts. For the 1/DDM curing system
(samples | and 11)1 and DDM were dissolved in dichloromethane and placed inside a
petri dish. The mixture was heated at 50 °C for 30 min to remove the solvent and then
sample | was heated 4h at 90 °C and sample Il, 4h at 90 °C and 12h at 120 °C. For the
1/DDM/BF3-MEA curing system (samples 1lI-V),, DDM and BR-MEA (3% mol
related to ketone groups) were dissolved in dichloromethane and the solution was put
inside a petri dish and heated at 50 °C for 30 min to remove the solvent. For each
sample, the corresponding curing program was then applied. Sample 1ll (90 °C / 4h),
sample IV (90 °C / 4h and 120 °C / 12h) and sample V (90 °C / 4h and 140 °C / 12h).
For thel7/DDM/BF3-MEA curing system (samples VI-VIIIL7 and DDM (see Table 1

for proportions in each sample) were dissolved in THF separateiyMBA (3% mol

related to aldehyde groups) was added to the DDM solution and then both solutions
were mixed. The mixture was quickly placed into a petri dish and maintained at 40 °C
for 2h to eliminate all the solvent. The same curing program was applied for the three
samples: 4h at 90 °C and 12h at 140 °C.All samples were subjected to soxhlet extraction
with previously distilled dichloromethane to determine their soluble fractions. 0.5g of

each sample (previously grinded) were extracted with 125 mL of dichlorometane.

Characterization. *H NMR 400 MHz and®*C NMR 100.6 MHz NMR spectra were
obtained using a Varian Gemini 400 spectrometer with Fourier transform. ;GizSI

used as solvent and TMS as internal reference. The IR analyses were performed on a
FTIR-680PLUS spectrophotometer with a resolution of 2'dm the transmittance

mode. An attenuated-total-reflection accessory with thermal control and a diamond
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crystal was used to determine FTIR/ATR spectra. Dynamic mechanical thermal analysis
(DMTA) was performed using a TA DMA 2928 in the controlled force-Tension Film
mode with a preload force of 0.1 N, an amplitude of &0gnd at a fixed frequency of 1

Hz, in the —100 to 200 °C range and at a heating rate of 3 °C/min. Rectangular samples
with dimensions 10 x 5 x 0.2 nimvere used. Thermal stability studies were carried out
on a Mettler TGA/SDTA851e/LF/1100 with Nas purge gas. The studies were
peformed in the 30-800 °C temperature range at a scan rate of 10°C/min. The UV-vis
data were acquired and monitored by a Hewlett-Packard 8452A spectrophotometer
using the HP89531A software. The spectra were recorded from 190 to 800 nm in 4 nm
steps. The spectrofluorimetric data were acquired on an Aminco—Bowman Series 2
Luminescence spectrometer (SLM Aminco, Rochester, NY, USA) equipped with a
150Wcontinuous xenon lamp and a PMT detector. For UV-vis and fluorescence
measurements, 2Am thick films supported on a quartz plate were used. For the
preparation of the films, the dichloromethane or THF solutions employed for the curing

reactions were cast over the quartz plate.

RESULTSAND DISCUSSION

As mentioned in the introduction we synthesized a new enone containing-triglyceride
derivative (1) by an environmentally friendly chemical procedure from high oleic
sunflower oil using the singlet oxygen “ene” reaction. A mixture of allylic
hydroperoxides was obtained and further transformed in a regioisomeric mixture of
enones in the presence of acetic anhydride and pyridine or tertiary afiiegproved

the high efficiency of the aza-Michael crosslinking reaction betwéerand
diaminodiphenylmethane?) (Scheme 1) in 8H-NMR kinetic experiment using model
compounds. However, while conversion of tag3-unsaturated ketone was uniform
throughout the experiment until total consumption, it could be observed that formation
of the aza-Michael adduct reached a point from which no further growing was observed.
This fact, together with a slight decrease of the aza-Michael product concentration at
long reaction times, made us think about the possibility of a secondary reaction taking
place in which the aza-Michael product was involved. Moreover, the
dynamomechanical analysis of the crosslinked material gave a very broad tan delta

peak, indicating low structural homogeneity and therefore supporting the theory of the
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existence of minor secondary reactions during the crosslinking procés could also
observed that at higher temperatures the extent of these secondary reactions increases,
leading to an unexpectedly harder material.

(o] (o] O O
//“\V/A\v/A\v/x§b/M\V/A\V/A\V/A\V/M\ /ﬂ\\/’\\/”\\//\\/JL\//\\//\\//\\//\\
O/\W//\O =
= O
\\//\\/”\»/”\V/A\W/\\//\\//\\/”\W/ L
O O
+

CROSSLINKED MATERIAL

Scheme 1. aza-Michael crosslinking reaction between 1 and DRM (

Our first aim is to understand and establish the reactions taking place in the
crosslinking reaction after the aza-Michael adduct is formed. As the reactloanof2
leads to an insoluble crosslinked material (Scheme 1), the accurate analysis of the
chemical reactions involved in the process can not be performed. For this r@ason,
toluidine @) and a methyl oleate derived enodgWere used as model compounds and
a’H-NMR analysis was carried out.
As commented, high temperatures and long reaction times are important factors in the
development of side reactions, for this reason, we tested the effect of adding a Lewis
acid catalyst (BEMEA) to the reaction betweeh and4 in an attempt to reduce the
reaction time. The conversion of the reactants was accelerated drtiNIMR signals
corresponding to the secondary products were even increased. The chromatographic
isolation of the side products revealed the presence, among other complex structures, of
a methyl ketone. This finding can only be explained by a Lewis acid catalyzed retro-
Mannich type fragmentation of the aza-Michael addtidhat would lead to the
formation of a methyl keton@&)and an aldimined) (Scheme 2).

During the crosslinking reaction df and 2, the fragmentation of the aza-
Michael adduct would mean the breakage of the forming network and a deterioration of
the mechanical properties. However, while the non-catalyzed crosslinking reaction at 90

°C (sample I, Table 1) gave a material with a Tg of —8 °C (maximum of the tan delta

41 Submitted to Journal of Polymer Science Part A: Polymer Chemistry



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

(0]
| MRZ + 6
R, 7

7
7 8

HsC CHg 3
retro-Mannich \©\ /@/
fragmentation N N f
‘ +
6

Scheme 2. Lewis acid catalyzed retro-Mannich type fragmentation of the aza-Michael adduct

and formation of a methyl keton&)(and an aldimineg).

peak) and a soluble fraction of 25.6 %, the material obtained at 120 °C (sample Il, Table
1) gave a Tg of 16 °C, a soluble fraction of 20.3 % and a higher crosslinking density (by
DMTA). From this data, it can be inferred that not only the retro-Mannich
fragmentation is taking place, but also further reactions leading to crosslinked networks.
As these chemical processes could be generalized to any other curing processes in
which an aza-Michael addition is involved, it is important to determine their nature and
the effect of the reaction conditions.

For this purpose3 and 4 were reacted again in presence of 3% (mol) of
BFs;-MEA. In this model reaction no solvent was added to better reproduce the

crosslinking reaction

HaC.
a § \©\NHO €
R
wa ROSTCYy i
4 5
A
| a b
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e
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__n_l__”\_hv"\/dll&.)‘ﬂm |
e
G L gn;
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Figure 1. '"H-NMR spectra of reactioB+4 in presence of 3% mol of BIMEA after heating.
A) At 90 °C for 30 minutes. B) After raising the temperature to 110 °C for 2h. C) When the

reaction mixture was heated 2h at 140 °C.
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conditions. To determine the effect of the temperature on the formed products, the
mixture was first heated at 90 °C for 30 minutes, then at 110 °C for 2h and finally at 140
°C for 2h more. The progress of the reaction was followetHBMMR spectroscopy

(Fig 1).

After heating the mixture at 90 °C for 30 minutes, the signalsdd of the aza-
Michael product (5) can be observed together with a decreasing in the intensity of the
conjugated ketoned] double bond signals@ndb) (Fig 1A). However, a singleg) at
2.07 ppm appears which belongs to a methyl ketone, presumably formed in the expected
retro-Mannich type fragmentation (Scheme 2). This fragmentation, which proceeds
through a BEMEA catalyzed condensation of a moleculepgbluidine and the aza-
Michael adduct, produces two new species, an aldinipar(d a ketimine7). While
the ketimine can be hydrolized under the reaction conditions to the observed methyl
ketone 8) andp-toluidine, the aldiminé is more reactive and prone to undergo self-
aldol condensatidn (Scheme 3).

H3C.
H3C\©\ N HN R R,
\
\ self-aldol Ry H  cyclization NH

condensation 2

‘ —_—
reth A S,
CH; CH,
10 CH, 1
6 9

Scheme 3. Proposed self-aldol condensation of the aldinnand further cyclization and

aromatisation to give quinoline 11.

When the temperature was raised to 110 °C and kept for 2h, the starting enone
and the intermediate aza-Michael adduct signals disappeared almost completely (Fig.
1B). The singlet of the methyl ketone) femained unaltered ruling out the self-aldol
condensation in the reaction conditions and new signals appeared in the aromatic region
which could be attributed to further reactions involving the aldimine 6.

Finally, the reaction mixture was heated 2h at 140 °C. The methyl ketone still remained
unaltered, but in this case, the new aromatic signals were clearly observed (Fig. 1C). As
mentioned above, the aldimirecan undergo a BAMIEA self-aldol condensation to

yield 9, which, in the reaction conditions, can undergo a cyclization reaction to give the

dihydroquinoline 10. The subsequent elimination of a molecule of p-toluidine,
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followed by aromatization through hydrogen transfer to Schiff bases present in the
mixture, can give the quinoline 11 (Scheme 3).

Thus summarizing, the reaction pathway proposed involves several reactions:
aza-Michael addition, retro-Mannich type fragmentation, self-condensation of the
aldimine fragment and its cyclization followed by deamination and aromatization. The
fact that the methyl ketone remains unaltered throughout all the reaction steps suggests
that the retro-Mannich fragmentation is irreversible and that the methyl ketone is not
involved in further steps of the reaction.

Studies on the Skraup-Doebner-Von Miller reaction by Denmark®@gbwed
them to establish a complex mechanism for the condensation of aniline derivatives with
3-disubstitutedx,3-unsaturated ketones to form quinolines. It consists of a conjugated
addition followed by a fragmentation to the corresponding imine and ketone and a
recombination of both fragments to form an anil that leads to the final quinoline
product. The initial conjugated addition and subsequent fragmentation are in accordance
to our results. However, the presence of the keBoaiethe end of the reaction rules out
condensation with the aldimir Instead of this, the aldiming undergoes aldol-self
condensation leading to the final quinoline product as described above. The difference
may relay on the Michael acceptor used. In our studyafeinsaturated ketone is 3-
monosubstituted and thus, fragmentation of the aza-Michael adduct yields an aldimine
and a ketimine instead of two ketimines. The higher reactivity of the aldimine compared
to the ketimine justifies the self-aldol condensation of the former instead of the cross
condensation.

The synthesis of quinolines through reaction of “in situ” generated alkylimines
was described by Tanaka et’alTherefore, to further confirm the propensity of the
intermediate aldimine to give self-aldol condensation and to produce the final quinoline,
decanal 12) was taken as a model compourd@. was reacted wittp-toluidine in
presence of BFMEA (3% mol) at 50 °C to allow formation of the aldimit®and then
at 140 °C to favour the cyclization and aromatization reactions (Scheme 4)HThe
NMR spectrum of the final reaction mixture (Fig. 2A) revealed the formation of the
expected quinolind4 (Fig. 2B), which was obtained with 38 % vyield after column

chromatography.
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Scheme 4. Reaction of decanal witp-toluidine in presence of BRMEA (3% mol) to give

adimine 13 and further cyclization and aromatization to quinoline 14.
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Figure 2. '"H-NMR spectra of: A) Final reaction mixture &2 + 3 in presence of BFMEA. B)

pure quinoline 14.

These results confirm the proposed mechanism and can help to explain the
crosslinking-temperature dependent properties found in the materials obtained when
triglyceride derivativel reacts with DDM. Moreover, since most plant-oil derived
materials can be considered as elastomers due to their high content in long alkyl chains,
the formation of quinolines as crosslinking points would lead to a marked improvement
in their thermal and mechanical properties. Thus, the study of the properties derived
from this aromatization process is of great interest.

We started by studying the effect of the crosslinking temperature on the
properties of the materials obtained by reactioh afd DDM in presence of 3% mol of
BFs-MEA. For this purpose, equal amounts of the three-component mixture were put on
three different petri dishes. The first dish (sample Ill) was heated at 90 °C for 4h, the
second dish (sample V) was heated 4h at 90 °C and 12h at 120 °C and the third dish
(sample V) was heated 4h at 90 °C and 12h at 140 °C.

The expected chemical changes in this curing system include the Aza-Michael

reaction of an aromatic amine with an enone system and the appearance of a new

45 Submitted to Journal of Polymer Science Part A: Polymer Chemistry



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

aromatic structure. Thus, UV-vis and fluorescence spectroscopies can be useful
techniques to monitor the crosslinking process. For this purpose, the measurements
were performed with a 20m thick films supported on a quartz plate. Figure 3A) shows

the normalized UV-vis spectra as a function of cure temperaturd/2@F;-MEA

system. Although the spectral regions of several species overlap, there is a clear change
in the spectra of cure temperatures over 90 °C with the appearance of a new absorption
peak at longer wavelengths (ca. 370 nm). As previously mentioned, the aromatization
process proceeds at high temperatures. Since the quinoline structure has a higher
conjugation degree than the initial species and possess a donor heteroatom, the observed
red shift confirms their presence, which is maximized at 140 °C.
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Figure 3. Normalized UV-vis spectra as a function of cure temperature ofl/2A3F;-MEA
system (a: initial mixture; b: 90°C; c: 110°C; d: 120°C ; e: 140°C) and B)BE{-MEA system
(a: initial mixture; b: 90°C; c¢: 110°C; d: 140°C).

The crosslinking reaction could also be monitored following the changes in the
fluorescence spectra. Figures 4A) and 4B) depict the fluorescence emission spectra of
the 1/2/BF;-MEA system as a function of the cure temperature with excitation
wavelengths at 255 and 325 nm. The excitation wavelengths were chosen as the ones
giving the maxima of emission in a 2D excitation-emission spectrum of the initial
mixture. By using a constant excitation wavelength throughout the curing process, the
changes in the emission spectra can be related to the species involved in the process. In
figure 4A), as the temperature is raised to 90 °C, part of the fluorescence of the initial
mixture occurring at short wavelengths disappears as a result of the reaction detween

and 2 and the subsequent fragmentation. When the sample is heated at 120 °C and
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finally at 140 °C, the fluorescence intensity at longer wavelengths is increased due to
the developing aromatization process. In figure 4B), a clear shift of the fluorescence
spectra towards longer wavelengths is observed as the cure temperature is increased.
These findings are in accordance with the development of an aromatic system with a

higher conjugation degree.
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Figure 4. Normalized fluorescence emission spectra as a function of the cure temperature of
V2/BF;-MEA system with excitation wavelengths at A) 255 nm &)d325 nm (a: initial
mixture; b: 90°C; c¢: 120°C; d: 140°C ) atid2/BF;-MEA system with excitation wavelengths

at C) 255 nm and D) 325 nm (a: initial mixture; b: 60°C; c: 90°C; d: 140°C).

As already explained, an increase of the crosslinking temperature should
promote the formation of quinolines through the proposed mechanism. In this way,
while sample Il was expected to only suffer retro-Mannich type fragmentation, the
crosslinking temperature used for sample V should allow quinoline formation. An
increase in the aromatic content of the polymeric network would increase the rigidity

and thus the glass transition temperatugg ¢fould increase from sample Ill to sample
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V. The dynamomechanical analysis of samples Ill, IV and V is shown in figure 5 and

data is collected in table 1.

1,2

Tan Delta
o
»

-100 -50 0 50 100 150 200

Figure 5. Tan d plots as a function of temperature for the cured samples llI-VIII.

Table 1. Soluble fractions, Tgs and TGA data of the Cured Samples I-VIIL.

TGA (Ny)

Sample Cér%r(i)rllgrsrﬁitg)m catalyst picr)tlu((l;)/(l)()aa Ty CCP  Tswi0ss(®C)  Trax (°CY Chg);)s)oo"c

| (11/ /[)1?2“2) - 25.6 8 283 466 9.4

I (11/ /E;E_’Z'\g) i 20.3 16 320 466 11.7

M (11/ /Dlt_)z'\g) BF,MEA  20.5 27 275 466 9.7
W, (11/ /[)1?2“2) BFsMEA  18.2 34 304 472 111
v (11/ /D1E.)2I\g) BE;MEA  13.0 48 324 468 13.9
VI 1(1 / g_[;'g') BEyMEA 7.0 57 330 414/467  16.1
Vi 17(1 ?%M BFsMEA 6.4 73 331 413/468  16.3
Vil 1(1 ’/ [1)22") BFyMEA 9.9 84 321 413/468  16.1

212h soxhlet extraction of 0.5g with 125 mL of DCRMaximum of the Tan delta pedk.

Temperature of the maximum weight loss rate.

48 Submitted to Journal of Polymer Science Part A: Polymer Chemistry



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

As expected, theql{maximum of the tan delta peak) increases from sample lll
(27 °C) to sample V (48 °C). Interestingly, the height of the tan delta peak decreases
from sample Ill to sample V indicating an increase in the crosslinking density despite
the initial retro-Mannich fragmentation. However, the tan delta peak width at half-
height increases, what is associated with a increasing number of branching modes and a
wider distribution of structures, showing a lower structural homogeneity, that should be
caused by the mentioned fragmentation. It was explained above that aromatization of
the dihydroquinolinel0 can be accomplished through hydrogenation of Schiff bases
present in the reaction media. The amines formed this way are still crosslinking points
and thus, no cleavage of the network is produced. Moreover, Tanaka®’et al.
demonstrated that aromatization of the intermediate hydroquinoline is promoted in air
atmosphere. For this reason, despite the initial fragmentation, the crosslinking density
increases together with the structural diversity.

Soxhlet extraction with dichloromethane (Table 1) gave the higher soluble
fraction for sample Il (20.5 %) and the lower for sample V (13.0 %). The fact that the
soluble part is lower for the higher crosslinking temperature also supports the proposed
crosslinking mechanism taking place after the initial fragmentation. However, the
samples undergo some weight loss during the crosslinking reaction due to evaporation
of the free aliphatic methyl ketones released in the retro-Mannich fragmentation.
Samples lll, IV and V lost 11, 15 and 15 % of its total weight respectively, but anyway,
these slight differences do not justify the differences in soluble parts.

Another evidence of the increase in the aromatic content can be found in the
thermogravimetric analysis (TGA) under, f samples IlI-V (Fig 6). As aromatic
moieties are known to promote char formation during the combustion process, the
analysis of the char yield at 800 °C (Table 1) can provide valuable information. Sample
[l has a 9.7 % char yield due to the presence of DDM as one of the main components.
The char yield increases to 11.1 % for sample IV as the quinolines start forming and
finally, for sample V, the char yield obtained is 13.9 %. This increase in the char yield
can be attributed to the aromatization process. In these TGA plots can also be observed
that the temperature of 5% loss increases from sample 1l to sample V according to the
higher content in aromatic structures and high crosslinking density of the sample V.
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Figure 6. TGA plots under nitrogen for the cured samples IlI-VIII.

Based on the information obtained with the model reactions and the study and
interpretation of the properties of these materials, it seems shown that quinoline
structures are formed as crosslinking points and that the temperature plays a key role on
the aromatization process. However, the retro-Mannich fragmentation of the former
intermediate aza-Michael adduct causes the presence of long aliphatic methyl ketones
that can move freely acting as plastizicers. As starting triglyceride derivhtisea
statistical mixture of positional isomers, the retro-Mannich fragmentation also leads to
aliphatic methyl ketones which are not linked to the polymeric network. To overcome
this problem and improve the thermal and mechanical properties of the final materials, a
new strategy was used. Taking into account the high reactivity of alditBit@vards
quinoline formation, we decided to prepare a triglyceride derivative containing aldehyde
groups. The reaction of this new derivative with DDM in presence efMEEA should
give an intermediate aldimine which, at high temperature, would lead to quinoline
formation (see scheme 4). In this way, we should be able to obtain a crosslinked
polymer with higher content of quinolines as crosslinking points.

For the preparation of the aldehyde-containing triglyceride, epoxidized high

oleic sunflower oil 15 was used as starting material (Scheme 5).
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Scheme 5. Synthesis of the aldehyde-containing triglycerid€) (and BR-MEA catalysed
crosslinking with DDM.

The epoxide groups were hydrolized in presence of perchloric acid to give the
triglyceride 16 with 2.5 diol groups (determined b¥H-NMR spectroscopy). The
oxidative cleavage of the 1,2-diols was performed with sodium periodate to obtain a
mixture of aldehyde-containing triglycerid€ and nonanal. The later was removed by
applying high vacuum to the stirred mixture at 80 °C Bhevas obtained as a slightly
yellow oil with 2.5 aldehyde groups per triglyceride (determined ‘ByNMR
spectroscopy).

In the model reaction gftoluidine and decanal (see scheme 4), the formation of
the quinoline structure requires two molecules of aldehyde for one of amine. However,

a second amine molecule is needed as catalyst. Normally, a little excess of amine over
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the 2/1 ratio could be enough, but in the case of crosslinking reactions, where reactants
diffusion is limited, a higher amount of amine may be needed. For this reason, three
different 17/2 ratios were used for the crosslinking reactions to determine the optimum
proportion depending on the properties of the final materials. Since the reaction between
2 and 17 proceeds very fast, to properly homogenize the curing mixture, both
components were dissolved in THF separatelys:®MEA was added to the DDM
solution and then both solutions were mixed. The mixture was placed in a petri dish and
maintained at 40 °C for 2h to eliminate all the solvent. The temperature was raised to 90
°C for 4h and finally the sample was heated at 140 °C for 12h to promote the cyclization
and aromatization reactions. In this way, three samples were preparetViitiatios

of 1/0.75 (sample VI), 1/1 (sample VII) and 1/1.25 (sample VIIl) with 3% mol of
BFs-MEA (related to aldehyde groups).

The crosslinking of17/2/BF;-MEA system was monitored by UV-vis and
fluorescence spectroscopy. The measurements were performed wifimatBigk film
supported on a quartz plate and to minimize DDM absorption interferencek//2he
ratio used was 1/0.75. Figure 3B) shows the UV-vis spectra as a function of cure
temperature in which the development of the absorption bands is similar to that of the
1/2/BF3-MEA system. The appearance of an absorption band around 370 nm at high
temperatures can be related with the presence of quinolines. The fluorescence emission
spectra as a function of the cure temperature with excitation wavelengths at 255 and 325
nm are depicted in figure 4C) and 4D) respectively. The spectra are similar to those of
the 1/2/BF;-MEA system and therefore the same conclusions can be extracted. The
baochromic shift observed in both spectra supports the formation of quinolines.

The analysis of the tan delf@eaks of samples VI-VIII shows as the main
difference with respect to sample V a shoulder around 10 °C due to the fragmentation
products, that act as plastizicers in sample V. On the other hand, the tan delta peaks of
samples VI-VIII are narrower, indicating a higher structural homogeneity. As the initial
content of2 is increased, the maxima of the tan dekak shift to higher temperatures
dueto the higher aromatic content, reachinggaoT 84 °C for sample VIIl. However,
the peak height is similar for the three samples, indicating that a similar crosslinking
density is achieved even when the amount of amine groups is increased. The diffusion
of amines in the curing mixture is a limiting factor, but adding an excess does not seem
to solve the problem provided that more amine groups will remain unreacted though
quinoline formation might be favoured. To further confirm this fact, the soluble
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fractions of samples VI-VIII were analysed #yNMR. While DDM was found to be

one of the main components of the soluble fraction of sample V, it was not found in the
soluble part of samples VI and VII. It is also worth to mention the low soluble fraction
weight percentages found in samples VI-VIIl when compared to those of samples llI-V.
Fig. 6 depicts the thermal stability of samples VI-VIII showing similar behavior to that
of samples IlI-V. Char yields are found around 16 %, slightly over sample V (14 %) due
to the higher aromatic content.

CONCLUSIONS

The crosslinking reaction df and DDM is a complex process which depends on the
reaction conditions. First the aza-Michael adduct is formed. However, high
temperatures and the presence of3:BIEEA promote a retro-Mannich type
fragmentation followed by self-aldol condensation, cyclization and aromatization
reactions. As a result, quinoline structures are formed as crosslinking points into the
polymeric network. Based on these findings, a triglyceride functionalized with aldehyde
groups has been reacted with DDM as an improved approach to quinoline-containing
materials. The properties observed in the cured materials support the proposed
crosslinking process. While common plant oils derived materials do not have the
necessary rigidity and strength required for structural applications, the obtained
materials present improved properties and could be considered as high performance

thermosets.

The authors express their thanks to MICINN (Ministerio de Ciencia e Innovacion)
(MAT2008-01412) for financial support for this work.
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A New Route To Acrylated Oils. Crosslinking And Properties
Of Acrylated Triglycerides From High Oleic Sunflower Oil

Lucas Montero de Espinosa, Juan C. Ronda, Marina Galia, Virginia Cadiz
Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus

Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spain.

ABSTRACT. Triglycerides with acrylate functionality were prepared from a new route
that involves the singlet oxygen photooxygenation of high oleic sunflower oil and
further reduction of the resulting hydroperoxide derivatives to a mixture of secondary
allylic alcohols. These unsaturated alcohols can be further reduced to saturated alcohols.
These two new hydroxyl-containing triglycerides were acrylated and radically
crosslinked in presence of different amounts of pentaerythritol tetraacrylate. The
crosslinking reactions were followed by FTIR spectroscopy and the thermal properties
of the final materials were evaluated.

Keywords: triglyceride, acrylate, crosslinking, renewable resources.

INTRODUCTION

The replacement of petroleum-based raw materials by renewable resources constitutes a
major contemporary challenge in terms of both economical and environmental aspects.
Because of the wide variety of possibilities for chemical transformations, universal
availability, and low price, oils, and fats of vegetable and animal origin are preferred by
the chemical industry as alternative. Natural vegetable oils are considered to be one of
the most important class of renewable soufcBse main component of the triglyceride
vegetable oils are saturated and unsaturated fatty acids. Although they have double
bonds which can be used as reactive sites in coatings, for obtaining high performance
polymeric materials the introduction of more reactive functional groups, such as
hydroxyl, epoxy or carboxyl groups, is much more suitable. Various chemical pathways
for functionalizing triglycerides and fatty acids have been stddiedicluding
acrylation, maleinization, epoxidation (either cherfial or enzymati¢'9),
hydroxymethylatioft!, esterification, and halogenation. Acrylated triglycerides are
usually low viscosity monomeric liquids that can be free radically polymerized and can

be copolymerized easily with other commercial comonomers due to the high reactivity
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of the acrylate grouff The special properti&s of these chemically modified
triglycerides offer a widespread field of applications and so they are excellent
candidates for use as thermosetting liquid molding resins in techniques such as vacuum
assisted resin transfer moldingomposite fabrication processésr pressure-sensitive
adhesives?

The traditional method used to obtain acrylated oils is to convert the triglyceride
double bonds first to an epoxide and then open the epoxy groups with acrylic acid to
yield hydroxy acrylated oils>*® Alternatively acrylated groups can be introduced
directly to the unsaturated fatty oil groups through a bromonium cyclic interm&tiate.

In this case a vic-bromoacrylate ester is obtained which not only is able to polymerize
through the reactive acrylate, but also the presence of bromine imparts considerable
flame resistance to the product polymer.

The direct acrylation by esterification of hydroxyl groups in the fatty oil is a
scarcely described pathway as there are not many hydroxy-containing natural oils. The
remarkable exceptions are castor oil and lesquerella oil which has been used to prepare
the corresponding acrylate derivativ&s!

In this work we report the synthesis of a new general and environmentally
friendly route to introduce acrylate groups in unsaturated vegetable oils. The key step of
this approach is the singlet oxygen “ene” reaction which has been used to oxidize the
allylic position of fatty acids and their derivativ&s* such the methyl oleate. The mild
conditions utilized and the use of oxygen, as the only reagent, makes this process
particularly favorable from both an economical and ecological viewpoint. The allylic
hydroperoxides can undergo a number of different transformafio®sie of these
reactions is the conversion of these hydroperoxides into a regioisomeric mixture of
enone<®?’. The application of this reaction to unsaturated triglycerides, allowed us to
obtain thermosetting materials by Aza-Michael crosslinking reaction with arffines.

Another interesting transformation of allylic hydroperoxides is their reduction to
the corresponding hydroxylic compounds. Thus, this work involves a three-step
synthetic pathway that firstly uses the singlet oxygen photooxygenation of high oleic
sunflower oil to lead to a mixture of allylic hydroperoxides, which secondly can be
reduced to a mixture of secondary allylic alcohols. The new hydroxyl-containing
triglyceride was acrylated and radically crosslinked in presence of different amounts of
pentaerythritol tetraacrylate. Alternatively, the unsaturated alcohols can be further

reduced to saturated alcohols which can be also acrylated and crosslinked. The
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crosslinking reactions were followed by FTIR spectroscopy and the thermal properties

of the final materials were evaluated.
EXPERIMENTAL PART

Materials

High oleic sunflower oil (minimum 80% oleic acid) (SO) was kindly supplied by
Borges$'. Meso-tetraphenylporphyrin (TPP) (Aldrich), sodium borohydride (Scharlab),
NH,4CI (Scharlab), Pt/C (5% Pt) (Aldrich), dicumyl peroxide (DCP) (Aldrich), methanol
(Sharlab) and ethyl acetate (Scharlab) were used as received. Triethylamine (Aldrich)
was dried by distillation over Catand acryloyl chloride (Aldrich) was distilled before

use. Dichloromethane was dried ovep(R and distilled immediately before use.
Pentaerythritol tetraacrylate (PETA) (Aldrich) was dissolved in ethyl ether and washed
with an aqueous solution of NaOH (5%) before use to remove the stabiliser. TLC plates
were developed by spraying with sulphuric acid/anisaldehyde ethanol solution and
heating at 200 °C.

Synthesis of hydroxyl sunflower oil (HSO) (Scheme 1a). In a 450mL standard
immersion-well photochemical reactor with a 400W high pressure sodium vapour lamp,
high oleic sunflower oil (SO) (70 g, 79.1 mmol), TPP (0.02 g) and dichloromethane
(400mL) were introduced. Cold water was circulated through the lamp jacket, while a
gentle stream of oxygen was bubbled through the stirred reaction mixture. After a few
minutes, the lamp was turned on and the reaction was monitored by TLC (hexane/ ethyl
acetate, 5:1). After 4 h of irradiation the total disappearance of isolated double bonds
and formation of the intermediate allylic hydroperoxides was observed. The lamp was
turned off and the solvent was removed under reduced pressure. The reaction mixture
was diluted with 200 mL of methanol and transferred to a 500 mL round bottomed flask
which was cooled to 0 °C. NaBKB.8 g, 0.1 mol) was then added slowly with moderate
stirring controlling that the temperature of the reaction mixture did not exceed 0 °C. The
reduction was followed by TLC (hexane/ ethyl acetate, 2:1) until completion and then
the reaction was quenched carefully with 10%,8Hsolution. The pH was adjusted to
around 6 and the product was extracted with dichloromethane and washed twice with
brine. The organic phase was dried over Mg36d the solvent was eliminated under
reduced pressure obtaining a oil with 98% vyield and a number of hydroxyl groups per
triglyceride of 2.6 (calculated BY1-NMR spectroscopy).
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FTIR: 3390 cn (OH, stretching), 1739 ci(ester C=0, stretching), 1675 ¢rtdouble
bond, $retching) and 967 crh(double bond, bending).

'H NMR (CDCk, TMS, & in ppm): 5.62-5.53 (3H, m, i&=CH-CHOH), 5.40 (3H, ddd,
J=15.28, 6.94, 1.02 Hz, CH¥GECHOH), 5.26-5.20 (1H, m, CH-0), 4.26 (2H, d,
=11.87 Hz,J, = 4.21Hz, CH-0), 4.11 (2H, ddJ; = 11.94Hz, J, = 5.94Hz, CH>-0),
3.98(3H, q,J = 6.65 Hz, G-OH), 2.28 (6H, tJ = 7.26 Hz, CO-Ei,-), 1.98 (6H, m,]
= 6.88 Hz, ®,-CH=CH), 1.94-1.78 (broad m, -OH), 1.63-1.52 (6H, rif,&CH,CO),
1.521.39 (6H, m, E1,-CHOH), 1.39-1.15 (54 H, m, aliphatic), 0.84 (9HJtz 6.58
Hz, CH).

3¢ NMR (CDCE, TMS, & in ppm): 173.34-172.88 (COOR), 133.38-133.12 (CH=
CHOH), 132.06-131.66QH=CH-CHOH), 73.11 (CH-OH), 68.90 (CH-0), 62.15 (&H
0), 37.40-37.34CH,-CHOH), 34.22-34.03GH,-COOR), 32.27-32.160H,-CH=CH),
31.9531.91 (H,-CH,-CHs), 29.65-28.80 (aliphatic), 25.59-25.5CH,-CH,CHOH),
24.9124.81 ((H,-CH,COOR), 22.74-22.730H,-CHs), 14.20 (CH).

Synthesis of hydrogenated hydroxyl sunflower oil. (HSO[H]) (Scheme 1a). A 100

mL round-bottomed flask was charged with HSO (10 g, 0.01 mol), Pt/C (5% Pt) (0.3 g)
and ethyl acetate (20 mL). A continuous flow of hydrogen was bubbled through the
solution while stirring at room temperature until TLC (hexane/ethyl acetate, 2:1)
showed completion of the reduction (3h). The catalyst was removed by filtration and the
solvent was eliminated under reduced pressure obtaining a white solid with quantitative
yield and an average of 2.6 hydroxyl groups per triglyceride (calculatéti-DMR
spectroscopy).

FTIR: 3383 crit (OH, stretching), 1736 cin(ester C=0, stretching).

'H NMR (CDCk, TMS, 8 in ppm): 5.27-5.20 (1H, m, CH-0), 4.27 (2H, dd= 11.97
Hz, J, = 3.85Hz, CH-0), 4.12 (2H, ddJ; = 11.88Hz, J, = 5.93Hz, CH-0), 3.59-
3.50(3H, m, GH-OH), 2.29 (6H, tJ = 7.46 Hz, CO-CH), 2.03-1.69 (broad m, OH),
1.694.50 (6H, m, ®,-CH,CO), 1.50-1.34 (12H, m, ,-CHOH), 1.34-1.15 (66 H, m,
aliphatic), 0.86 (9H, t, J= 6.76 Hz, G

3%C NMR (CDCE, TMS, & in ppm): 173.46-173.04 (COOR), 72.09-72.06 (CH-OH),
68.99 (CH-0), 62.24 (CHO), 37.67-37.57 GH,-CHOH), 34.33-34.17QH,-COOR),
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32.0832.05 (GHp-CHp-CHs), 29.89-29.14 (aliphatic), 25.84-25.76H,-CH,CHOH),
25.0024.97 (GHp-CH,COOR), 22.84CH,-CHs), 14.293 (CH).

(o] (e}
\/\/\/\/:\/\/\/\)ko/\(\OJK/\/\/\/:\/\/\/\/
/W:W(O Se)
(e}
O, , TPP, v, CHCI,
OOH (e} O OOH
/\/\/\/\/K/\/\/\)ko/\/\o)K/\/\/\/K/\/\/\/\
\\//\\//\V/A\éék\r/\\//\\//\\/»\ﬂ/O
OOH O
NaBH, , MeOH , 0 °C
OH (e} (o] OH
/\/\/\/\/‘\/\/\/\)ko/\/\o)ww/\/\
= (e}
VWWW( HSO
OH O
H, , Pt/C , AcOEt
OH (o] (o] OH
/\/\/\/\/K/\/\/\)ko/\/\o)K/\/\/\/K/\/\/\/\
(e}
OH (@]
b) o
on N
M/ M/
HSO EN , acryloyl chloride ASO
(e}
CH,Cl,,0°Ctor.t.
HSO[H] ASOI[H]

Please note that a mixture of isomers is obtained in each step of the synthesis. They

are omitted for simplicity.

Scheme 1

Synthesis of acrylated sunflower oil (ASO) (Scheme 1b). A 100 mL round-bottomed
flask with a magnetic stirrer and under inert atmosphere was charged with HSO (10 g,
0.01 mol) and dichloromethane (50 mL). The solution was cooled to 0 °C and acryloyl
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chloride (3.3 mL, 0.04 mol) followed by triethylamine (11.3 mL, 0.08 mol) were added
carefully. The resulting mixture was allowed to reach room temperature and was stirred
for one additional hour. The solvent was removed at reduced pressure and the resulting
oil was eluted with ethyl acetate through a short celite column. The dichloromethane
solution of the resulting product was washed twice with brine, dried over MgS®
concentrated to dryness to obtain ASO in 89% yield. The number of acrylate groups per

triglyceride was found to be 2.5 bil-NMR spectroscopy.

FTIR: 1740 cm' (ester C=0, stretching), 1720 ¢nfacrylate C=0, stretching), 1675
cm™ (double bond, stretching) 1630 and 1618*cfacrylate double bond, stretching),
1400,1294, 1266 and 1042 ¢h{CH and CH in-plane deformations) and 985, 960 and
810 an™ (CH and CH out-of-plane deformations) and 1187 t(&-0, stretching).

'H NMR (CDCk, TMS, & in ppm): 6.36 (3H, ddJ), = 17.32Hz, J, =1.50 Hz, CO-
CH=CH,), 6.08 (3H, ddJ; = 17.32,J; =10.38 Hz, CO-EI=CH,), 5.77 (3H, ddJ. =
10.39,Jy = 1.51 Hz, CO-CH=6,), 5.73-5.63 (3H, m, B=CH-CHOH), 5.40-5.33 (3H,
m, CH=H-CHOH), 5.27-5.20 (4H, m, I&-OH and CH-O), 4.27 (2H, dd; = 11.88,

J, = 4.26 Hz, CH-0), 4.11 (2H, ddJ; = 11.94,J, = 5.84 Hz, CH-0), 2.28 (6H, tJ =
7.71 Hz, CO-CH), 1.99 (5H, ddJ; = 14.16,J, = 7.12Hz, CH,-CH=CH), 1.71-1.47
(12H, m, GH,-CHOH and ®,-CH,CO), 1.39-1.16 (54 H, m, aliphatic), 0.85 (9H] &
6.85 Hz, CH).

13C NMR (CDCE, TMS, & in ppm): 173.36-172.93 (COOR, triacylglyceride), 165.72
(COOR, acrylate), 134.82-134.37 (CE&H-CHO), 130.43 (COCHEH,), 129.15
(COCH=CH,), 128.51-128.23CH=CH-CHOH, 75.34 (CH-0O), 68.99 (CH-0), 62.21
(CHx-0O), 34.68-34.66 GH,-CHO), 34.27-34.11 GH,-COOR), 32.35-32.27 QH»-
CH=CH), 31.99-31.96 GH,-CH,-CHj3), 29.85-28.79 (aliphatic), 25.34-25.3CH;-
CH,CHO), 24.92-24.88¢GH,-CH,COOR), 22.81¢H,-CHz), 14.274 (CH).

Synthesis of acrylated hydrogenated sunflower oil (ASO[H]) (Scheme 1b). By
similar way as described above, ASO[H] was obtained in 91% vyield. The number of
acrylate groups per triglyceride was found to be 2.3-b}{MR spectroscopy

FTIR: 1742 cnt (ester C=0, stretching), 1721 ¢ntacrylate C=0, stretching), 1630

and 1618 crit (acrylate double bond, stretching), 1400, 1294, 1266 and 104Z@hh
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and CH in-plane deformations) and 985, 960 and 810" ¢@H and CH out-of-plane
deformations) and 1187 ch(C-O, stretching).

'H NMR (CDCk, TMS, & in ppm): 6.32 (3H, dd3), = 17.32Hz, %), = 1.36 Hz, CO-
CH=CH,), 6.05 (3H, dd3J; = 17.31Hz, 3J. = 10.37Hz, CO-tH=CH,), 5.74 (3H, dd,
%) = 10.38Hz, 2J, = 1.15Hz, CO-CH=GH,), 5.23-5.16 (1H, m, CH-0), 4.88 (3H, i,
= 6.67 Hz, CH-0O-), 4.23 (2H, dd; = 11.89Hz, J, = 4.12Hz, CH;-O), 4.08 (2H, dd,
J; = 11.92Hz, J, = 5.88Hz, CH-0), 2.24 (6H, tJ = 7.31 Hz, CO-Ch), 1.60-1.40
(18H, m, GH,-CHOH and G&,-CH,CO), 1.40-1.08 (66 H, m, aliphatic), 0.81 (9H] &
6.63 Hz, CH).

13C NMR (CDCE, TMS, & in ppm): 173.31-172.90 (COOR, triacylglyceride), 166.13
(COOR, acrylate), 130.26 (COCKH,), 129.06 (C@H=CH,), 74.63-74.60 (CH-O),
68.92 (CH-0), 62.14 (CHO), 34.22 (®,-COOR), 34.04, 32.00-31.95CK,-CH,-
CHs), 31.92, 29.78-29.08 (aliphatic), 25.3%H,-CH,CHO), 24.92-24.85 GH.-
CH,COOR), 22.77-22.740H,-CHs), 14.20 (CH).

Curing reactions and solubility tests.

The curing reactions were carried out as follows. ASO or ASO[H] were deoxygenated

using vacuum-argon cycles to prevent oxygen free radical inhibition processes. Then
they were mixed with the desired amount of deoxygenated PETA. Dicumyl peroxide

(1.5% w/w) was added with effective stirring and the mixture was heated to 50°C. The
resulting homogeneous mixture was put in a previously heated (80 °C) mold (100 x 6.5
x 3 mnT). The temperature was increased from 80 °C to 110 °C at a heating rate of 2
°C/min and then the temperature was increased rapidly to 130 °C and maintained for 2h.
0.5 g of finely ground sample was extracted by refluxing in 50 mL of distilled THF

during 12 h to determine the amount of soluble material.

I nstrumentation
'H NMR 400 MHz and®*C NMR 100.6 MHz NMR spectra were obtained using a
Varian Gemini 400 spectrometer with Fourier transform, using gB€Isolvent and
TMS as internal standard. The IR analyses were performed on a FTIR-680PLUS
spectrophotometer with a resolution of 4tin the transmittance mode. An attenuated-
total-reflection accessory with thermal control and a diamond crystal was used to
determine FTIR/ATR spectra.

Calorimetric studies were carried out on a Mettler DSC821e thermal analyzer

using N as a purge gas (20 mL/min) at a scan rate of 10°C/min. Dynamic mechanical
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thermal analysis (DMTA) was performed using a TA DMA 2928 in three-point bending
geometry at a fixed frequency of 1 Hz in the —100 to 200 °C range and at a heating rate
of 3 °C/min. The dimensions of the samples were 15 x 8 x 2.% ffimermal stability
studies were carried out on a Mettler TGA/SDTA851e/LF/1100 withadl purge gas.

The studies were performed in the 30-800 °C temperature range at a scan rate of
10°C/min.

RESULTSAND DISCUSSION

As mentioned in the introduction the synthesis of a new secondary alcohol containing-
triglyceride derivative was carried out by an environmentally friendly chemical
procedure from high oleic sunflower oil. For this purpose we used the singlet oxygen
“ene” reaction which is one of the highly investigated processes in organic chemistry to
functionalize the allylic C-H bonds of unsaturated compounds. Alkenes can be
photochemically oxidized in situ with singlet oxygen generated with a high pressure
sodium-vapor lamp and TPP as sensitizer in an oxygen saturated medium. In this way a
mixture of isomeric allylic hydroperoxides (scheme 1a) is obtained. The mechanism of
this reaction has been widely studied and it is actually well estabfi$HEdese
hydroperoxides are effectively reduced using triphenylphosghibut they can also

be reduced with many other common reducing agents, such as sodium boroff/dride.
Thus, the photooxidation and further reduction using sodium borohydride of samples of
high oleic sunflower oil give a quantitative transformation to the corresponding allylic
alcohol HSO (Scheme 1aH NMR spectroscopy showed the complete disappearance
of the signal at 5.3 ppm corresponding to the SO double bonds and the appearance of
three new multiplets at 5.6, 5.4 and 4.0 ppm corresponding to the protons Ha, Hb and
Hc of the allylic alcohol moiety. (Figure 1a). In this way, a product containing 2.6
hydroxyl groups per triglyceride (determined iy NMR) was obtained with a yield of

98%

The resulting allylic alcohol triglyceride derivatives were further transformed to
the saturated analogues by hydrogenation at room temperature using 5% charcoal
supported platinum as catalyst (Scheme 1a). Under these conditions complete reduction
of the double bonds was achieved after 3h leading to HSO[H] in quantitative yield. The
'H NMR spectrum of this product, depicted in Fig. 1b, shows the complete

disappearance of the signals corresponding to the double bond and the shielding of the
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methine proton linked to the hydroxylic group, which appears at 3.5 ppm. No signals
attributable to by-products were detected. It must be noted that this same product could
be obtained in one step by direct hydrogenation of the mixture of allylic

hydroperoxides?

HSO Mt

| AdU
HSO[H]

Hl

J I\

He+H
H, Hy He 2 ! MﬂD U
Hc

ASO HAHB Hz HB
| M
O Hg
OMHE
Hp
H- Hy, H
ASO[H] F Mo Mg H, He H, He J
1 A_A LW, -
IIIIIIIII\ I T T T T ‘ T T T T I T T T T I T A} T T I T T T T ‘ T T A} II
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 1. *H NMR spectra of a) HSO, b) HSO[H], ¢) ASO and d) ASO[H] recorded in €DCI

The saturated and unsaturated secondary alcohol triglycerides, HSO and
HSOI[H], were acrylated with acryloyl chloride, in presence of triethylamine, following
a conventional procedure (Scheme #b)n this way, after a workup to remove the
amine salts, yellowish liquids were obtained in about 90% yields. The characterization
of the resulting acrylic products, ASO and ASO[H] was carried odHb§Fig. 1c and
1d), *C NMR and FTIR/ATR spectroscopy. Th#d NMR spectra confirm the
introduction of the acrylic moieties by the typical set of signals at 6.3, 6.1 and 5.7 ppm.
and allow to determine its content in 2.5 acrylate groups per triglyceride. Moreover,

total absence of remaining hydroxylic alcohols and other secondary products is
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obsrved and therefore these acrylated triglyceride were used without further
purification.

ASO and ASOI[H] were crosslinked in absence and in presence of 5,10, 15 and
20% (w/w) of PETA, using 1.5 % (w/w) of DCP as radical initiator. DSC experiments
were performed with ASO and ASO[H] to determine the appropriate crosslinking
conditions. Figure 2 (a) and (b) shows the DSC traces of ASO and ASO[H] respectively
with different PETA concentrations. The DSC traces of ASO and ASO[H] in absence of
radical initiator are also shown. As can be seen, dicumyl peroxide lowers the curing

exotherm of ASO and ASOIH], but in both cases, still remains a little residual exotherm

exo >

30 80 130 180 230 280

exo >

Figure 2. Curing DSC plots of a) ASO and b) ASO[H]. 1) without initiator, 2) 1.5% of DCP, 3)
5%PETA and 1.5% DCP, 4) 10%PETA and 1.5% DCP, 5) 15%PETA and 1.5% DCP, 6)
20%PETA and 1.5% DCP.

68 Journal of Polymer Science: Part A: Polymer Chemistry
DOI: 10.1002/pola.23225



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

centred at 180 °C that can be attributed to the thermal polymerization of the non reacted
acrylates. In general, it was observed that the increase of PETA content lead to a
slightly shift of the curing exotherms to lower temperatures. According to these data the
curing was performed at 130 °C for 2h.

The crosslinking process of two representative samples was also followed by
FTIR/ATR spectroscopy. Figure 3 (a) and (b) shows the initial and final IR spectra of
the ASO or ASO[H]/10% PETA/1.5% DCP curing systems. The total disappearance of
the acrylate double bond bands at ca., 1630 and 161gstnetching vibration), 1400,
1294,1266 and 1042 cth(CH and CH in-plane deformations) and 985, 960 and 810
cm? (CH and CH out-of-plane deformationsgonfirms the completion of the

crosslinking in both caséd:*

a) 100

90

80
%T

70

60

1916 1500 1000 600
Wavenumber / crh

b) 100

%T

1500 1000 600
Wavenumber / crh

Figure 3. FTIR-ATR spectra of mixtures of a) ASO and b) ASO[H] with 10% of PETA and
1.5%of DCP before heating (plain line) and after heating at 130°C for 2h (dashed line).

The extent of the crosslinking reactions was investigated by extracting the
soluble part of the cured samples. Table 1 shows the weight percentages of the soluble
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fractions for each system. These low values indicate the formation of crosslinked
structures due to the reaction of the acrylated groups, in agreement with the IR data.
Moreover, as PETA content increases a higher crosslinking degree structure should be
obtained which is in accordance with the lower values of soluble fractions calculated. It
must be pointed out that even at high PETA concentrations soluble fractions are

observed. This is related to the small fraction of rich-saturated chains in the starting oil.

Table 1: Soluble fractions, Tg's and thermogravimetric data of the cured ASO/PETA and

ASO[H]/PETA systems.
TGA (Ny)

Trighceride  Foldt( SECN TOCCP  Tanes()  Tam(CCF Vg0
ASO 0 75 17 303 431 3.3
ASO 5 27 25 305 431/ 455 3.3
ASO 10 0.7 31 308 429/ 461 3.4
ASO 15 0.4 27 307 4341 462 3.2
ASO 20 0.4 28 312 467 3.3

ASO[H] 0 8.2 2 334 356 / 421 3.7
ASO[H] 5 3.5 4 333 356 / 421 3.4
ASO[H] 10 11 1 332 353/ 418/ 458 3.7
ASO[H] 15 10 8 333 353/ 420/ 458 3.9
ASO[H] 20 0.8 11 334 350 / 420 / 462 4.2

% Weight / weight percentages. ® In THF . © Maximum of the Tan delta peak. d Temperature of
the maximum weight loss rate.

The dynamic mechanical behavior of the crosslinked materials was obtained as a
function of the temperature beginning in the glassy state of each composition to the
rubbery plateau of each material. The crosslinking density of a polymer can be
estimated from the plateau of the elastic modulus in the rubberystépevever, this
theory is strictly valid only for lightly crosslinked materials, and is therefore used only
to make qualitative comparisons of the level of crosslinking among the various
polymers. The DMA behaviour of these polymers was similar to that of other

thermosetting polymer¥. Fig. 4 shows the dynamic mechanical analysis of the ASO

70 Journal of Polymer Science: Part A: Polymer Chemistry
DOI: 10.1002/pola.23225



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

and ASOIH] systems. The tah peaks of both systems show the typical behaviour of
triglyceride based thermosets elastomers. This behaviour is described as a combination
of two factors, crosslinking density and plasticizatioh. As the amount of
tetrafunctional acrylate (PETA) increases the overall crosslinking increases broadering
tan & peaks and decreasing their height. The other factor, plasticization is due to the
presence of saturated fatty acid in the trigliceryde that remain unreacted acting as

plastizicers. So, these saturated chains introduce free volume and enable the network to

a) 0,25

0,2

Tan delta
o
[N
ol

o
[N
I

Tan delta
o
=
a

0,1

Figure 4: Tand plots as a function of temperature for the systems cured with 1.5% of DCP at
130°C. a) ASO and b) ASOI[H]. 1) without PETA, 2) 5%PETA, 3) 10%PETA, 4) 15%PETA,
and 5) 20%PETA.
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deform more easily. As it is well known the addition of small amounts of plasticizers to
polymers drastically broadens the transition from glassy to rubbery’state Tg
values estimated as the maximum of the dgeak are collected in Table 1 and show a
slight increase with the PETA content indicating a higher crosslinking density.
Moreover the height of the tah peak also decreases when PETA content increases.
Because tad is the ratio of viscous component to elastic component, it can be assumed
that the decreasing height is associated with lower segmental mobility and fewer
relaxing species, and is therefore indicative that networks with higher PETA content
show lower flexibility. The analysis of the width of tbherelaxation peak allow estimate

the network structural homogeneity. For the ASO systems (Fig. 4a) we can observe that
the peak width at half height of all samples does not broaden with the PETA content
indicating the absence of triglyceride-rich and PETA-rich regions in these systems. In
the case of ASO[H] systems shown in Fig. 4b) thedtppaks are less broad than those

of the ASO systems. As ASO[H] was synthesized from ASO and no purification was
carried out, the amount of saturated alkyl chains acting as plastisizers must be the same
in both cases. However, according with the width of theelaxation peak, the
ASO[H]/PETA curing systems seem to have a higher structural homogeneity. A
possible explanation of this fact may relay on the absence of double bonds in ASO[H],
that could allow the long alkyl chains to arrange in a more homogeneous way during the
crosslinking process. Moreover, the width of the dgeaks is not appreciably affected

by the increase of PETA except in the case of the highest content (20% PETA). Also,
the general tendency of the tdnmaximums is towards higher temperatures as the
PETA content increases, and a decrease of the height dfpgeak is observed as the
crosslinking density increases.

The Tgs calculated for the ASO[H] systems (Table 1) are around 15-20 °C above
those of the ASO systems. The presence of double bonds contributes to increase the
rigidity of the polymers network thus increasing the Tg values of the ASO/PETA
materials. These materials can be considered elastomers as the Tg values are basically
below the ambient temperature. All the cured samples show high toughness and good
transparency.

To determine the thermal stability of the polymers, thermogravimetric analyses
were carried out under nitrogen atmosphere. The TGA curves and their derivatives for
ASO and ASO[H] systems are represented in Figures 5 and 6 respectively, and the
temperatures of 5% weight loss, the temperature of the maximum weight loss rate and
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the residue at 800°C are collected in Table 1. In both systems, it can be observed that
the higher PETA content the higher thermal stability. The char yield at 800 °C was

around 3.5% for all the samples.

% weight loss

b)

230 280 330 380 430 480 530

Figure 5: a) TGA plots and b) first derivative curves of ASO based systems cured with 1.5%
DCP 1) without PETA, 2) 5% PETA, 3) 10% PETA, 4) 15% PETA and 5) 20% PETA.

The ASO[H]/PETA polymers show higher thermal stability in the initial stages
of degradation with temperatures of 5% weight loss around 30 °C over those of the
ASO/PETA polymers (see Table 1). This has to be attributed to the double bonds
present in ASO, which favours the formation of allylic radicals and the thermal
degradation process. Three maximum weight loss rate are observed in both cases in the
derivative curves indicating the existence of several processes. The weight loss rate

decreases as the PETA content increases for the two first steps while opposite is true for
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the higher temperature step. These complex degradations can be related to different
factors. Firstly, the different crosslinking density that increases with PETA content.
Secondly, the different ability of saturated and unsaturated secondary esters to thermal

B-elimination and finally the stability of neopentilic mieties.

a) 100
80 -
60 -

1to5

40

% Weight loss

20

30 130 230 330 430 530 630 730
T/°C

b)

230 280 330 380 430 480 530

Figure 6: a) TGA plots and b) first derivative curves of ASO[H] based systems cured with
1.5% DCP 1) without PETA, 2) 5% PETA, 3) 10% PETA, 4) 15% PETA and 5) 20% PETA.

CONCLUSIONS

Acrylated triglycerides were obtained by a new route that involves the singlet oxygen
photooxygenation and further reduction of the resulting hydroperoxides derivatives to a

mixture of secondary allylic alcohols. These unsaturated alcohols can be further reduced
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to saturated alcohols. These two new hydroxyl-containing triglycerides were easily
acrylated. These acrylate-containing triglyceride derivatives have shown high reactivity
to radical polymerisation in presence of different amounts of pentaerythritol

tetraacrylate providing a promising route to obtain polymeric networks. These materials
show properties and characteristics as good as other acrylated triglyceride-based

thermosets reported.

The authors express their thanks to CICYT (Comision Interministerial de Ciencia y
Tecnologia) (MAT2005-01593) for financial support for this work.
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SECOND PART

The second part of this thesis is focused on the development of plant oil-based flame
retardant polymers. Chapter three describes the synthesis of phosphine oxide-containing
thermosets from high oleic sunflower oil. In chapter four, acyclic diene metathesis
polymerization has been used as away to linear and cross-linked phosphorus containing

renewable polymers.
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FLAME RETARDANT MATERIALS

Introduction

Every day in Europe there are about 12 fire victims and 120 people severely injured.
The total economic damage is estimated at about 25 billion € per year. When it comes to
global statistics, fires kills an average of over 37.000 persons per year in the 31 (2.3
billion inhabitants) countries covered by CTIF (International Association of Fire and
Rescue Service$)About 80 % of all fire deaths occur in residential buildings, where
fires can develop rapidly and violently due to the presence of upholstered furniture,
varied electrical and electronic equipment (made mainly of plastics) and many other
consumer goods.

A recent study by the US National Institute for Science and Technology (NIST)
confirms that the increasing fire load of consumer products and home decorations is
effectively making home fires increasingly dangerous. The heat released in such fires
results within minutes in “flashover”, that is the fire gas and smoke in a room reaches
temperatures such that all combustible materials in the room will ignite (around 600°C),

so that death of room occupants is inevitable. The risk of fire can be reduted by:

» The use of non-combustible materials or materials less likely to ignite and
propagate a fire.

» The treatment of potentially flammable materials to inhibit ignition and spread
of fire.

* Designing and constructing buildings that are safer.

* Using "fire stop" sealings to help confine a fire to one area or compartment.

» Using smoke detectors, fire alarms and sprinkler systems.

* By educating people, at all levels, of the importance of fire safety.

In order to fulfil these requirements, flame retardants (FRs) are thus increasingly
critical to slow fire spread and development.

Concerning the toxicity of FRs, many studies have been carriédaodtshow
that modern flame retardants, when appropriately applied, can be used in consumer
products without significant risk to human health or the environment. As concluded by
the DPI repoftin 1999, “the major hazards of most fires arise from the existence of the

fire, not from the materials burned and there is no evidence that flame retardants
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contribute to the direct human health risks arising from toxic gas effects” and
“information available suggests that the benefits of many flame retardants in reducing
the risk from fire outweigh the risks to human health”.

Mechanism of action

To better understand the role of flame retardants it is first necessary to
understand the combustion process of polymeric materials; a process that takes place in
the condensed phase, in the gas phase and in the interphase between both. In the first
stage of the combustion cycle, an external source of heat causes the thermal degradation
of the material. Due to scission of the chemical bonds, volatile residues are released to
the surrounding air (gas phase) forming a flammable mixture that leads to combustion
in the moment that its ignition temperature is reached. If the exothermic combustion
reactions taking place produce the required thermal energy to maintain the thermal

degradation of the material, the combustion cycle proceeds (Fig. 1).

Non-flammable gases Oxygen
Polymer Therma_' T » Flammable gases—— Flame——» Combustion
degradatlonl products
Liquid residues
Heat <

Figure 1. Combustion cycle of polymeric materials

Flame retardants are compounds that reduce the chances of a fire starting by
providing increased resistance to ignition. Even if ignition does occur, flame retardants
will act to delay the spread of flame, providing extra time in the early stages when the
fire can be extinguished or an escape can be made. They can be added to or applied as a
treatment to materials such as plastics, textiles, foams or timber (Additives).
Alternatively they can be used during the production process as a chemical modification
of some plastic materials (Reactives). Flame retardants can perform their activity in the

condensed phase, in the gas phase or in both depending on their composition.
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» The gas-phase activity of flame retardants is based on its interference in the
reactions that maintain the combustion cycle. The combustion of polymeric materials
produces species capable of reaction with atmospheric oxygen. As a result, the

propagation of combustion occurs through the following branching reactions.

[1] H- + Q@ = HO- + O
[2] O +hH = HO + H-
[3] HO- + CO = C@ + H-

The main exothermic reaction is [3] and provides the most energy to maintain
the flame. Halogenated flame retardants release hydrogen halides during combustion
(reaction [4]), which effectively interfere with these branching reactions acting as flame
inhibitors (reactions [5] and [6]).

[4] RX = HX + R:
[5] H -+ HX = H + X
[6] HO- + HX = HO + X

» The condensed-phase mechanism implies a chemical interaction between the
flame retardant and the polymer through two main modes of interaction: dehydration
and cross-linking. Both contribute to formation of char, a solid residue that protects the
polymer by isolating the non-burned surface from the heat source and preventing the

volatile species to reach the flame and feed it.

Classification

As already mentioned, flame retardants are usually classified in two main categories,
namely additives and reactivesAdditives are added mechanically to manufactured
polymers, while reactives are introduced during the synthesis of polymers and thus they
are chemically bound to their structure. Additives are cost effective and more widely
applicable than reactives; however, high loads are usually needed to reach good flame
retardancy (10-40 % w/w) that modify the physical and mechanical properties of the
parent polymer. Furthermore, since additives are mechanically blended with the
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polymer, migration can take place at long usage times. On the other hand, the synthesis
of intrinsic flame retardant polymers through the design of flame retardant monomers or
the chemical modification of existing polymers, enables a better control of the final
polymer properties. Moreover, low levels of modification have comparable effects to
those achieved with relatively high loadings of FR additives and the migration problems
associated with additives are avoided.

Flame retardants can also be roughly classified in two groups: halogenated FRs
and non-halogenated FRs. This classification obeys the nowadays concerns about
environment and health protection. Halogenated FRs are the most widely applied. Very
low amounts are needed to infer good flame retardancy to polymers, they are cheap and
versatile. However, during combustion, toxic decomposition products like
dibenzodioxines and halogenated dibenzofuranes and corrosive gases like hydrogen
halides are evolved. Some of these products are non-easily degradable and accumulate
in the environment being classified as persistent organic pollutants (POPs). Non-
halogenated flame retardants stand as the alternative to overcome these drawbacks.
There is an immense range of different non-halogenated flame retardant products such
as inorganic chemicals (metal hydroxides, antimony oxides or stannates) and FRs based
on heteroatoms like phosphorus, nitrogen, silicon and bordmong them,
phoghorus-based FRs have been extensively studied and proven to act efficiently in the
condensed phase. Moreover, a number of studies describe their action also in the gas

phase.

Phosphorus-based flame retardants

The use of phosphorus compounds to infer flame retardant properties to polymeric
material is well establishédPhosphorus-based FRs can be inorganic, organic, or
elemental (red phosphorus), can be active in the gas phase or in the condensed phase,
and sometimes may operate simultaneously in both phases. Phosphiné aritles
phogphonate¥® ' have been proven to act in the gas phase through the formation of PO-
radicals (reactions [7] to [10]), and ROHOPO-, and HOPO radicals respectively,

which terminate the highly active flame-propagation radicals (HO- and H-). These
radicals are formed after the decomposition of the parent compound and therefore, the
flame inhibition does not depend on the form of the parent compound, provided that the

parent breaks down in the flarfe.
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[7] (P) > PO + P +/P

8] PO- + H- = HPO

[9] HO- + PO- = HPO + -O-

[10] PR+ PO- = PO + P- and so on...

In the condensed phase mechanism, the phosphorus FR is thermally decomposed
giving phosphoric acid, which is further dehydrated to polyphosphoric acid.
Polyphosphoric acid promotes condensation and dehydration reactions in the surface of
the polymer giving rise to unsaturated carbonous species that make up a residue that
protects the polymer surface from further degradation (Fig. 2).

@)
A\ A
R\/\O/P\/ R& + HO—”—
@]
il A Q\ O. 0O
2 HO Il:’— /P\/ PN + HyO

Figure 2. condensed phase mechanism of phosphorus-based FRs.

The carbonization process takes place through several Stafesing the
process, in addition to polyphosphoric acid being formed, also reducing compounds
such as phosphites can be present. They reduce carbon oxidation in favor'3f char.
Phosphate, phosphonate and phosphinate based FRs have been the most widely used;
The P-O bond has a quite high thermal stability (heat of dissociation about 85
Kcal/mol); however, it presents general poor hydrolytic stabfiifythat limits the
range of application of the final polymeric materials. On the other hand, phosphine
oxides present a P-C bond, which has a lower reactivity, being more stable and having a
higher hydrolytic stability. Moreover, it also has a quite high thermal stability (heat of
dissociation about 65 Kcal/maofj:*°

As commented above, the disadvantages of additives make the reactive approach
a more suitable way to flame retardant polymeric materials. In this way, increasing
research is now being directed at the synthesis of phosphorus-based FR polymers. Some

recently published examples include polyphosphohatesphosphonate-based
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polyurethanes® epoxy resins? poly(ether-ester)® and polymethacrylat€s, phosphate
containing nylo?, silk’® and polyacrylate&’ modification of cotton fabric with
phogphoric acid® phosphine oxide-based epoxy re$inspolybenzoxazine¥,

polyethers?® poly(ether-esterf& and poly(ether-ketone¥8, DOPO-containing epoxy

resins>1+26¢

polybenzoxazine¥ polyesters® polyether8® and poly(ether-esterjs?
Other examples are ionomer polyestérpplyphosphorinane®,and advances in flame

retardant polystyrene, HIPS, ABS and polystyrene foams.

Polymer flammability tests. Limiting Oxygen Index (LOI)

Various organizations throughout the world crate fire standards. These include both
national and international organizations, being the American Society for Testing and
Materials (ASTM), Underwriters Laboratories (UL) and the International Organization
for Standardization (ISO) some of the most important. All of these organizations create
various types of fire standards-mainly guidance documents and test methods addressing
most of the major fire properti€s.

All the standards of polymer combustibility can be subdivided into five major
types: ignitability tests, flame spread tests, oxygen index, heat release tests and smoke
tests. In this thesis, the combustibility measurements have been carried out using the
Limiting Oxygen Index (LOI).

The LOI test is a widely used research and quality control tool for determining
the relative flammability of polymeric materials. A numerical index, the ‘LOI', is
defined as the minimum concentration of oxygen in a flowing oxygen/nitrogen mixture,
required to just support candle-like downward burning of a vertically mounted test
specimen. Hence, higher LOI values represent better flame retardancy. This test method
is generally reproducible to an accuracy of + 0.5% and although originally designed for
testing of plastics, the method has been used extensively for evaluating the relative
flammability of rubbers, textiles, paper, coatings and other materials.

LOI tests can be conducted in accordance with international standards including
ASTM D2863 and ISO 4589-2.
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ADMET POLYMERIZATION

Background

In the last years, olefin metathesis has become one of the most powerful synthetic
methods. Although double-bond scrambling reactions were initially reported in the
mid-1950s? and Banks and Bailey from Philips Petroleum conducted the first research
on olefin metathesis and its industrial application in 19@4was not until 1967 that
Calderon and co-workers recognized that both ring-opening polymerization and the
disproportionation of acyclic olefins were the same reaction. They coined the term
“olefin metathesis” (from greek, changing or exchanging positib@s3. shown in

figure 1, this transformation has a variety of applications. The illustrated examples
include ring-opening metathesis (ROM), ring-closing metathesis (RCM), ring-opening
metathesis polymerization (ROMP), acyclic diene metathesis polymerization
(ADMET), and cross-metathesis (CM). These reactions have enabled the synthesis of an
impressively wide range of unsaturated molecules which were challenging or even

impossible to prepare by any other means.

R ROM
<_> xR P
e RCM

<il> ROMP :(:< Rz):

/\R/\ﬂﬁ-\/\»}”+/

CM R,

Figure 1. Various metathesis reactions.
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From the mid-1950s to the early 1980s, all olefin metathesis was accomplished
with poorly defined, multicomponent homogeneous and heterogeneous catalyst
systems. These systems consisted of transition metal salts combined with main group
alkylating agents or deposited on solid supports. The utility of these catalysts, however,
was limited by the harsh conditions and strong Lewis acids that they required and that
made them incompatible with most functional groupsxtensive work was done to
overcome these problems and to better understand this transformation. The mechanism
of the reaction remained unknown until 1970, when Chauvin proposed that the key step
in the reaction involves the formation of a metallocyclobutane ring intermediate from a

metal carbene and an alkene (Schenfe 1).

R

Rq 1
M=/ [M] M
{0 R R3

R, Rs R Rs
Scheme 1. Mechanism proposed by Chauvin and Herisson.

The discovery of the mechanism of olefin metathesis eventually led to the
rational design of progressively more advanced, well-defined catalyst systems. A
significant breakthrough occurred in 1990 with Schrock’s discovery of the well-defined,
single-site tungsten and molybdenum alkylidene catafystewever, these early
transition metal based complexes are highly oxophilic, making them susceptible to air
and moisture poisoning if they are not employed under rigorously dry, oxygen-free
conditions. They are also relatively intolerant to many functional groups, such as
alcohols, aldehydes, and carboxylic acids. These factors limited the use of early
transition metal-based catalyst for the metathesis of certain functionalized olefins, and
thus, the key to improved functional group tolerance in olefin metathesis was the
development of catalysts reacting preferentially with olefins in the presence of
heteroatomic functionalities. Among the transition metal metathesis catalysts,
ruthenium reacts preferentially with carbon-carbon double bonds over most other
species, which makes these catalysts unusually stable toward alcohols, amides,
aldehydes, and carboxylic acids.

The first well defined ruthenium based metathesis catalystfigure 2),

developed by Grubbs in the early 1990s, permitted the application of the olefin
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metathesis reactions in presence of a wide variety of functional dtduphe
metathesis activity as well as the functional group tolerance of these catalysts was
further improved by the substitution of one of the trialkyl phosphine ligands by a N-
heterocyclic carbene (NHCY,leading to the second generation Grubbs catalgsiad

3 are shown as representative examples in figuré Bhus, with the introduction of
highly active and robust metathesis catalysts, the number of polymeric structures

available through the design of new monomers has ever since increased.

Lo Mes—N N-Mes
PCyy Mes—N N-Mes I
Cl | Cl.
_Ru=« C|\\r _Ru=
Cl7 1 Ph _Ru=« Cl
PCy; CIm | Ph
P(:y; 0]
i-Pr’
1 2 3

Figure 2. Grubbs 1 generation, Grubbs"2generation and Hoveyda-Grubb¥ Beneration

metathesis catalysts

ADMET polymerization

Acyclic diene metathesis (ADMET) polymerization is performed mardienes to
produce well-defined strictly linear polymers with unsaturated polyethylene backbones,
as shown in figure 1. This step-growth polymerization is a thermally neutral process
driven by the release of a small molecule condensate, ethylene. The development of the
robust ruthenium metathesis catalysts greatly increased the versatility of this
polymerization reaction to a point that “with few exceptions, if the diene monomer can
be made, then a polymer can be produced by ADMET”, as affirmed by Wagenéf et al
The mechanism of the ADMET polymerization cycle (Figure 3) has been well
documented where coordination of the olefin, followed by formation of a
metalacyclobutane intermediat4),(and productive cleavage leads to the formation of
the metathesis active alkylidene complBx Subsequent reaction with the double bond
of a diene produce the metalacyclobutane ré)ghat leads to polymer formation. The
continuation of the cycle proceeds by the coordination of another diene or growing

polymer, productive cleavage, and the release of ethylene.
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Figure 3. Mechanism of ADMET polymerisation.

It has been proven that ADMET polymerization can be carried out with
heteroatom-containing monomers if the number of carbon atoms between an active
olefin group and the functional group containing the heteroatom is high enough. This
way, a potential coordination of the catalyst to the non-bonded electron pairs of the
heteroatom is minimized, a phenomenon that has been called the negative neighboring
group effect (NNGEJ? Figure 4 shows some examples of polymers synthesized
ADMET containing different functional groups.

Some examples of the versatility of ADMET polymerization found in recent
literature include the ADMET polymerisation of gluctseind aminoacid-derived
monomers:’> the synthesis of fluorophore-containing organosilicon polyrfers,
carbosilane-based polyméls,telechelic elastomers containing silacyclobutane end
groups®® halogen*® or nitrc®-containing polymers, carbazdt:, thiophene?? and

diketopiperazin€-based polymers, polyamid&spolyesters> polyacetal$® and even
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oligomers of a transition metal-based monomer with phosphine litfamos a

monomer containing a dimeric transition metal (Mo) compfex.

el et et Wo«gnwn

hydrocarbon ether thioether chiral aminoacid
o (@) Plh
A e M S e R St
ketone ester carbonate tertiary amine
R

Cl_ Cl /
fovpgt, dovppenl, S, KO

substituted conjugated

boronate acetal dichlorosilane ’
aromatic

Figure4. ADMET polymers with different functional groups
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Chapter 3

1. A Straightforward Strategy for the Efficient Synthesis
of Acrylate and Phosphine Oxide-Containing
Vegetable Oils and their Cross-linked Materials
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A Straightforward Strategy for the Efficient Synthesis of
Acrylate and Phosphine Oxide-Containing Vegetable Oilsand

their Cross-linked M aterials

Lucas Montero de Espinosa, Juan C. Ronda, Marina Galia, Virginia Cadiz
Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus

Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spain.

ABSTRACT. Phosphorus-containing triglycerides were prepared from a new route that
involves the singlet oxygen photooxygenation of high oleic sunflower oil and further
reduction of the resulting hydroperoxide derivatives to a mixture of secondary allylic
alcohols. These allylic alcohols in presence of chlorodiphenylphosphine give allylic
phosphinites capable to undergo a [2,3]-sigmatropic rearrangement leading to tertiary
phosphine oxides directly linked to triglyceride in a one pot two step reaction. The
obtained phosphorus-containing triglycerides with different hydroxyl content were
activated to polymerisation by acrylation and these acrylate triglycerides were radically
crosslinked in presence of different amounts of pentaerythritol tetraacrylate. The
thermal, dynamic-mechanical, and flame retardancy properties of the final materials
were evaluated. Thermal and thermooxidative degradation was studied by gas
chromatography/mass spectrometi#? HR-MAS NMR spectroscopy, and scanning
electron microscopy.

Keywords: triglyceride, phosphorus-containing, acrylate, crosslinking, renewable

resources.

INTRODUCTION

The exhaustion forecasts of petroleum reserves have lead the chemical industry to
search for alternative feedstocks that can provide raw materials for the development of
polymeric material$. Plant oils, which can be found all around the world, are an
attractive alternative to petroleum derivatives as precursors of polymeric materials.
Soybean oil, sunflower oil or linseed oil contain internal double bonds and have been
used directly to obtain polymeric resins by cationic copolymerization with styrene and
divinylbenzené€. However, the reactivity of these internal double bonds is limited. For
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this reason, much work has been done on the functionalization of triglycerides to obtain
useful monomers for the development of polymeric matetfalBhe epoxidation of
naural oils and subsequent ring opening with acrylic acid has been well studied giving
rise to different derivatives as acrylate epoxydized soybean oil (AES®)jch is
commercially available. These monomers, that can be polymerized either radically or
photochemically, have been used in the development of resins. The properties of these
materials, that can be conveniently modified by copolymerization with styrene or by
variation of the monomer functionalftyare comparable to those of conventional
polymers and composités® Recently, we described a new environmentally friendly
route to obtain acrylate tryglicerides by photoperoxidation of high oleic sunflower oil
and further reduction of the resulting hydroperoxide to allylic alcohols capable to be
acrylated!

Among all the desirable properties thermosets and elastomers should have, flame
retardancy is one of the most important concerning the security of the final users of
these materials. There are two ways to achieve flame retardancy in polymers. The first
one is to incorporate flame retardants to manufactured polymers as additives, which is
the most economical and straightforward way to infer flame retardancy. However, high
amounts of the flame retardant component must be added to be effective and problems
like incompatibility, migration and reduction of the mechanical properties of the base
polymer make this approach unattractive. The second approach to flame retardancy is
the design of new intrinsically flame retardant polymers. This reactive approach avoids
the problems that can be found in additive flame retardants and permits the preparation
of polymers with specific properties through the design of flame retardant monomers.

In this way, we are working on the development of flame retardant thermosets
based on phosphorus-containing vegetable'difs There are few examples on the
modification of plant oils to infer flame retardant properties. Kiisefoglu and“Eren
reported the bromoacrylation of soybean and high oleic sunflower oil to afford a new
monomer that was used in the preparation of flame retardant thermosets. Halogenated
flame retardants present advantages as the high efficiency, even in very small amounts,
or the low cost. However, they have clear disadvantages as the generation of toxic and
corrosive gases during the combustion process. Efforts have been made in the
development of halogen-free flame retardants such as those containing P, N, Si and B,
which are known to inhibit or retard the fire spreading by acting in the condensed phase,

in the gaseous phase or in both. Among them, phosphorus is known to act in the
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condensed phase promoting char formation and thus preventing air to reach the material
surface and diffusion of gaseous products into the ff@nidere is a wide range of
phoghorus containing flame retardants since phosphorus can exist in several oxidation
states. Phosphate, phosphonate and phosphinate based reactive flame retardants have
been widely usetf™*® They have proved to generate very efficiently the char residue,

but also there are evidences of their action in the gas phidsdowever, the P-O bond

has a general poor hydrolytic and thermal stabflithat limits the range of application

of the final polymeric materials. The tertiary phosphine oxides have also been used as
reactive flame retardant?***They have P-C bonds that confer a higher thermal and
hydrolytic stability to the polymers’

Among the different possible ways of preparing tertiary phosphine oxides-
containing triglycerides, we chose the simple and straightforward [2,3]-sigmatropic
rearrangement of allylic phosphinit&sThus, in this work we describe the synthesis of
phogphorus-containing triglycerides from a new route that involves the singlet oxygen
photooxygenation of high oleic sunflower oil and further reduction of the resulting
hydroperoxide derivatives to a mixture of secondary allylic alcohols that are suitable
precursors of the allylic phosphinites. The obtained phosphorus-containing triglycerides
with different hydroxyl content were activated to polymerisation by acrylation and these
acrylate triglycerides were radically crosslinked in presence of different amounts of
pentaerythritol tetraacrylate. Following this strategy, a range of phosphorus-containing
triglycerides has been prepared from high oleic sunflower oil and their thermal and

flame retardance properties (LOI) have been investigated.

EXPERIMENTAL

Materials

High oleic sunflower oil (SO) (minimum 80% oleic acid) was kindly supplied by
Borges. Meso-tetraphenylporphyrin (TPP) (Aldrich), N,N’-dimethylaminopyridine
(Aldrich), chlorodiphenylphosphine (Aldrich), dicumyl peroxide (DCP) (Aldrich),
ethylacetate (Scharlab), celite 535 (Fluka) and Mg&0Gharlab) were used as received.
Triethylamine (Aldrich) was dried by distillation over Caldnd acryloyl chloride
(Aldrich) was distilled before use. Dichloromethane was dried o¥®g &d distilled
immediately before use. Toluene was distilled over sodium/benzophenone immediately

before use. Pentaerythritol tetraacrylate (PETA) (Aldrich) was dissolved in ethyl ether
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and washed with an aqueous solution of NaOH (5%) before use to remove the stabiliser.
Hydroxyl sunflower oil (HSO) was synthesized as previously desctib&HC plates

were developed by spraying with sulphuric acid/anisaldehyde ethanol solution and
heating at 200 °C.

Synthesis of Phosphorus-containing Sunflower Oil (P-SO) (Scheme 1). 10 g (0.01

mol) of HSO and the desired amount of N,N"-dimethylaminopyridine: 0.76 g (0.006
mol), 1.51 g (0.012 mol) or 2.27 g (0.018 mol) were placed in a 500 mL round
bottomed flask and degassed applying vacuum for 10 minutes. 250 mL of dry toluene
were added under argon atmosphere and the mixture was stirred. The required amount
of chlorodiphenylphosphine: 1.32 g (0.006 mol), 2.65 g (0.012 mol) or 3.97 g (0.018
mol) was added and the mixture was stirred for 1 hour at room temperature. The
mixture was then heated to reflux for 12 h. The reaction was allowed to cool down and
toluene was removed under reduced pressure. The reaction mixture was dissolved in
100 mL of dichlorometane and washed with 10% HCI, brine and water. The organic
layer was dried over MgS(and the solvent was removed under reduced pressure. P-
SO was obtained as an oily product with 90% yield.

FTIR: 3396 crit, 3054 cm' (Aromatic, stretching), 1734 chn(ester C=0, stretching),
1436 cm®, (P-Gy, stretching), 1116 cth (P=0O, stretching), 748 and 696 ¢m
(Aromatic, out-of-plane deformation).

'H NMR (CDCk, TMS, & in ppm): 7.82-7.67 (mg-Ar), 7.50-7.36 (mm-Ar, p-Ar),
5.63-5.54 (m, €I=CH-CHOH), 5.41 (ddJ = 15.6, 7.2 Hz, CH=B-CHOH), 5.32-5.19
(m,-CH=CH- and CH-0O), 4.31-4.22 (m, GHD), 4.16-4.08 (m, CHO), 3.99 (qJ=6.7

Hz, CH-OH), 2.94-2.84 (m, B-P), 2.33-2.20 (m, CO44d5-), 1.98 (q,J = 6.67 Hz, Gi»-
CH=CH-CHOH), 1.93-1.81 (m, B,-CH=CH-CHP), 1.66-1.41 (m, »-CH-P and
CH,-CH,-CO), 1.47-0.91 (m, aliphatic), 0.89-0.78 (m, £H

3%C NMR (CDCk, TMS, & in ppm): 173.36-172.95 (COOR, ester), 137.27-136.87
(CH=CH-CHP), 133.41-133.13 (CHZH-CHOH), 132.52-132.12 QH=CH-CHOH),
132.12-131.17 (Ar), 128.72-128.23+Ar or p-Ar), 124.15-123.87 (CHEH-CHP),

73.17 CH-OCO, acrylate), 68.95CH-OCO, glyceryl), 62.18 (CHOCO, glyceryl),
43.93(d, J = 70.42 Hz,CH-P) out-of-plane deformation, 37.4€H,-CHOH), 34.22-

34.08 (CH,-CO), 32.69 CH,-CH=CH-CHP), 32.31-32.19 QH,-CH=CH-CHOH),
31.9831.84 (CH,-CHx-CHg), 29.80-28.82 (aliphatic), 27.75-27.6ZH,-CH,CHP),
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27.09(CH»-CHP), 25.79-25.55GH,-CH,CHO), 24.92 (E1,-CH,COOR), 22.76 CH,-
CHs), 14.20 (CH).
3P NMR (CDC}, HsPQs, 3in ppm): 34.30, 34.25.

Synthesis of Phosphorus-containing Acrylate Sunflower Oil (P-ASO) (Scheme 1).

A 100 mL round-bottomed flask was charged with P-SO (10 g), dichloromethane (50
mL) and a magnetic stirrer under inert atmosphere. The solution was cooled to 0 °C.
Acryloyl chloride: 3.3 mL (0.041 mol), 2.36 mL (0.029 mol), 1.62 mL (0.020 mol) or
1.07 mL (0.013 mol) followed by triethylamine: 11.3 mL (0.081), 8.1 mL (0.058 mol),
5.6 mL (0.040 mol) or 3.7 mL (0.026) were carefully added with immediate formation
of a white precipitate. The resulting mixture was allowed to reach room temperature and
was stirred for 1h more. The solvent was eliminated at reduced pressure. Then 5 mL of
ethyl acetate were added. The solution was filtered through a short pad of celite and
ethyl acetate was passed to recover the entire product. The solvent was removed at
reduced pressure and then the oily product was dissolved in dichloromethane and
washed twice with brine. The organic layer was dried over Mg8@ the solvent was
removed under reduced pressure to obtain P-ASO. The number of acrylate groups per
triglyceride in the three derivatives was found to be 1.6, 1.4 and 1.0 per triglyceride by
'H-NMR spectroscopy (calculated by the integration of methine linked to P). No further
purification was carried out. Yields 83-88%.

FTIR: 1740 crit (ester C=0, stretching), 1722 ¢nfacrylate C=0, stretching), 1636

and 1618 crit (double bond, stretching), 1403 ¢m(double bond, in-plane
deformation), 1187 cm(C-O, st.), 809 cr(double bond, out-of-plane deformation).

'H NMR (CDCk, TMS, & in ppm): 7.83-7.67 (m, 0-Ar), 7.52-7.35 (myAr, p-Ar),

6.36 (dd,J = 17.32, 1.27 Hz, CO-CH44,), 6.09 (dd,J = 17.31, 10.40 Hz, CO-
CH=CH,), 5.78 (ddJ = 10.38, 1.45 Hz, CO-CH4@;), 5.72-5.64 (m, B=CH-CHOH),

5.37 (dddJ = 15.32, 7.46, 1.58 Hz, CH¥#GCHOH), 5.30-5.20 (m, -B=CH-CHP and
CH-0O), 4.27 (ddJ = 11.77, 3.75 Hz, 8,-0), 4.15-4.07 (m, 8,-0), 2.94-2.84 (m,
CH-P), 2.33-2.20 (m, CO4a,), 1.99 (q,J = 7.05 Hz, G4,-CH=CH-CHOH), 1.93-1.79

(m, CH»-CH=CH-CHP), 1.70-1.47 (m, K-CH-P, (H,-CHOH and @,-CH,-CO),
1.450.98 (m, aliphatic), 0.90-0.78 (GH

13C NMR (CDCE, TMS, 3 in ppm): 173.09-172.64 (COOR), 165.45 (COOR, acrylate),
136.97-136.58 GH=CH-CHP), 134.55-134.17 (CHZH-CHO), 131.45-130.98 (Ar),
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130.21(CO-CH=H,), 128.94 (COCH=CH,), 128.54-128.04n¢-Ar or p-Ar), 128.33-

128.08 CH=CH-CHO), 124.13-123.87 (CHBH-CHP), 75.10 CH-OCO, acrylate),
68.82 CH-OCO, glyceryl), 61.99¢H,-O, glyceryl), 43.83 (dJ = 69.38 Hz,CH-P),

34.47 CH,-CHO), 34.04-33.81GH,-COOR), 32.51-32.450H,-CH=CH-CHP), 32.14-
32.05 (CH,-CH=CH-CHO), 31.86-31.67 QH»-CH,-CHs), 29.63-28.55 (aliphatic),
27.6027.33 ((H,-CH,-CHP), 27.01 CH,-CHP), 25.12-25.07GH,-CH,CHO), 24.77-
24.62 CH,-CH,COOR), 22.63-22.550H,-CH;), 14.09-14.05 (C¥).

3P NMR (CDCE, HsPQy, 8in ppm): 34.26, 34.20.

Curing reactions and solubility tests.
The curing reactions were carried out as follows. Each triglyceride derivative, ASO and
P-ASOs was deoxygenated using vacuum-argon cycles to prevent oxygen free radical
inhibition processes. Then they were mixed with the desired amount of deoxygenated
PETA. Dicumyl peroxide (1.5% w/w) was added with effective stirring and the mixture
was heated to 50°C. The resulting homogeneous mixture was put in a previously heated
(80 °C) mold (100 x 6 x 4 mih The temperature was increased from 80 °C to 110 °C at
a heating rate of 1° C/min and then the temperature was increased rapidly to 130 °C and
maintained for 2h.

The soluble part of the cured samples was extracted by refluxing 0.5 g. of each
sample (thoroughly triturated) in 50 mL of distilled THF during 12 h.

I nstrumentation

'H NMR 400 MHz,**C NMR 100.6 MHz and'P 161.9 MHz NMR spectra were
obtained using a Varian Gemini 400 spectrometer with Fourier transform, ;Ci3ClI
solvent and TMS as internal standattl. and>**P HR-MAS spectra were recorded on a
Bruker Avance Il 500 spectrometer operating at a proton frequency of 500.13 MHz.
The instrument was equipped with a 4-mm triple resondte-iC, 3'P) gradient HR-
MAS probe. A Bruker Cooling Unit (BCU-Xtreme) was used to keep the sample
temperature at 27°C. Samples conveniently prepared with {382 spun at 6 kHz in
order to keep the rotation side bands out of the spectral region of interest. One-
dimensional (1D)'H spectra were acquired in 1 min and 16 scans with a 1.0-s
relaxation delay. The IR analyses were performed on a FTIR-680PLUS
spectrophotometer with a resolution of 4tin the transmittance mode. An attenuated-
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total-reflection accessory with thermal control and a diamond crystal was used to
determine FTIR/ATR spectra.

Calorimetric studies were carried out on a Mettler DSC821e thermal analyzer
using N as a purge gas (20 mL/min) at a scan rate of 10°C/min in the 30-300°C
temperature range. Dynamic mechanical thermal analysis (DMTA) was performed
using a TA DMA 2928 in three-point bending geometry at a fixed frequency of 1 Hz in
the —100 to 200 °C range and at a heating rate of 3 °C/min. The dimensions of the
samples were 15 x 6 x 4 mm

Thermal stability studies were carried out on a Mettler TGA/SDTA851e/
LF/1100 with N as purge gas. The studies were performed in the 30-800 °C temperature
range at a scan rate of 10°C/min.

The limiting oxygen index (LOI) (ASTM D 2863) is the minimum concentration
of oxygen determined in a flowing mixture of oxygen and nitrogen that will just support
the flaming combustion of materials. LOI values were measured on a Stanton Redcroft
instrument provided with an oxygen analyser. The dimensions of the polymer plaques
were 100 x 6 x 4 mrh

Degradation studies were carried out in a Carbolite TZF 12/38/400 oven
connected to a condenser cooled by liquid nitrogen. GC-MS measurements were carried
out using an HP 6890 gas chromatograph with an Ultra 2 capillary column (crosslinked
5 % PH ME siloxane) and an HP 5973 mass detector.

Scanning electron microscopy (SEM) was performed on a JEOL JSM 6400
scanning electron microscope, at an activation voltage of 10 kV. For the atomic
mapping, an Oxford INCA Energy Dispersive X-Ray Micro Analyzer was used.

RESULTSAND DISCUSSION

In the synthesis of phosphorus-containing triglycerides (Scheme 1) we used as starting
compound a secondary alcohol containing-triglyceride derivative (HSO) which was
synthesized through photoperoxidation with singlet oxygen and further reduction of
high oleic sunflower oil (SO): The allylic hydroxyls of HSO were reacted with
chlorodiphenylphosphine (CDPP), in presence of DMAP as base, to obtain the
intermediate allylic phosphinites. When heated to 120 °C, these allylic phosphinites
undergo a [2,3] sigmatropic rearrangement to give a tertiary phosphine oxide with new
P-C bonds that link the phosphorus directly to the fatty acid chains (P-SO). To the best
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of our knowledge, this thermal rearrangement (Arbuzov-type rearrangement) of allylic

diphenylphosphinites has not been applied to a triglyceride derivative, as a very
efficient procedure to obtain allylic phosphine oxides.

(o] (o]
/\/\/\/\:/\/\/\/\n/o
O 1) O, TPP, Iv, CH,Cl,
SO 2) NaBH, MeOH, 0 °C
OH O O OH
B N N
\\//\»/A\v/\\f7\j/”\v/«\//\\//\ﬂ/O
OH o]
CIPPh, DMAP
HSO toluene, rt, 30min
Ph
. R/Ph
( o] (o] 0] OH
A AT A A~ A N N NN N NN
X O/\/\O P
\\/A\«/\\/A\é¢\j/A\«/\\/A\«/\m/O
OH © Reflux, 12h
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||3h
Ph—P=0 o] O OH
B S N N
W\/\/Y\/\/\/\[ro
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O
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A ° °
0 P-ASO

Scheme 1. Synthesis of hydroxyl functionalized triglycerides (HSO), phosphorus-containing
derivatives (P-SO) and acrylated phosphorus-containing derivatives (P-ASO).
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This phosphorus-containing triglyceride was obtained with high purity after
work-up of the reaction and no further purification was carried out. Taking into account
that the average number of allylic hydroxyls per triglyceride in the starting material is
2.5 (measured b{H-NMR), we could react it with different amounts of CDPP in order
to obtain a set of triglyceride derivatives with different phosphorus content. The
remaining hydroxyl groups were esterified with acryloyl chloride in presence of
triethylamine to obtain P-ASOs, thus introducing the necessary reactive sites for further
crosslinking.

NMR spectroscopy allowed us to follow each step of the synthesis. Figure 1a)
shows théH-NMR spectrum of the starting triglyceride HSO where the three multiplets
a 5.6, 5.4 and 4.0 ppm corresponding to the protons Ha, Hb and Hc of the allylic
alcohol moiety can be seen. Theé NMR spectrum of the P-SO, depicted in Fig. 1b,
shows the partial disappearance of the signals corresponding to the double Rond (H
and Hg) of HSO and the appearance of new double bond signalsafid H)
corresponding to the allylic tertiary phosphine oxide in P-SO. Moreover, there is a
decreasing in the intensity of the signal belonging to the methine proton linked to the

hydroxylic group (H) at 4.0 ppm, and a multiplet of new appearance due to the methine

Hxhiy;x Ha OH
Ho{o V\HHHM
a)HSO ° 4 °
1 HaHg H, N
Hl
A ) S
b)P-50 atel
Har Hp, He 2
HF
ARA___ AM
O Hg
C) P-ASO . O)K%\HI
Ho Mo Ho oy A
Hy Hy Ht
AN ~ \
I T 2 Y- T T Y T T
Figure 1. '"H NMR spectra of a) HSO, b) P-SO and c) P-ASO recorded in £DCI
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linked to the phosphorus @Hcentered at 2.8 ppm. Fig 1c) shows tHeNMR spectrum
of P-ASO which confirms the complete introduction of the acrylic moieties by the
typical set of vinyl signals at 6.3, 6.1 and 5.7 ppma,(Hy and H respectively), the
disappearance of the signat df proton methine linked to OH and the presence of the
signal H_of proton methine linked to O-CO-CH=GH

As the phosphorus content of the modified oil was increased, the number of free
hydroxyl groups decreased. The problem associated with this fact is that few
crosslinking reactive sites were available at high phosphorus contents. As the properties
of the resulting materials are directly related to the crosslinking density, the use of a
crosslinking agent is necessary to obtain highly crosslinked materials at high
phosphorus contents. In a previous work we used pentaerythritol tetraacrylate (PETA)
as crosslinking agent to improve the properties of two different acrylate high oleic
sunflower oil derivative$! We could determine that the addition of 5% w/w of PETA
was enough to increase significantly the Tg value and to decrease the soluble part until
2-3%. Thus, if we take as reference the 5% w/w of PETA added in the ASO
crosslinking, the contents of PETA in the P-ASOs were increased to compensate the
lower number of acrylate groups (Table 1). The phosphorus content in P-ASOs was
determined byH-NMR spectroscopy. After crosslinking, the phosphorus content in the
final materials was calculated regarding the amount of P-ASO and PETA added in each
sample. In this way, four crosslinked materials were synthesized with 0.0 (ASO/PETA),

1.4, 2.0 and 2.8 % w/w of phosphorus content.

Table 1. Soluble fractions, Tg values of the cured P-ASO/PETA systems.

Triglyceride P((I,E/O-;;A‘ P ((:()C/)Or)];ent Fraftci)cl)l;]b(lg/o o Tg (°CY
ASO 5 0.0 2.7 25
P-ASO-I 17 1.4 3.0 15
P-ASO-II 20 2.0 4.9 18
P-ASO-IlI 25 2.8 12.6 14

% Weight / weight percentages, ®in THF, ¢ maximum of the Tan & peak.

DSC experiments were carried out in order to establish the curing conditions.
Figure 2 shows the DSC traces of the four curing systems. The 0% phosphorus sample
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(curve a) exhibits a crosslinking exotherm centered at 153 °C with a little shoulder
around 190 °C that can be attributed to the thermal crosslinking of the remaining
unreacted acrylatés.However, the exotherms belonging to the phosphorus-containing
curing systems show multiple exotherms. The P-ASO-I sample (curve b) presents a
main exotherm at 158 °C with a shoulder at 142 °C. When the phosphorus content is
increased to 2.0% in P-ASO-Il (curve c), the intensities of both exoterms are reversed,
the exotherm at 142 °C significantly increases and the other one, at 158 °C, becomes
smaller. The P-ASO-IIl sample (curve d) gives two similar exotherms at 142 °C and 150
°C.
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Figure 2. DSC plots of the curing systems a) ASO/PETA,; b) P-ASO-I/PETA; c) P-ASO-
[I/PETA and d) P-ASO-III/PETA.

To better understand this behavior, DSC experiments of samples with different
phosphorus and PETA contents were run. The results are shown in Figure 3. Firstly, the
plot of the 0% phosphorus sample (ASO) gave, either in absence (Fig. 3a) or in
presence (Fig. 3b) of PETA, only one sharp exotherm showing a similar reactivity
between both acrylate groups. However, when P-ASO-I was run in absence of PETA
(Fig. 3c) a broadening of the exotherm was observed. The addition of PETA to P-ASO-I
caused the splitting of the exotherm in two peaks (Fig. 3d). Therefore, the presence of
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phoghorus in any studied system produces either a broadening or even two maxima in
the DSC curves, indicating that more than one process occurs. This fact is also observed
in the case of P-ASO-Il and P-ASO-Ill where the presence of PETA causes the same

behavior (see curve c and d in Fig. 2).
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Figure 3. Curing DSC plots of a) ASO; b) ASO/PETA; c¢) P-ASO-I and d) P-ASO-I/PETA.

Taking the information from DSC curing, we applied the same curing program
to all systems. The samples were heated in a mould from 80 °C to 110 °C at 1 °C/min
and then at 130 °C for 2h. The temperature was raised at 1 °C/min to avoid bubbles
formation during the first steps of the crosslinking. The curing was followed by FTIR-
ATR spectroscopy. Figure 4 shows the initial and final spectra of the P-ASO-Il curing
system. The total disappearance of the acrylate double bond bands at ca., 1630 and 1620
cm’ (stretching vibration), 1405, 1292, 1261 and 1057'q@H and CH in-plane
deformations) and 981, 967 and 806 trfCH and CH out-of-plane deformations)
confirms that the crosslinking reaction takes pfacé.

The extent of the crosslinking reactions was investigated by extracting the
soluble part of the cured samples by refluxing in THF for 12h. Table 1 shows the weight
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Figure 4. FTIR-ATR spectra of a mixture of P-ASO-I/ PETA before heating (plain line) and

after curing (dashed line).

percentages of the soluble fractions for each system. These values indicate the
formation of crosslinked structures due to the reaction of the acrylate groups, in
agreement with the IR data. These values are the result of two opposite factors. First, an
increase of the phosphorus content leads to a decrease of the acrylate functionality in the
triglyceride and thus to a higher soluble fraction. On the other hand, as PETA content
increases a higher crosslinking degree structure should be obtained with lower values of
soluble fractions. However, this last factor seems not to be significant.

High Resolution MAS NMR spectroscopy was used as a useful tool to further
study the extent of the crosslinking reaction in the resulting thermosets. Conventional
solid NMR spectroscopy usually results in signal broadening due to the lack of
molecular mobility. However, HR-MAS NMR spectroscopy reduces significantly this
broadening by spinning the sample around an axis oriented at anBandid.7° with
the direction of the magnetic field. The sample is spinned at a rate larger than the
anisotropic interactions causing them to be averaged to their isotropic value and

therefore, resulting in signal narrowing. In order to obtain a good spectrum, a solvent
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must be added that swells the polymer in some extent. However, the swelling is less
effective in the sections of the polymer with a higher crosslinking density. As a result
the crosslinking sites cannot be seen with the same resolution as the sections with
higher mobility. Figure 5 depicts tHel and®*'P HR-MAS NMR spectra of P-ASO-III.

This powerful technique makes possible to analyze in an accurate way the structural
changes that took place during crosslinking. In‘#HeNMR, spectrum not remaining
acrylate signals are observed. Moreover, the internal double bonds of the triglyceride
can still be observed indicating that these groups are less reactive than acrylate towards
radical polymerisation and remain unreacted in the polymeric network*'PheMR
spectrum shows a broad peak centred at 34 ppm showing that during crosslinking the
phosphine oxide moiety remains unaltered.

80 60 40 20 0 ppm

a)

‘ T T LI} I T LI I T T T I T T T T I T T T T I T T T T ‘ T T T T I T T T I T LI

9.0 8.0 7.0 6.0 5.0 40 3.0 2.0 10 ppm
Figure5. *H (a) and®P (b) hr-MAS NMR spectra of cured P-ASO-IIl.

The dynamic mechanical behavior of these polymers was similar to that of ASO
system§' and other thermosetting polyméfsrigure 6 shows the DMA analysis of the
P-ASO system. The Tgs were taken as the maximum of thed Teraks. The values,
summarized in table 1, are similar for all the samples and were found around room
temperature. The increase in the phosphorus content caused a slight decrease in the Tg
value. As the phosphorus content is increased, the acrylate functionality in the
triglycerides is decreased. Adding PETA as crosslinker increases the crosslinking
density of the polymers, but does not avoid the increasing content of free fatty acid

chains acting as plastizisers. As a consequence, thé paak maxima shift to lower
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temperatures. However, this effect is not so strong due to the increasing content of
aromatic rings and strongly polar phosphoryl groups, that cause restriction in segmental
mobility. The decreasing crosslinking density is in accordance with the height of the
Tan & peaks, which increase with the phosphorus content indicating a lower rigidity of

the polymeric network.

0,25

0,2 1

0,15 A

0,1 1

Tan delta / MPa

0,05 -

-100 -50 0 50 100 150 200
T/°C

Figure 6. Tan delta plots as a function of temperature for the cured systems: a) ASO/PETA; b)
P-ASO-I/PETA, c) P-ASO-II/PETA and d) P-ASO-III/PETA.

The thermal stability of these polymers was evaluated both under nitrogen and
air atmosphere. The thermogravimetric plots are shown in figure 7 and 8 respectively
and the temperature of 5% weight loss, the temperature of the maximum weight loss
rate and the residue at 800°C are collected in Table 1. The temperatures of 5 % weight
loss of all samples are in the 305-330 °C range under nitrogen and between 270-300 °C
under air. The residues obtained at 800 °C range from 3 to 5 % under nitrogen and from
0 to 2 % under air atmosphere. This low residues could indicate that volatile phosphorus
compounds are released upon heating. Thus, a gas-phase flame retardancy mechanism
might be expected in combination with the condensed-phase mecHanfsthe first
derivative plots show that under nitrogen the degradation process consist of two main

steps (Fig. 7b), while under air at least four maximum weight loss rates are involved
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indicating the existence of more complex processes (Fig. 8b). Under air atmosphere and
above 500 °C polymeric materials undergo a weight loss due to the char formed
oxidized. It can be seen that the weight loss rate of the phosphorus-containing resins is
significantly lower than that of the phosphorus-free resin in this thermo-oxidative
degradation. In this retarded-degradation phenomenon, the phosphorus groups promote
an insulating protective layer which prevents the combustible gases from transferring to
the surface of the materials, increases the thermal stability at higher temperatures and

improves the fire resistance.
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Figure 7. A) TGA plots under nitrogen ar) first derivative curves of the cured systems: a)
ASO/PETA; b) P-ASO-I/PETA; c) P-ASO-II/PETA and d) P-ASO-III/PETA.

The flame retardancy of the resins was evaluated using the Limiting Oxygen
Index value (LOI). The results are depicted in table 1. ASO resin gave a LOI of 19.6
which indicates that this material is not flame retardant. The addition of 1.4% of
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phoghorus gave a LOI of 21.2 and the maximum content of phosphorus (2.8 %) gave a
LOI of 22.4. These values show that this slight improvement on the flame retardant

properties is related to the increase in the phosphorus content.
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Figure 8. A) TGA plots under air and B) first derivative curves of the cured systems: a)
ASO/PETA,; b) P-ASO-I/PETA,; c) P-ASO-II/PETA and d) P-ASO-III/PETA.

To further investigate the thermal degradation mechanism, samples of P-ASO-
[l were heated in an oven at different temperatures with air and nitrogen as purge gases.
The degradation temperatures were selected from dynamic TGA data as the
corresponding to weight loss rate maxima. Under nitrogen atmosphere the used
temperatures were 350, 425 and 465°C and under air 340, 415 and 450 °C. In both
atmospheres the heating time was 1h per each temperature. Volatile products were

trapped at the liquid nitrogen temperature and subsequently analysed by GC/MS and
3P_.NMR spectroscopy.
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The thermal decomposition of plant oils has been widely reported in litefature.
Considering the structure of P-ASOs, mainly composed by triglycerides, we can expect
similar findings when analyzing the evolved gases. Thus, the main degradation products
are long chain fatty acids (R-COOH), esters (R-COOR’), acrolein and substituted
ketenes (R”-CH=C=0). Ketones (R-CO-R’) and aldehydes (R-CHO) are secondly
formed from fatty acids. These oxygenated hydrocarbons undergo decarbonylation
giving hydrocarbon radicals (R and R’) in the case of ketones and aldehydes while in
the case of fatty acids and esters the products are alcohols (R-OH). Substituted ketenes
decompose giving C#C=0 and hydrocarbon radicals (R”). Moreover, the formation
of alkanes and alkenes can be attributed to the generation of a RCOO- radical through
triglyceride cleavage followed by decarboxylation. Unsaturated sites enhance the
cleavage of the C-C bonds at allylic position and this cleavage is a dominant reaction.
The formation of aromatics is supported by Diels-Alder ethylene addition of conjugate
dienes.

Taking into account that P-ASOs are polyacrylates with ester function prone to
suffer thermal C-O scission, the presence of secondary alcohols among the degradation
products can be expect&t.

On the other hand, the analysis of the evolved gases, in all fractions, shows the
presence of several phosphorus aromatic compounds. In the degradation under nitrogen,
diphenylphosphine  oxide, methyldiphenyl phosphine oxide and methyl
diphenylphosphinite could be detected. In the degradation under air, ethyldiphenyl
phosphine oxide,n-propyldiphenyl phosphine oxidesopropyl diphenylphosphine
oxide, methyldiphenyl phosphine oxide and methyl diphenylphosphinite could be
detected. The formation of these compounds could be explained through different
chemical processes that involve some of the compounds evolved in the decomposition
of triglyceride moieties . These reactions are summarized in Scheme 2. In reaction 1, P-
C bond cleavage occurs due to the availability of a hydrogBrpwsition to the P atom
in the starting tertiary phosphine oxide to give diphenylphosphine oxide and a
conjugated dien& This diene, as mentioned above, could react with alkenes (reaction
2) to form aromatic compounds which have been detected by GC-MS.
Diphenylphosphine oxide is strongly nucleophilic due to P-H bond and can easily react
with electrophile groups such as acrolein, ketene, ketones and esters, formed during the
thermal decomposition (reaction 3). The products of these reactions would be tertiary
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phoghine oxides, what was confirmed by the presence of typical signals in the tertiary

phosphine oxides region AP NMR spectroscopy.

T brimo ¢ Moy
'O;O pr- 1 a) CHFCHCHO, CHFCO
ROM N RCOR’, RCOOR’
b) Oxidation
Ph i
Ph-P=0 ° PImR=0
OR R
a) ROH CH,=CHCHO, CH=CO
b) Oxidation 4 Ph 3 RCOR’, RCOOR’
Ph Ph-P=0
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2
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Scheme 2. Proposed thermal degradation pathways of P-ASO thermosets.

Diphenylphosphine oxide tautomer @PROH) could undergo a esterification in
presence of different alcohols evolved in the thermal decomposition. The fornfed Ph
OR can be oxidized to alkyl diphenyl phosphinites (reaction 4).

It is described that the secondary phosphine oxides can undergo a thermal
disproportionatiori® to give a secondary phosphine and a phosphinic acid (reaction 5).
As diphenylphosphine oxide, diphenylphosphine also shows high reactivity towards the
electrophiles above mentioned (reaction 6) and can give the same tertiary phosphine
oxides, after oxidation of the tertiary phosphine adducts, than reaction 3.

On the other hand, diphenyl phosphinic acid can be esterified with the different
alcohols evolved in the thermal decomposition to give different alkyl diphenyl
phosphinites (reaction 7).

The solid residues obtained after degradation under nitrogen and air were
analyzed by'P HR-MAS NMR spectroscopy. Any signal was observed in the spectrum
of residue sample obtained under nitrogen. This fact is probably due to the availability
of a hydrogen i3 position to the P, in the starting tertiary phosphine oxide, that favors
the cleavage of P-C bond and elimination of phosphorus-containing volatiles. However,

in the spectrum of residue sample obtained under air a peak at 0 pp@,)ias
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observed. In this case the different evolved phosphorus species are oxidized to
phosphoric acid. Looking the very low char yield obtained for P-ASO-III at 800 °C in
TGA analysis under air, we can think that most of the phosphorus species are released
to the gas phase instead of being oxydized and stay in the residue.

To better understand the role of phosphorus in the polymer flame retardancy,
element mapping was performed with energy-dispersive X-ray spectroscopy (EDX) on
the surface of a P-ASO-IlIl sample after the LOI test (Fig 9). P mapping of the non-
burned area showed a homogeneous distribution of this element, as can be observed in
the micrograph (Fig. 9 b). The white points in the Fig. denote P rich zones. After
burning, the presence of phosphorus in the char was confirmé®PbyIAS NMR
spectroscopy which shows a broad peak at O ppm typical of phosphoric acid. Fig. 9 c)
shows the P mapping of the burned zone of the P-ASO-IIl. The P distribution shows
that the phosphorus density increased in the top burned surface and that a phosphorus-
rich layer formed. When phosphorus compounds are heated they can form glass-like
polyphosphoric acid, which protects the burning surface.

Figure 9. SEM (a) and SEM-EDX P-mapping micrographs of non-burned area (b) and burned
area (c) of cured P-ASO-III.

CONCLUSIONS

Phosphorus-containing triglycerides were prepared from a new route that involves the
preparation of intermediate secondary allylic alcohol triglyceride. These allylic alcohols
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in presence of chlorodiphenylphosphine give allylic phosphinites capable to undergo a
[2,3]-sigmatropic rearrangement leading to tertiary phosphine oxides directly linked to
triglyceride in a one pot two step reaction. The obtained phosphorus-containing
triglycerides with different hydroxyl content were activated to polymerization by
acrylation and these acrylate triglycerides were radically crosslinked in presence of
different amounts of pentaerythritol tetraacrylate. The cured materials could be
characterized by HR-MAS NMR spectroscopy. Final elastomeric materials with good
thermal stabilities were obtained showing properties and characteristics as good as other
acrylated triglyceride-based thermosets. The presence of phosphorus slightly increased
the LOI values. Thermal degradation study showed that phosphorus-containing
compounds are released upon heating acting through a gas phase mechanism. Moreover,
by SEM and NMR it was possible to confirm the production of a char residue consistent

with condensed-phase fire-retardant action.

This work is dedicated to the Professor Josep Font on occasion of Higthday.

The authors express their thanks to CICYT (Comision Interministerial de Ciencia y
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Acyclic Diene Metathesis (ADMET) Polymerization

Lucas Montero de EspinoSduan C. RondaMarina Gali&, Virginia Cadiz} Michael
A. R. Meief

'Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus
Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spiiversity of Applied Sciences
Oldenburg / Ostfriesland / Wilhelmshaven, Constantiaplatz 4, 26723 Emden, Germany.

ABSTRACT. The acyclic diene metathesis (ADMET) polymerization of a phosphorus-
containing a,wdiene prepared with a plant oil derived building block is reported.
Different ruthenium based metathesis catalysts and conditions were tested in order to
optimize the ADMET polymerization of this new monomer. Undecylenyl undecenoate
was used as comonomer in order to obtain polyesters with different phosphorus contents
and to increase the renewable part of the final polymers. Copolymerization caused
marked variations in the molecular weights leading to polyesters from 6 to 38 KDa. The
effect of the ADMET polymerisation temperature in the thermal properties of the
copolymers was studied and their thermal degradation and flame retardant properties
were evaluated.

Keywords: polyester, renewable resources, ADMET, phosphorus-containing polymer,

flame retardant.

INTRODUCTION

Acyclic diene metathesis (ADMET) polymerization @kudienes has been shown to be

an efficient tool for the synthesis of a wide variety of linear polymers and polymer
architectures that are not available using other polymerization metHesientially,
ADMET is a step-growth polycondensation reaction in which two terminal olefins react
to form a new internal carbon-carbon double bond and a molecule of ethylene. Since the
metathesis reaction is an equilibrium, the ethylene must be removed by applying
vacuum or a constant flow of an inert gas in order to shift the equilibrium towards the

product. The first well defined ruthenium based metathesis catalyst, developed by
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Grubbs in the early 1990s, permitted the application of the olefin metathesis reactions in
presence of a wide variety of functional groapdhe metathesis activity as well as the
functional group tolerance of these catalysts was further improved by the substitution of
one of the trialkyl phosphine ligands by a N-heterocyclic carbene (N#¢@}ing to the
second generation Grubbs catalysfBhus, with the introduction of highly active and
robust metathesis catalysts, the number of polymeric structures available through the
design of new monomers has ever since increased.

It has been demonstrated that ADMET polymerization can proceed in the presence
of heteroatoms, as long as the terminal olefins are far enough apart frorh Thene.
are many examples of ADMET of heteroatom-containmgrdienes in the literature,
since the introduction of functionalities in the backbone of the polymers provides
different properties and permits further modificatidis.

One very desirable property for polymers is the flame retard&ridgny kinds of
flame retardants (FRs) have been tested to improve the flame resistance of polymers and
have been applied to commercial products. Among them, halogenated FR are the most
common. However, many kinds of halogenated FRs, especially brominated FRs., are
restricted in many countries due to the formation of dioxins under combdstion
Therefore much work has been done on the development of halogen-free FR polymers
such as those containing phosphorus, which are known to promote the formation of a
protecting char during combustion. This protecting layer isolates the material from the
heat source and prevents the diffusion of gaseous products into the'¥l&Re.
polymers can be prepared by blending with phosphorus FR and/or by polymerization of
phosphorus-containing monomers. However, due to the problems associated with the
blending method, the synthesis of inherent FR polymers is becoming more cdfmmon.
Allcock et al.**'* prepared a series of substituted cyclic phosphazene-containing
polymers with various pendant substituents on the phosphorus atoms using Gtubbs 1
and 2 generation catalysts. They could determine that the activity of the catalysts was
affected by both electronic (preferential catalyst coordination to a functional group) and
steric effects. To the best of our knowledge, this is the only example of the ADMET
polymerization of a phosphorus-containing monomer.

Among the different commercially available polymers, polyesters are widely used
for textile fibers, technical fibers, films, bottles or as a finish on high-quality wood
products. The world demand of polyesters in 2008 was estimated to grow up to 50

million tons!® Furthermore, due to environmental concerns much work is devoted to the
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industrial use of products from renewable resources. For this reason, renewable raw
materials such as plant oils, polysaccharides, sugars and wood are widely used by the
chemical industry for many purposes, and among them, plant oils and their derivatives
have a large potential for the substitution of the currently used petrochemicals in the
synthesis of polymeric materidi$® Recent work has focused to the synthesis of
monomers from plant oil derivatives for the development of liA%drbranched? as

well as crosslinked° polymers.

In the present work, a phosphorus-containing monomer bearing two 10-
undecenoic acid moieties has been homopolymerized and copolymerized with
undecylenyl undecenoatta ADMET in absence of solvent. This procedure allowed us
to synthesize a variety of polyesters with controlled phosphorus contents. All polymers
were fully characterized and the thermal and flame retardant properties of these

polyesters were studied.

EXPERIMENTAL

Instrumentation

'H NMR (400 MHz),**C NMR (100.6 MHz) and'P NMR (162 MHz) spectra were
obtained in CDCJ using a Varian Gemini 400 spectrometer. Chemical shifts were
reported relative to tetramethylsilane or phosphoric acid as internal standards.
Calorimetric studies were carried out on a Mettler DSC822 differential scanning
calorimeter using Nas a purge gas (20 mL/min) at a scan rate of 20°C/min. Thermal
stability studies were carried out on a Mettler TGA/SDTA851e/LF/1100 withoN
synthetic air as purge gases. The studies were performed in the 30-800 °C temperature
range at a heating rate of 10°C/min. Molecular weights were determined on a Shimadzu
gel permeation chromatography (GPC) system equipped with a LC-20AD pump, RID-
10A refractive index detector, SIL-20A autosampler, and a CTO-20A column oven set
to 50 °C. A PLgel um Mixed-D column from Polymerlabs in THF at a flow rate of 1
mL/min was used. Linear poly(methyl methacrylate) standards (Polymer Standards
Service PPS, Germany, Mp 102-981.000 Da) were used for calibration. GC-MS (EI)
chromatograms were recorded using a VARIAN 3900 GC instrument with a capillary
column FactorFod! VF- 5ms (30 m x 0.25 mm x 0.25 mm, Varian) and a Saturn
2100Tion trap mass detector. Scans were performed from 40 to 650 m/z at rate of 1.0
scans x S. The oven temperature program was: initial temperature 95 °C, hold for 1
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min, ramp at 15 °C x mihto 200 °C, hold for 2 min, ramp at 15 °C x mito 325 °C,

hold for 9 min. The injector transfer line temperature was set to 250 °C. Measurements
were performed in the split—split mode (split ratio 50:1) using helium as carrier gas
(flow rate 1.0 ml x miit). Measurements were performed in the splitless and split-split
mode (split ratio 50:1) using helium as the carrier gas (flow rate 1.0 mL/min). Thin
layer chromatography (TLC) was performed on silica gel TLC-cards (layer thickness
0.20 mm, Fluka). Compounds were visualized by permanganate or iodine reagents. For
column chromatography silica gel 60 (0.035-0.070 mm, Fluka) was used. Limiting
oxygen index (LOI) values were measured on a Stanton Redcroft instrument provided
with an oxygen analyser in vertical tests. The samples were impregnated on glass fibre
plaques (50 x 10 x 1 mihusing concentrated THF solutions of the polymers and. LOI

values were taken as the average of three measurements.

Materials

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPQO) was kindly supplied
by Aismalibar S.A., p-benzoquinone (Aldrich), 10-undecenoyl chloride (Fluka), 10-
undecenoic acid (Fluka), 10-undecen-1-ol (Aldrich), 1,5,7-Triazabicyclo[4.4.0]dec-5-
ene (TBD, Aldrich), ethyl vinyl ether (Aldrich), benzylidene-
bis(tricyclohexylphosphine)dichlororutheniumC{, Grubbs catalyst 1 generation,

Aldrich), benzylidene[1,3is(2,4,6-trimethylphenyl)-2-
imidazolidinylidene]dichloro(tricyclohexylphosphine)rutheniur€2( Grubbs catalyst
2nd generation, Aldrich) and [1,Bs-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene]dichlorag-isopropoxyphenylmethylene)rutheniun€3, Hoveyda-
Grubbs catalyst ™ generation, Aldrich) were used as received. 10-(2°,5'-
Dihydroxyphenyl)-9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide ~ (DOPO-I)
was synthesized in our laboratory according to the published proc8dLog2’,5 -
Bis(10-undecenoyloxy) phenyl)-9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO-II) was synthesized according to a previously published proc&dure.

Synthesis of DOPO-II (M1). 5.0 g (15.4 mmol) of 10-(2",5 -dihydroxyphenyl)-9,10-

dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO-I), 4 mL of pyridine, and 125
mL of anhydrous dichloromethane were placed in a 250 mL round bottomed flask under
dry argon atmosphere. To this solution, 6.5 g (32.0 mmol) of 10-undecenoyl chloride

were added dropwise while stirring at room temperature for 15 min. The temperature
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was raised to reflux temperature for 15 min. The progress of the reaction was monitored
by thin layer chromatography using hexane/ethyl acetate (1:1) as eluent. After the
reaction had finished, the crude was placed in a separation funnel and washed with
water, 2 N HCI agqueous solution, a 5% NaHCO3 solution and brine. DOPOIl was
obtained after drying the dichloromethane solution with anhydrous magnesium sulfate
and eliminating the solvent at reduced pressure. The product was purified by
recrystallization from hexane to give 9.5 g of DOPO-Il (yield 94%) as a white
crystalline solid (mp 63 °C).

Spectroscopic data for M1 coincides with the previously descfibed.

Synthesis of undec-10-enyl undec-10-enoate (M2). To a solution of 10-undecenoic
acid (46.5 g, 0.247 mol) and 10-undecen-1-ol (42.9 g, 0.247 mol) in toluene (200 mL)
was added 1.95 mL (4.9 mmol) of titanium (IV) tert-butoxide. The reaction mixture was
stirred magnetically and refluxed overnight in a Dean-Stark apparatus. At the end of
reaction the mixture was cooled to ambient temperature, washed with acidic water,
sodium carbonate solution, and water several times. After drying with anhydrous
sodium sulfate, toluene was removad vacuo and the residue was purified and
separated by column chromatography with hexane—diethylether (8:2) as eluent. The
product was obtained as a colorless liquid with a yield of 80g (96 %).

Spectroscopic data for M2 coincides with the previously descfibed.

ADMET polymerizations: M1 (0.3 g, 0.46 mmol), oM2 (0.3 g, 0.89 mmol), or a
mixture of both in the desired ratio (see Tables 2 and 3) and one of the metathesis
catalysts C1-C3, 1 % mol) were thoroughly mixed and placed in a 3 mL conical vial
(Supelco) equipped with screw cap and septa. If required, the respective amount of end-
capper (methyl 10-undecenoate) was added. The reaction mixture was stirred
magnetically at 80 or 100 °C under a continuous flow of nitrogen. After 24 h reaction,
the residue was dissolved in THF and the metathesis reaction was stopped by adding
ethyl vinyl ether (500-fold excess to the catalyst) and stirring for 30 minutes at room
temperatureM1 homopolymersP1 (at 80 °C) ané 1 (at 100 °C) were precipitated as

light brown sticky solids by slow addition in cold methanol and then in hexage.
homopolymersP11 (at 80 °C) an® 11 (at 100 °C) were obtained as white solids by
precipitation in cold methanolM1/M2 copolymers (PZ10 andP'2P"10) were

precipitated by slow addition in cold methanol and then in hexane.
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Spectroscopic data for P1:

FTIR: 3066 crit (Ar C-H, stretching), 2920 and 2850 (C-H, stretching), 1764 cm
(ester C=0, stretching), 1461 ¢niC=C, stretching), 1238 ¢m(P=0, stretching), 1205
cm® (C-O, stretching), 966 ch(C=C-H, out-of-plane deformation), 925 ¢ngP-O,
stretching), 780, 757 and 714 EnfAr).

H NMR (CDChk, TMS, 400 MHz3 in ppm): 8.09-7.91 (3H, m, Ar), 7.71-7.63 (1H, m,
Ar), 7.62-7.52 (1H, m, Ar), 7.45-7.33 (3H, m, Ar), 7.30-7.19 (2H, m, Ar), 7.18-7.10
(1H, m, Ar), 5.44-5.32 (2H, m, IE=CH), 2.56 (2H, t, J = 7.42 Hz, COG), 2.08-1.87
(4H, m, (H,-CH=CH), 1.81-1.60 (4H, m, COGHCH, and CO®l,), 1.47-0.91 (22H,
m, COCH-CH; and aliphatic).

13C NMR (CDCE, TMS, 100.6 MHz3 in ppm, Scheme 1): 172.08 {; 171.03 (Go),
149.83(Cs), 149.42 (d, J = 8.45 Hz,,I 147.96 (d, J = 17.60 Hz.§, 135.25 (d, J =
6.14Hz, Ciz), 133.33 (G), 131.00 (Gy), 130.82 (Ge),130.50-130.43 (&), 128.71 (d, J

= 14.48 Hz, Go), 128.38 (G), 128.24 (d, J = 8.35 Hz I 124.92-124.76 (£ C14, Cus),
124.67(d, J = 133.49 Hz, g, 123.31 (d, J = 10.66 Hzg{; 122.80 (d, J = 144.86 Hz,
Cy), 121.24 (d, J = 11.17 Hz§, 120.85 (d, J = 6.94 Hz 1@, 34.39 (Go), 33.33 (Go),
32.76 C27), 29.90-28.96 (&-Cys), 27.38 (G7), 24.99 (Gy), 24.19 (Gy).

3P NMR (CDCE, 162 MHz, din ppm): 18.09.

Spectroscopic data for M2 copolymers:

FTIR: 3066 cnl (Ar C-H, stretching), 1764 cth (COOR, stretching), 1733 ¢h
(COOR, stretching), 1461 ¢(C=C, stretching), 1241 c(C-O, stretching), 1238
cm™ (P=0, stretching), 1172 ¢m(C-0O, stretching), 966 cm(C=C-H, out-of-plane
deformation), 925 crit (P-O, stretching), 780, 757 and 714°teAr).

'H NMR (CDCk, TMS, 400 MHz,3 in ppm): 8.07-7.91 (m, Ar), 7.70-7.64 (m, Ar),
7.60-7.54 (m, Ar), 7.45-7.35 (m, Ar), 7.30-7.21 (m, Ar), 7.15-7.12 (m, Ar), 5.44-5.30
(m, CH=CH), 4.03 (t,J = 6.73 Hz, COO-8,), 2.56 (t,J = 7.47 Hz, COEly), 2.27 (t,J

= 7.53 Hz, CO-CH), 2.04-1.88 (m, €,-CH=CH), 1.78-1.64 (m, COCHCH, and
COCHy), 1.64-1.54 (m, E,-CH,COOCH-CH,), 1.45-0.91 (m, COCHCH, and
aliphatic).

%C NMR (CDCh, TMS, 100.6 MHz,d in ppm, Scheme 2): 174.12 (COORyC
172.03(COOR, Gg), 170.98 (C'OOR, &), 149.79 (G), 149.37(d,J = 8.45 Hz, ©),
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147.94(d, J = 16.90 Hz, @), 135.24 (dJ = 6.04 Hz, Gy), 133.27 (G), 131.00 (Gy),
130.80(C16), 130.52-130.40 (%), 128.68 (dJ = 14.99 Hz, Gy), 128.35 (G), 128.23
(d, J = 8.45 Hz, @), 124.89-124.73 (§ Ci4, Ci5), 124.70 (d,J = 133.69 Hz, @),
123.28(d, J = 10.46 Hz, @), 122.80 (dJ = 150.39 Hz, ), 121.21 (dJ = 11.17 Hz,
C13), 120.84 (dJ = 6.14 Hz, Gy), 64.53 (Go), 34.53 (Gg), 34.37 (Gs), 33.33 (Gy),
32.76(Cy), 29.90-28.78 (aliphatic), 27.36 40, 26.07 (Gy), 25.15 (Gy), 24.99 (Gy),
24.18 Cy).

3P NMR (CDC}, 162 MHz, din ppm): 18.03.

Spectroscopic data for P11 and P11 coincide with the previously deétibed.

RESULTS AND DISCUSSION

The phosphorus-containing monomer DOPML( Scheme 1) was synthesized in two
steps as previously report€dTherefore, the nucleophilic DOPO was reacted with the
electron deficient benzoquinone to give a diphenol which was then esterified with two
molecules of 10-undecenoyl chloride. As already explained in the introduction, the
activity of metathesis catalysts during ADMET polymerizations can be affected by the
presence of heteroatoms or bulky substituBMs contains phosphorus and oxygen in

a bulky aromatic core. However, the terminal double bondsibfare nine carbons
spaced from this core and the phosphorudtfis non-coordinative. Therefore, we
expected that this monomer might be polymerizable via ADMET. In order to confirm
this expectation and to obtain some first insight into the behavior of different metathesis
catalysts withM1, we studied the ADMET polymerization &1 using 1% mol first
generation GrubbsC(l), second generation Grubb€2) and second generation
Hoveyda-Grubbs@3) catalysts. These ADMET reactions were run for 24 hours at 80
°C in absence of solvent and under a constant flow of nitrogen to remove the released
ethylene more efficiently. WheM1 started melting (63 °C) the reaction proceeded very
fast and the increase of the viscosity of the reaction mixture caused the non-
homogeneous distribution of the catalyst in the melted monomer. For this reason, higher
molecular weights were obtained when the monol&rwas thoroughly mixed with

the metathesis catalysts in the solid state before the reactions were started. Adding a
solvent O-xylene) to increase the homogeneity of the reaction mixture did not give
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beter results. Moreover, the use of solvent was ruled out as it would favor the formation

of cyclic oligomers due to statistics.

O=P-0O

/\/\/\/\/\[rOOO\n/\/\/\M

o O M1

CH,=CH, /‘ Metathesis catalyst

10 11 14 15

9 12 16
1

7
8 o=p-g 1817
1] _6
28 26 24 22 20,4 0.29%° Nﬂ%
2725232102 B\g/\al/\/\/\n
3 4 P1

Scheme 1. Synthesis of phosphorus-containing polymer via ADMET
polymerization.

The results of the ADMET polymerizations IdfL are shown in Table 1. By GPC,
a M, of 21,300 Da was obtained when we u§€&las catalyst. However, witBl and
C3, molecular weights of only around 6000 Da were obtained together with poor
monomer conversion. Furthermore, we observed that the obtained molecular weights
decreased with higher or lower reaction temperatures and with lower amounts of

catalyst. Therefore, we concluded that 1% of C2 is best suited for the polymerization of

Table 1. Results of initial investigations of the ADMET polymerization of M1.

Catalyst (%} T (°C) M,/ PDI®

C1 (1%) 80 6,700/ 1.75
C2 (1 %) 80 21,300/ 2.33
C3 (1%) 80 6,000/ 1.77

2 mol % relative to dien@,GPC data.
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M1 and used this condition for all further polymerizations. 3HNMR spectra of the
monomerM1 andthe polymer P1 are shown in Figure 1. Terminal olefin signals can
clearly be observed at 4.93 and 5.73 ppm in the monomer spectrum. After ADMET
polymerization, only an internal olefin signal centered at 5.4 ppm is observed, and no
end group signals can be seen confirming the high molecular weight of the polymer. All
other signals and relative integrals essentially remain unchanged indicatiiy thas

the depicted structure and no side reactions occurred.

) 1 6 O=P-0 3
/\WWO OW aliphatic
aromatic 4 70 o 5 3 4 6
2 5
1 7
i Mhl A lJl i
o=r-d aliphatic

b) J\

W@ W/Wy(\““\wﬁ aliphatic
C) aromatj l

| LI I I | | LI | LI ' LI | LI | 7 17 | T 7177 | LI | T 7177 ' T 7 17 |

10 9 8 7 6 5 1 ppm

Figure 1."H NMR spectra of M1 (a), P1 (b) and P7(c).

Once demonstrated that the ADMET polymerization of the phosphorus-containing
monomer M1 can be carried out wittC2 to afford quite high molecular weight
polymers, our next aim was to control the phosphorus content in the polymers regarding
their flame retardant propertieB1 has 4.72 wt% of phosphorus, but it is well known
that percentages of 2-3 wt% of phosphorus are enough to infer flame retardant
properties to polymer€. In order to lower the phosphorus content, and, at the same
time, increase the renewable content of the final polymers, we decided to copolymerize
M1 with undecylenyl undecenoaté/2) (Scheme 2), amr,wdiene that is 100 %

renewablé’ The ADMET copolymerizations were carried out at 80 °C using the
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metathesis catalys€2. The copolymerizations were run at differ@iil/M2 molar
ratios to study the effect of the copolymer on the molecular weight. The results are

summarized in Table 2.

10 11 14 15

7
8 o:lp_ 3 18 17
MO (0] 2% 28 290 ,ﬁ*
3 A Y\Z{\/\/\
22 21 0 3 X 27 30 31 y
P2-P10
CH,=CH,
e
O=P-0 o
/\/\/WYO@/OW\/\/\/\ + \/\/VMO/VW
o} (¢}
M1 M2

o O=P-0 o
\OW%W O\Q/ OYWV\MW/Y O\/\/\/\/\Wo/
7 0 o) X o) 7

end-capped polymers

Scheme 2. Synthesis of phosphorus-containing renewable copolymers and copolymer

telechelics via ADMET polymerization.

The most surprising effect is observed when a M1/K2) ratio is used. The
molecular weight was increased twofold compared to Ntie homopolymer. One
possible explanation is that adding a little amountvi&f, which is liquid at room
temperature, provides higher homogeneity to the reaction mixture by acting as a
solvent. However, this effect is not observed at higigrcontents and the molecular
weights decrease for the othdi/M2 ratios. Moreover, the addition of higher amounts
of M1 causes a non-homogeneous molecular weight distribution in the final polymers.
The GPC curves of the polymers with intermedist®/M2 ratios show a bimodal
molecular weight distribution (Figure 2), probably due to a lack of miscibility of both
monomers when mixed in similar amounts. An increase of the reaction temperature
should help to increase the miscibility of both components, but it could also affect the
stability of the metathesis catalyst. Therefore, copolymerizations were also carried out

at 100 °C since C2 is also active at higher temperatures. Table 3 shows the results of the
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Table 2. Analytic results of M1/M2 copolymers prepared at 80 °C.

Sample (M1 /M2) % P® M, ¢ PDI® Ty °CY'/ T, (°CY
P1(10/0) 4.72 21,300 2.33 7.9/-
P2(9/1) 4.46 38,000 2.09 255/ -
P3(8/2) 4.18 32,000 3.01 20.1/-
P4 (7/3) 3.87 21,700 2.60 3.9/-
P5 (6/4) 3.52 9,400 1.73 -29.3/9.4
P6 (5/5) 3.12 12,900 3.46 -16.6 / 23.7
P7 (4/6) 2.67 12,700 351 -127.7
P8 (3/7) 2.15 10,600 2.85 -135.2
P9 (2/8) 1.54 14,000 2.96 -141.7
P10 (1/9) 0.84 16,100 2.33 -147.7
P11 (0/10) 0.00 11,800 2.32 -154.6

2 mol/mol ratio,” weight/weight percentage’sGPC data® from DSC experiments.

100°C ADMET copolymerization oM1 and M2 at different monomer ratios. Despite

the resistance o€2 to high temperatures, the molecular weights obtained for this
copolymer series are lower compared to the copolymers obtained at 80 °C. This
indicates that the catalyst loses activity at 100 °C. However, the increase of the
temperature gave homogeneous copolymers atlalM2 ratios (observed by GPC,
Figure 2), thus solving the problem of the bimodal molecular weight distribution. As a
representative example of this copolymer series, Figure 1 depictd-tBIR spectrum

of the 80 °C 4/6 copolymeP7). Also here, the terminal olefin signals are not observed
confirming the high molecular weight of the copolymer.

The addition of a monofunctional monomer (chain stopper) to ADMET
polymerizations not only permits to control the molecular weight of the polymers but
also chain-end functionalized polymers can be obtained. This is a useful strategy
allowing further modifications and the production of phase-separated materials such as
ABA triblock copolymers or segmented block copolynferMoreover, when a

functional group with easy to integraté-NMR signals is used in the end-capping, the
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normalized RI signal

Figure 2. GPC traces of different copolymers.

Table 3. Analytic results of M1/M2 copolymers prepared at 100 °C.

Sample (M1 /M2 % P M, ¢ PDI® Ty °CY'/ Ty (°CY
P’1(10/0) 4.72 6,300 2.38 1.4/ -
P2(9/1) 4.46 10,900 2.20 8.6/-
P3(8/2) 4.18 14,000 2.50 14.7 | -

P4 (7/3) 3.87 13,700 2.34 221/
P'5(6/4) 3.52 8,200 2.25 -19.2/ -
P6(5/5) 3.12 7,800 2.34 -16.2/22.2
P7(4/6) 2.67 10,500 2.66 -126.7
P8(3/7) 2.15 10,600 2.05 -134.0
P9(2/8) 1.54 11,100 1.98 -139.2
P10 (1/9) 0.84 16,200 1.83 -145.6
P11 (0/10) 0.00 17,800 2.10 -156.8

2 mol/mol ratio,” weight/weight percentagesGPC data’ from DSC experiments.
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precise determination of the number of repeating units can be achieved. In this way,
methyl 10-undecenoate was added as monofunctional chain stopper to selected ADMET
polymerizations (Scheme 2). The analysis of the end-capped polymetsNiviR
spectroscopy allowed us to determine the ratio of the methoxy end-group signals with
backbone signals. Thus we were able to accurately determine the DP and molecular
weights of these telechelics. The obtained values for different copolymers are clearly
higher than those calculated by GPC (Table 4). The molecular weight values obtained
by GPC can be underestimated due to the difference of the hydrodynamic volume
between the polymers synthesized and the PMMA standards used in the GPC
calibration. For this reason, the actual molecular weights of the non-capped copolymers
presented in Tables 2 and 3 are expected to be about twice as high as molecular weights
obtained by GPC and presented in Tables 2 and 3.

The DSC traces of the copolymers synthesized at 80 °C are shown in Figure 3a
and the data are collected in Table 2. The homopolydeshows a glass transition
temperature (J) at 7.9 °C. FoP2 (9/1M1/M2 ratio) this value is increased to 25.5 °C,
but higherM2 contents lower the g This behavior can not only be attributed to
variations of the molecular weight, but other factors such as the higher segmental

mobility of M2 must be taken into account. Moreover, at percentages of M2 higher than

Table 4. Analytic data of copolymers prepared with methyl 10-undecenate as a
chainstopper: mol/mol ratio.

methyl M
a _ () c n c
M1/ M2 10-undecenoate T (°C) M, ("H-NMR) PDI
(%)
10/0 5 80 19,700 35,100 2.3
9/1 5 100 11,500 26,700 2.3
1/9 5 80 12,200 28,700 1.8
1/9 5 100 12,100 21,000 1.9

2 mol/mol ratio,” mol % relative to diené,GPC data.

40%, M2 rich regions are able to arrange and crystallize and thysig dlso observed
(P5 andP6). For these semicrystalline materials bothahd T, increase as this?2

content does. This behavior can be related to the physical crosslinking effect of
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crystalline regions of increasing size and order. At percentagé? diigher than 50%,

the crystalline fraction dominates and only a melting endotherm with maximum
temperatures increasing froRV to P11 is observed. The DSC traces of the polymers
obtained at 100 °C (Figure 3b) show a similar behavior. However,gthealdes of the
amorphous materials are slightly lower due to the lower molecular weights achieved.
The semicrystalline materials show comparable values as expected for a similar

crystalline arrangement.
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Figure 3. DSC traces of all investigated polymers prepared at 80°C (a) and 100°C (b).
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The thermal stability of the copolymer series was studied by thermogravimetric analysis
(TGA) in nitrogen and air atmospheres. The thermal stability of the copolymers
obtained at 80 °C and 100 °C under nitrogen (Figure 4, data in tables 5 and 6) is similar
in both series with 5% weight loss temperaturg between 290 and 390 °C for the 80

°C series and between 242 and 344 °C for the 100 °C series. The main maximum weight

Table 5. Thermal stability data and flame retardant characterization of copolymers prepared at

80 °C
TGA (Ny) TGA (Air)

Sample  , 5b  Tseoss Tmax Chargooec  Tsoloss o Chargggec
mi/m2r P ec)  ecof @p o) TmCCf Tyt Lol
P1(10/0) 472 317 327/464 9.3 317 44%250/ 8.4 22.8

438/ 480 /

P2(9/1) 446 348  316/460 8.9 356 o/ W01 42 221
P3(8/2) 418 390 460 8.8 356 4527{)295/ 5.2 22.4
Pa(7/3) 387 381 462 8.4 359 440 /555 18 22.6

232332 4271461/

P5(6/4) 352 200 “3°°° 78 310 s 14 227
418 /541 /

P6(5/5) 312 357  310/470 57 336 45/ 540 16 235
3431460/

P7(4/6) 267 353 465 4.9 330 S0l 400 11 221

P8(3/7) 215 350 311/470 28 336 4136’7235/ 0.9 21.6
314 /438 4211460/

PO(2/8) 154 356 O-%% 18 338 Tl 0 05 213
326 /437 306 /424 |

PLO(1/9) 084 358 °00° 18 322 . 0.0 20.9

Plllo)(o I 000 378 4337462 0.0 330 421/509 0.0 19.0

2 mol/mol ratio,” weight/weight percentagestemperatures of maximum weight loss rate.

loss rates were found between 433 and 470 °C for the 80 °C series and between 422 and
469 °C for the 100 C series. The typical bond energies of P-C, C-C, C-O and C-H
bonds are 260, 349, 286 and 370 KJ/mol, respectively. This means that the thermal
stability of a polymer should be lowered by addition of a phosphorus-containing
comonomer. HoweverM1 contains phosphorus as a pendant group and it has been
demonstrated that the presence of phosphorus as a pendant group does not affect the
thermal stability as it does when it is part of the main cffalioreover, Wang and Lin
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reported the unusual high thermal stability of the P-O-C bond in a similar DOPO-
derived polyester, which could be attributed to the three phenylene groups prdtection.
The thermal degradation of the pendant group leads to the formation of the phosphorus-
containing char, which acts as a protective layer for the polymer surface. Therefore, the
residues obtained at 800 °C increase as the phosphorus content does, reaching a
maximum around 10% in both copolymer series. The TGA measurements in air
atmosphere (Figure 5) show a main degradation step followed by a complex
degradation process for both copolymer series.

a)

Figure 4. TGA measurements of copolymers obtained at 80 °C (a) and 100 °C (b) under

nitrogen atmosphere.
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In all samples, the weight loss rate is lowered around 500 °C by formation of an
intermediate residue. The thermal behavior of the polymers at this temperature is
representative of the polymer surface behavior under flame conditions. Thus, a high
amount of char at 500 °C would mean a better protection of the non-burned polymer.

The general tendency observed in both copolymer series is a direct relationship between

Table 6. Thermal stability data and flame retardant characterization of copolymers prepared at

100 °C
TGA (Ny) TGA (Air)
Sample orpb  T5%Ioss o Chargoec  Tso loss 0 Chargggec
P1(10/0) 472 288  310/460  10.4 297 4106/5243 Y
, 409/ 445 |
P2©9/1) 446 307  316/456  10.3 302 P 3.1
P3(8/2) 418 328  308/460  10.3 320 4247/1228 I 46
, 406 / 456 /
P4(7/3) 387 315  316/457 105 30 oIS 2.7
P5(6/4) 352 310  311/462 7.0 306 4256/2240 Y
, 4171442 |
P6(G/5 312 314  314/466 5.7 30 AT 11
, 392/ 465/
P7(4/6) 267 322  431/468 5.4 08 2 15
, 325422/ 400/ 448 |
P8@/7) 215 316 000 4.2 308 " 1.4
, 229 /327 / 413/ 464 |
Po(2/8) 154 242 2SI 40 291 VLR 11
, 330/424/ 360/ 430/
P10(1/9) 084 304 L0 2.8 290 e 0.1
P11(0/10) 000 344  431/469 0.0 344 425 /506 0.0

2 mol/mol ratio,” weight/weight percentagelstemperatures of maximum weight loss rate.

the phosphorus content and the amount of char formed at 500 °C. As a consequence, the
subsequent oxidative degradation is retarded proportionally to the phosphorus content.
Thus, the char residues found at 800 °C in air atmosphere range from 0.0 to 8.4 % in the
80 °C copolymer series and from 0.0 to 4.7 % in the 100 °C copolymer series. These

observations clearly indicate the advantages of defined polymer libraries in polymer
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science® Here, the systematic variation of the phosphorous content allowed us a

straightforward correlation of material properties with molecular characteristics.

a) 100
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b) 100
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weight %
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30 130 230 330 430 530 630 730
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Figure 5. TGA measurements of copolymers obtained at 80 °C (a) and 100 °C (b) under air
atmosphere.

The flame retardancy properties of the copolymer series synthesized at 80 °C were
evaluated using the limiting oxygen index (LOIl) test. The LOI is the minimum
concentration of oxygen determined in a flowing mixture of oxygen and nitrogen that
will just support the flaming combustion of a certain material. For the preparation of the
samples, concentrated solutions of each polymer in THF were used to impregnate glass

fiber probes (50 x 10 x 1 nmifn We used these probes instead of standard ones due to
138
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the lack of consistence of the obtained polymers. The LOI values obtained are shown in
Table 2. P11 gave a LOI of 19.0, which indicates that it has not flame retardant
properties. However, the introduction il as comonomer causes a clear and steady
increase of the LOI with the increasing P content reaching a maximum value of 23.5 for
a phosphorus content of 3.12 ®6{. Interestingly, higher phosphorus contents did not
give an increase in the LOI values but a slight decrease fromP@.50(22.1 (P2). Itis
known that low phosphorus contents are sufficient to infer flame retardant properties to
polymers and that high contents do not usually give better réstdtdowever, in this

case a decrease in the LOI values is observed when the phosphorus content is increased.
A possible explanation to this fact may be found in the thermal properties of the
copolymers. As mentioned above]l1l is crystalline with a melting point of 54.6 °C.

The incorporation of increasing amountsM® comonomer causes a gradual decrease

of Ty until amorphous copolymers are obtained. In polymers, the amount of energy
required to initiate combustion varies as a function of the physical characteristics of the
material. During the heating of semi-crystalline thermoplastics, the polymer softens,
melts and drips. As a consequence, depending on the heat-storage capacity and the
enthalpy of fusion of the polymer, part of the energy involved in the combustion process
is consumed?® For this reason, the LOI values found for the copolyr®@P6 could

be affected not only by the presence of phosphorus, but also by its crystalline fraction.
The polymerd5-P1 are essentially amorphous and thus, no endothermic processes can
be added to the effect of phosphorus resulting in lower LOI values.

CONCLUSIONS

A phosphorus-containing,wdiene bearing two 10-undecenoic acid moieties has been
homopolymerized via acyclic diene metathesis (ADMET) using GruBbgeheration
metathesis catalyst. This monomer was also copolymerized with undecylenyl
undecenoate leading to a series of copolymers with different phosphorus contents.
Moreover, the molecular weight of the prepared polyesters could be controlled by
addition of methyl 10-undecenoate as chain stopper. The presence of phosphorus in the
structure of the monomer did not affect the activity of the catalyst and high molecular
weight polyesters could be obtained. The polymerizations were carried out at two
different temperatures. When working at 80 °C, inhomogeneous molecular weight

distributions were obtained for intermediate comonomer ratios. When the temperature

139 Journal of Polymer Science: Part A: Polymer Chemistry
DOI: 10.1002/pola.23620



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

was increased to 100 °C the catalyst lost activity, as observed by somewhat lower
molecular weights, but homogeneous molecular weight distributions were found in all
polymers. LOI values up to 23.5 were obtained for the phosphorus-containing
polyestersP1-P10. These values show an increase in the flame retardant properties of
the polyesters compared to the phosphorous-free saPddleBoth studies monomers

have a high percentage of renewable resources, in this case a castor oil derived platform
chemical, and thus the studied polymers can be considered as renewable flame retardant

materials.
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Phosphor us-Containing Renewable Polyester -Polyols via
ADMET Polymerization. Synthesis, Functionalization and

Radical Cross-Linking.

Lucas Montero de Espinosd/lichael A. R. Meief Juan C. RondaMarina Gali&
Virginia Cadiz

'Department of Analytical and Organic Chemistry, Rovira i Virgili University, Campus
Sescelades, Marcel.li Domingo s/n, 43007 Tarragona, Spiversity of Potsdam, Institute

of Chemistry, Laboratory of Sustainable Organic Synthesis, Karl-Liebknecht-Str. 24-25, 14476

Golm / Potsdam (Germany)

ABSTRACT. An a,w-diene containing hydroxyl groups was prepared from plant oil
derived platform chemicals. The acyclic diene metathesis copolymerization (ADMET)
of this monomer with a phosphorus-containimgo-diene (DOPO II), also plant oll
derived, afforded a series of phosphorus containing linear polyesters, which have been
fully characterized. The backbone hydroxyls of these polyesters have been acrylated and
radically polymerized to produce cross-linked polymers. The thermomechanical and
mechanical properties, the thermal stability, and the flame retardancy of these
phosphorus based thermosets have been studied. Moreover, methyl 10-undecenoate has
been used as chain stopper in selected ADMET polymerizations in order to study the
effect of the prepolymers molecular weights on the different properties of the final
materials.

Keywords: polyester, renewable resources, ADMET, flame retardant, cross-linked
polymer.

INTRODUCTION

Recently, the use of plant oils as renewable feedstock for the development of designed
polymeric materials has received particular attention due to environmental concerns.
The main components of vegetable oils are triglycerides, consisting of glycerol and fatty
acids. The chemical modification of their structure enables the synthesis a wide variety
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of monomers for the development of polymers with specific propértiest are now
being used in an increasing number of industrial applications.

Synthetic polymer materials are used in many areas and thus the fire hazards
associated with the use of these materials are of great concern for both consumers and
manufacturers.Due to the composition of triglycerides, plant oil based polymers are
flammable, just like many other currently used polymeric materials. The flammability
of these materials is a shortcoming in some applications. Therefore, the use of flame
retardants to reduce the combustibility of polymers is an important part of the
development of plant oil based polymeric materials. In this way, the synthesis of flame-
retardant polymers from bromoacrylated plant oil triglycerides was repbHedever,
it is known that bromine-containing flame-retardant resins release hydrogen bromide
during combustion, which is toxic and corrosivéThe concept of sustainable
development requires fire retardant technologies to be developed that have a minimum
impact on health and the environment throughout the life cycle of the fire-resistant
material: starting from its synthesis, via fabrication, use, and recycling to its final
disposal. Therefore, the search for new environmentally friendly flame-retardant
polymeric materials is of large current interest. Phosphorus based polymers, for
instance, are an effective and well established class of flame retardant mafEhisys.
have a good flame retardant performance and are preferred to the widely applied
halogenated flame retardants due to environmental and health réasons.

Acyclic diene metathesis (ADMET) polymerization has proven to be a useful
tool for the synthesis of polymers bearing a wide variety of functional gfolipke
ADMET polymerization ofa,w-dienes affords strictly linear, unsaturated polymers
through a step-growth polycondensation, which is driven by the release of ethylene. In a
previous study® we synthesized a series of phosphorus-containing linear polyesters
through ADMET copolymerization of a phosphorus baseg-diene with different
amounts of a castor oil derived diene. These polymers showed good flame retardancy
and potential application as flame retardant coatings. However, the Jaf fhese
polymers can be a limiting factor for some applications. Taking into account the high
functional group tolerance of the so called second generation Grubbs metathesis
catalysts:*> ADMET polymerization enables the introduction of functional groups that
can act as cross-linking points for the development of thermosets with improved
mechanical properti€s.This work thus deals with the synthesis of plant oil based linear
polyesters containing phosphorus and alcohol functionalities via ADMET. Further
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cross-linking of these polymers has been achieved through acrylation of the hydroxyl
groups and subsequent radical polymerization affording flame retardant resins. The
thermal and flame retardant properties of the obtained materials are reported within this

contribution.
EXPERIMENTAL SECTION

Materials

All chemicals were used as received unless otherwise specified. 10-undecenoic acid,
1,3-dichloro-2-propanol, ethyl vinyl ether and dicumyl peroxide were purchased from
Aldrich. Potassium carbonate and tetrabutylammonium hydrogen sulfate were
purchased from Fluka, anhydrous magnesium sulfate and hydrochloric acid were
purchased from Scharlab. Benzyliddrnsiricyclohexylphosphine)dichlororuthenium
(C1, Grubbs catalyst 1 generation), benzylidene[1t8s(2,4,6-trimethylphenyl)-2-
imidazolidinylidene]dichloro(tricyclohexylphosphine)ruthenium (C2, Grubbs catalyst
2" generation) and [1,Bis-(2,4,6-trimethylphenyl)-2-imidazolidinylidene]dichlom(
isopropoxyphenylmethylene)ruthenium (C3, Hoveyda-Grubbs catal§sgeheration)

were purchased from Aldrich. Hexane, ethyl acetate and methanol were purchased from
Scharlab. Tetrahydrofuran CHROMASOEVPIus (HPLC) was purchased from
Aldrich. Triethylamine (Aldrich) was dried by distillation over Galind acryloyl
chloride (Aldrich) was distilled under vacuum before use. Dimethylformamide and
dichloromethane (Scharlab) were dried ovgdfand distilled immediately before use.
Toluene was distilled from sodium/benzophenone. Thin layer chromatography (TLC)
was performed on silica gel TLC-cards (684-Merck). Compounds were visualized

by spraying with sulphuric acid/anisaldehyde ethanol solution and heating at 200 °C.
For column chromatography, silica gel 60 A.C.C. 40463 (SDS) was used. Methyl
10-undecenoate was prepared by esterification with methanol from corresponding 10-
undecenoic acid according to standard procedures. 10-[2,5"-Bis(10-
undecenoyloxy)phenyl]-9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO-II) was synthesized according to a previously published proc&dure.

Synthesis of 1,3- and 1,2-di-10-undecenoylglycerol mixture (M1). 10-undecenoic
acid (7.14 g, 38.7 mmol), potassium carbonate (5.36 g, 38.7 mmol) and

tetrabutylammonium hydrogen sulfate (0.26 g, 0.77 mmol) were mixed in a dry 250 mL
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two-necked flask under argon. The potassium carbonate was grinded and kept at 100 °C
for 24 h prior to use. Anhydrous dimethylformamide (60 mL) and anhydrous toluene
(60 mL) were added. The mixture was heated to reflux and stirred for 20 min. 1,3-
dichloro-2-propanol (1.85 mL, 19.4 mmol) was then added with vigorous stirring and
the reaction was monitored with TLC (hexane/ethyl acetate 5/1). After completion of
the reaction (approximately 4 h), the mixture was allowed to cool down under a
constant flow of argon. The reaction mixture was diluted with toluene, washed twice
with water, twice with HCI (5%) and once with brine. The organic layer was dried over
MgSO, and the solvent was removed under reduced pressure. The 1,3- and 1,2-di-10-
undecenoylglycerol mixture NM11) was obtained in 55 % vyield after column
chromatography with hexane/ethyl acetate 6/1.

FTIR (cmi®): 3475 (O-H), 3077 (=C-H), 1735 (C=0), 1638 (C=C), 1163 (C-O).

'H NMR (CDCk, TMS, din ppm): 5.83-5.73 (m, C#CH), 5.09-5.04 (m, €-0O of 1,2
isomer), 5.00-4.89 (m, i&,=CH), 4.30 (dd,J = 12.00, 4.40 Hz, B,-CO of 1,2 isomer),
4.244.03 (m, O-G1,-CHOH-CH,-O of 1,3 isomer and Ig>-CO of 1,2 isomer), 3.70 (d,

J = 5.20 Hz, ®,-OH of 1,2 isomer), 2.65 (broad, OH), 2.33 Jt= 7.60 Hz, G,-
COOCH,), 2.30 (t,J = 7.60 Hz, G4,-COOCH), 2.01 (qJ = 7.07 Hz, Gt,-CH=CH,),
1.6441.56 (m, G4,-CH,CO), 1.39-1.22 (m, C}).

13C NMR (CDCE, TMS, & in ppm): 174.11 (COOR of 1,3 isomer), 173.98 (COOR of
1,2 isomer), 173.63 (COOR of 1,2 isomer), 139.32 ££IH), 114.34 (E,=CH),
72.23 (CH-O of 1,2 isomer), 68.43 (CH-OH of 1,3 isomer), 65.0GH{O of 1,3
isomer), 62.23 (B,-CO of 1,2 isomer), 61.60CH,-OH of 1,2 isomer), 34.43CH,-

CO), 34.25 (®1,-CH=CH,), 33.95 CH,-CO), 29.46 (CH), 29.44 (CH), 29.37 (CH),
29.35(CHy), 29.25 (CH), 29.22 (CH), 29.21 (CH), 29.03 (CH), 29.07 (CH), 25.08
(CH,-CH,CO), 25.03 (Ei,-CH,CO).

ADMET polymerization of M1. M1 (3g, 7.07 mmol) and Hoveyda-Grubb&® 2
generation catalyst (22.1 mg, 0.035 mmol) were placed in a dry 10 mL round-bottom
flask under nitrogen atmosphere. The mixture was stirred magnetically at 80 °C under a
constant flow of nitrogen. After 12 h, the residue was dissolved in THF and the
metathesis reaction was stopped by adding ethyl vinyl ether (500-fold excess to the
catalyst) and stirring for 30 min at room temperaturé. was precipitated from
methanol as a light brown sticky solid with 96% yield.

FTIR (cm?): 3540 (O-H), 1742 (C=0), 1142 (C-0).
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'H NMR (CDCk, TMS, 8 in ppm): 5.42-5.30 (m, B=CH), 5.10-5.05 (m, -0 of 1,2
isomer), 4.31 (ddJ = 11.60, 4.40 Hz, B,-CO of 1,2 isomer), 4.24-4.04 (m, CH&
CHOH-CH,-O of 1,3 isomer and Ig€,-CO of 1,2 isomer), 3.74-3.69 (mHzOH of 1,2
isomer), 2.65 (broad, OH), 2.35-2.29 (M{48C0O), 2.04-1.90 (B,-CH=CH), 1.70-1.56
(m, CH,-CH,CO), 1.38-1.21 (m, C§).

13C NMR (CDCk, TMS, & in ppm): 174.14 (COOR), 173.65 (COOR), 131.00-129.50
(CH=CH), 72.23 (-0 of 1,2 isomer), 68.40 (CH-OH of 1,3 isomer), 65.CBi{-O of
1,3isomer), 62.24 (8,-CO of 1,2 isomer), 61.5TH,-OH of 1,2 isomer), 34.440H,-
CO), 34.26 (®,-CO), 32.76 (€i,-CH=CH, trang, 29.77 (CH), 29.62 (CH), 29.41
(CHy), 29.28 (CH), 29.14 (CH), 28.91 (CH), 28.76 (CH), 27.35 CH,-CH=CH, cis),
25.04 CH,-CH,CO), 24.90 (E1,-CH,CO).

ADMET copolymerization of M1 and DOPO Il (M2). M1 andM2 were mixed (3 g
scale) in the desired molar ratio (see table 1) in a dry 10 mL round-bottom flask under
nitrogen atmosphere. If required, the respective amount of end-capper (methyl 10-
undecenoate) was added. GrubBSdneration catalyst (0.5 % mol related to dienes)
was added and the mixture was stirred magnetically at 70 °C under a constant flow of
nitrogen. After 12 h, the residue was dissolved in THF and the metathesis reaction was
stopped by adding ethyl vinyl ether (500-fold excess to the catalyst) and stirring for 30
min at room temperatur@2-P6 were precipitated from methanol with yields >95%.
The spectroscopic data is essentially the same for all polymers.

FTIR (cmi'): 3450 (O-H), 1764 (C=0, Ar-COOR), 1735 (C=0, COOR), 1607, 1595,
1582 and 1560 (Ar C-C), 1165 (C-0), 1116 (P=0), 925 (P-0O), 780 and 757 (Ar C-H).

'H NMR (CDCk, TMS, 8 in ppm, number assignations related to scheme 2): 8.07-7.94
(m, Hg 149, 7.69 (t,J = 7.4 Hz, H), 7.57 (dd,J = 15.2, 7.6 Hz, Hh), 7.45-7.36 (m,
Hi0,169, 7.30-7.23 (m, kb 19, 7.14 (dd,J = 8.6, 6.6 Hz, H), 5.43-5.31 (m, B=CH),
5.10-5.06 (m, E-O of 1,2 isomer), 4.31 (dd] = 11.60, 4.40 Hz, €,-CO of 1,2
isomer), 4.23-4.03 (m, OH3-CHOH-CH,-O of 1,3 isomer and I€,-CO of 1,2 isomer),
3.71(d, J = 4.4 Hz, (H,-OH of 1,2 isomer), 2.57 (] = 7.6 Hz, Hy3), 2.35-2.29 (m,
CH,-CO), 2.04-1.90 (6l,-CH=CH), 1.78-1.56 (m, K 20 and GH,-CH,CO), 1.44-0.92

(m, Hy; and CH).

3C NMR (CDC}, TMS, & in ppm, number assignations related to scheme 2): 173.91
(COOR of 1,3 isomer), 173.76 (COOR of 1,2 isomer), 173.46 (COOR of 1,2 isomer),
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171.94(Cyg), 170.85 (Gy), 149.71 (G), 149.22 (d, 9.15 Hz, £, 147.82 (d, 16.80 Hz,
Cig), 135.09 (d, 5.33 Hz, &), 133.28 (@), 130.90 (Gi), 130.73 (Ge), 130.32
(CH=CH), 128.61 (d,J = 15.29 Hz, Go), 128.31 (G), 128.01 (d,J = 8.35 Hz, @),
124.30(d, J=134.30 Hz, ¢), 124.80-124.61 (& Cy4, Ci5), 123.21 (d, J 9.87 Hz, G),
122.48(d, J = 145.26 Hz, @), 121.02 (dJ = 11.47 Hz, Gy), 120.66 (dJ = 6.84 Hz,
C17), 72.04 CH-O of 1,2 isomer), 67.91 (CH-OH of 1,3 isomer), 64.@814-0 of 1,3
iIsomer), 62.28 (B,-CO of 1,2 isomer), 61.16CH,-OH of 1,2 isomer), 34.260H-
CO), 34.21 (Gg), 34.08 CH,-CO), 33.17 (Gg), 32.59 CH,-CH=CH, transg), 29.72
(CHy), 29.59 (CH), 29.47 (CH), 29.32 (CH), 29.25 (CH), 29.12 (CH), 28.95 (CH),
28.79 CH,), 27.19 CH,-CH=CH, cig, 24.86 CH,-CH,CO, G.), 24.03 (G1). *'P NMR
(CDCls, 162 MHz, &in ppm): 18.15.

Acrylation of ADMET polymers P1-P6. In a standard procedure, an anhydrous
dichloromethane solution of an ADMET polymer (8 mL of DCM per g of polymer) was
placed in a round-bottom flask under argon. The solution was cooled to 0 °C and
acryloyl chloride (1.5 mol-fold excess to hydroxyl groups), followed by triethylamine (3
mol-fold excess to hydroxyl groups) were added. The reaction mixture was allowed to
reach room temperature and vigorous stirring was maintained for 2 h. The residue was
added dropwise to stirring methanol and the pure acrylated polyfweisAP6) were
obtained in yields between 60 and 96 % as a light brown sticky solid precipitate.

Spectroscopic data for AP1:

FTIR (cmi®): 1740 (C=0, COOR), 1637 (C=C, acrylate), 1173 (C-O), 808 (C=C-H).
'H NMR (CDCk, TMS, 8 in ppm): 6.43 (ddJ = 17.2, 1.2 Hz, COCH=@,), 6.41 (ddJ
=17.2, 1.2 Hz, COCH=R",), 6.12 (ddJ = 17.2, 10.0 Hz, COB=CH,), 6.11 (ddJ =
17.2, 10.0 Hz, COB'=CH,), 5.88 (dd,J = 10.0, 1.2 Hz, COCH=K&,), 5.87 (dd,J =
10.0, 1.2 Hz, COCH=8",), 5.45-5.27 (m, 6=CH and GH-O of 1,2 isomer), 4.44-4.09
(m, O-CH,-CH-CH,-0 of 1,3 isomer, 6,-CO of 1,2 isomer and k-0 of 1,2 isomer),
2.342.28 (m, G,-CO), 2.04-1.90 (m, B,-CH=CH), 1.72-1.59 (m, B,-CH,CO),
1.441.20 (CH).

13C NMR (CDCE, TMS, 8 in ppm): 173.50 (COOR), 165.31 (COOR acrylate), 132.06
(CH=CH, acrylate), 130.51 GH=CH), 128.00 (E&=CH, acrylate), 69.47 QH-
OCOCH=CH), 68.95 CH-OCOR), 62.59 CH,-OCOCH=CH), 62.22 CH,-OCOR),
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34.19(CH,-CO), 32.79 (€l,-CH=CH, trans), 29.82-28.98 (Ch), 27.38 CH»,-CH=CH,
cis), 24.22 CH,-CH,CO).

Spectroscopic data for AP2P6:

FTIR (cm%): 3066 (Ar C-H), 1764 (C=0, Ar COOR), 1736 (C=0, COOR), 1637 (C=C,
acrylate), 1607, 1595, 1582 and 1560 (Ar C-C), 1180 (C-O), 1118 (P=0), 922 (P-0),
808 (C=C-H), 780 and 757 (Ar C-H).

'H NMR (CDCk, TMS, & in ppm, number assignations related to scheme 2): 8.07-7.95
(m, Hs 149, 7.69 (t,J = 7.8 Hz, H), 7.60-7.55 (M, k), 7.45-7.36 (M, kb 1649, 7.30-
7.23(m, His19), 7.15 (ddJ = 8.6, 6.6 Hz, K), 6.43 (ddJ = 17.2, 1.2 Hz, COCH=R,),
6.41(dd,J = 17.2, 1.2 Hz, COCH=",), 6.12 (dd,J = 17.2, 10.0 Hz, COB=CH,),
6.11(dd,J = 17.2, 10.0 Hz, COB'=CH,), 5.88 (dd,J = 10.0, 1.2 Hz, COCH=&,),

5.87 (dd, J = 10.0, 1.2 Hz, COCH=@",), 5.45-5.27 (m, €=CH and H-O of 1,2
isomer), 4.42-4.10 (m, O#-CH-CH»-O of 1,3 isomer, 6,-CO of 1,2 isomer and
CH>-O of 1,2 isomer), 2.57 ({) = 7.6 Hz, H3), 2.32-2.28 (m, €>-CO), 2.04-1.90
(CH,-CH=CH), 1.78-1.54 (m, K spand H,-CH,CO), 1.44-0.92 (m, K and CH).

3C NMR (CDC}, TMS, & in ppm, number assignations related to scheme 2): 173.47
(COOR), 172.08 (&), 171.03 (Gy), 165.29 (COOR acrylate), 149.855§C149.45 (d,
9.20Hz, G), 147.97 (d, 16.80 Hz, @), 135.24 (G,), 133.32 (), 132.02 (CHzH;
acrylate), 131.03 (g), 130.83 (Gg), 130.48 (Gi=CH), 128.72 (dJ = 14.48 Hz, Gy),
128.37(Cy), 128.25 (dJ = 7.64 Hz, G), 127.96 (G1=CH, acrylate), 124.72 (d] =
135.00 Hz, @), 124.92-124.83 (§; Cy4, Ci5), 123.31 (d, J 9.86 Hz, G), 122.82 (d, J =
144.86Hz, G, 121.23 (dJ = 11.47 Hz, G3), 120.88 (dJ = 6.04 Hz, G7), 69.45 CH-
OCOCH=CH), 68.91 CH-OCOR), 62.57 CH,-OCOCH=CH), 62.19 CH,-OCOR),
34.39 (CH,-CO, Gg), 34.18 CH,-CO), 33.34 (Gi,-CO, Gy), 32.76 CH,-CH=CH,
trang), 29.78-28.97 (Ch), 27.37 CH,-CH=CH, cis), 24.99 CH,-CH,CO, Gy), 24.19
(CH,-CH,CO, Gy).

Curing reactions and extraction of soluble parts

A dichloromethane solution (0.3 g/mL) of each acrylated polyestes)(and dicumyl
peroxide (2% mol related to acrylate groups) was cast on a glass plates of 7.5 X 2.5 cm
The samples were heated to 40 °C for 2h in order to remove the solvent and then the
temperature was raised to 150 °C at 1 °C/min and maintained for 12h. All samples were
subjected to soxhlet extraction with previously distilled dichloromethane to determine
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their soluble fractions. 0.5g of each sample were extracted with 125 mL of
dichlorometane. Previously to extractions, the samples were grinded to maximize the
extraction efficiency.

I nstrumentation

'H NMR 400 MHz and**C NMR 100.6 MHz NMR spectra were obtained using a
Varian Gemini 400 spectrometer with Fourier transform. GD@s used as solvent

and TMS as internal reference. Molecular weights were determined on a Shimadzu gel
permeation chromatography (GPC) system equipped with a LC-20AD pump, RID-10A
refractive index detector, SIL-20A autosampler, and a CTO-20A column oven set to 50
°C. A PLgel 5um Mixed-D column from Polymerlabs in THF at a flow rate of 1
mL/min was used. Linear poly(methyl methacrylate) standards (Polymer Standards
Service PPS, Germany, Mp 102-981.000 Da) were used for calibration. The IR analyses
were performed on a FTIR-680PLUS spectrophotometer with a resolution of 4ncm

the transmittance mode. An attenuated-total-reflection accessory with thermal control
and a diamond crystal was used to determine FTIR/ATR spectra. Calorimetric studies
were carried out on a Mettler DSC822 differential scanning calorimeter usiag B

purge gas (20 mL/min). Dynamic mechanical thermal analysis (DMTA) and tensile
tests were performed using a TA DMA 2928 in the controlled force-Tension Film mode
with a preload force of 0.1 N, an amplitude ofpii and at a fixed frequency of 1 Hz in

the —100 to 200 °C range and at a heating rate of 3 °C/min. Rectangular samples with
dimensions 10 x 5 x 0.5 mimvere used. The tensile assays were performed by triplicate
on rectangular samples (10 x 5 x 0.5 fymeasuring the strain while applying a ramp

of 0.5 N/min at 30 °C. A preload force of 0.05 N and a soak time of 3 min were used.
Thermal stability studies were carried out on a Mettler TGA/SDTA851e/LF/1100 with
N, as purge gas. The studies were performed in the 30-800 °C temperature range at a
scan rate of 10°C/min. The limiting oxygen index (LOI) is the minimum concentration
of oxygen determined in a flowing mixture of oxygen and nitrogen that will just support
the flaming combustion of materials. LOI values were measured in vertical tests on a
Stanton Redcroft instrument provided with an oxygen analyser. The dimensions of the

polymer films were 100 x 5 x 0.5 nim
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RESULTSAND DISCUSSION

The versatility of ADMET polymerization enables the synthesis of linear polymers with
functional groups that can be used as cross-linking pbints aking into account the

good flame retardant properties obtained in our previous work with DOP®@2) &s
phosphorus containing comonon&mye decided to use it for the preparation of flame
retardant thermosets. To introduce cross-linking points into the polymer backbone, a
hydroxyl containinga,w-diene M1, scheme 1) was synthesizéd1l and M2 were
copolymerized in different molar ratios via ADMET to give a series of linear polyesters
with different phosphorus contents. The hydroxyl groups of these polyesters were then
esterified with acryloyl chloride to introduce polymerizable groups, and finally, the
resulting acrylated polyesters were cross-linkedradical polymerization to obtain a

family of flame retardant thermosets.

OH
4§\V/\\/A\//\V/\TrOH —+ Ckv/k\/c
(o]
DMF / toluene

K,CO;, TBAH cat

OH
MO OT(\/\/\/\/\

CHy,=CH, ~| C3

MOJ\/ 070(\/\/\/\“%?6/\/\/\/\*07 OTO(\/\/\/\M§§y

P1

Scheme 1. Synthesis of 1,3- and 1,2-di-10-undecenoylglycerol mixture and ADMET

polymerization in presence of Hoveyda-GrubBsg&neration catalyst.

For the synthesis ofM1, 1,3-dichloro-2-propanol was reacted with two
equivalents of 10-undecenoic acid in presence of potassium carbonate and
tetrabutylammonium hydrogen sulfate (TBAH) as phase transfer catalyst (Scheme 1). It
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must be pointed out that 1,3-dichloro-2-propanol can be obtained directly from
glycerof® and 10-undecenoic acid is obtained from castor oil pyrolysis, thus, both
reagents can be plant oil derived aid can be considered as 100% renewable. The
'H-NMR analysis of the reaction mixture revealed the presence of 1,3-
diundecenoylglycerol together with 1,2-diundecenoylglycerol and triundecenoylglycerol
as byproducts. In the reaction conditions, glycidyl undecenoate is formed as
intermediate (detected BYH-NMR), and eventually, the epoxide is opened by another
undecenoic acid molecule, leading to a mixture of both diacylglycerols. The crude
reaction mixture was subjected to column chromatography and the resulting mixture of
1,3- and 1,2-di-10-undecenoylglycerol (60:40, as determinétHyMR, see figure 1)

was used in the ADMET polymerizations.

It is known that ADMET polymerizations can be carried out with heteroatom-
containing dienes, if the heteroatom is not situated close to the double’btmtsith
M1 and M2, the terminal olefins are nine carbon atoms spaced from the functional
groups. Moreover, previous work in Wagener's gropgved the viability of ADMET
polymerization of alcohol containing dienes using Grubbgeheration catalyst.

We first tested different metathesis catalysts in the polymerizatidhl1ofThe
ADMET polymerizations were run in bulk while a continuous flow of nitrogen was
passed through the reaction mixture in order to remove the ethylene, which is released
during the metathesis reaction. When 1% mol Grubbgeheration catalysC(l) was
used, oligomerization and poor conversion (by GPC) at 80 °C after 24 h occurred,
probably due to catalyst degradation in presence of the primary alcohol of 1,2-
diundecenoylglyceral® On the other hand, when 1% mol GrubB®)(and Hoveyda-
Grubbs C3) 2" generation catalysts were used at 80 °C, THF insoluble products were
obtained. Moreover, the polymerization products were not soluble in common organic
solvents, suggesting that some kind of cross-linking reaction might have taken place.
This poor solubility of hydroxyl functionalized ADMET polymers was also observed by
Valenti et al., and the only proposed reason for this behavior was the high molecular
weight of the investigated polymetddowever, when the catalyst load was lowered to
0.5% mol, THF soluble polymers were obtained at 80 °C w@thand C2. Similar
results were found in the bulk copolymerizationMi andM2 at 80 °C in 1:1 molar
ratio. C1 gave oligomerization, whil€2 andC3 produced insoluble polymers with 1%

mol catalyst. When the polymerizations were conducted at 70 °C with 0.5% @al of
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and C3, soluble polymers were obtained with monomer conversions over 98% (by
GPC).

On the basis of the results obtained in the initial experiments, we synthesized a
series of polymersRl-P4) with differentM /M 2 molar ratios (Scheme 2) with the aim
of determining the effect of the phosphorus content on the properties of the ADMET
polymers and the final materials. We also wanted to study the effect of the molecular
weight of the ADMET polymers on the flame retardant properties of the cross-linked
materials. For this purpose, we performed ADMET polymerizations with 10 and 20% of
methyl 10-undecenoate as chain stopper for the highest phosphorus demmi P6,
scheme 2). As reported previously, this procedure results in an efficient end-capping
and reduction of the molecular weidfit:® Thus, six polyestersP(-P6) with different

M 1/M 2 molar ratios were synthesized (see table 1).

10 11 14 15

71
8 _\ /1817

OH 0=P-0
O\/([I;(O S I . N M\/\
}(%/\/\/\W WMO 0% HJJ*
m X 20197 2\ /572223 y
o © 3 4
P2-P4
n=0,m=1andn=1,m=0
CH,=CH,
c2
o0 O:PO
SAAAA~A 0 A
M2
OH
MMO OY\/\/\/\/\
° ° y P
o M\/\/\/
=
M1 /\/M o)

M2, methyl-10-undecenoate
CH,=CH, c2

o v([:‘j' o O°P0 o
\OWWO OY\/\/\/\WO@OW%MO\
7 o ™o X Yy 70

P5-P6
n=0,m=1andn=1,m=0

Scheme 2. Synthesis of phosphorous containing polyesters via ADMET copolymerization with

(bottom) and without (top) chain stopper.
Figure 1 shows théH-NMR spectra oM 1 (as a mixture of isomers) (Fig. 1a),

P1 (Fig. 1b) andP3 (Fig. 1c) as representative examples. The ADMET polymerizations

could be confirmed by the disappearance of the terminal olefin signals at 5.8 and 4.9
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ppm together with the appearance of a multiplet at 5.3 ppm in Batland P3.
Although not possible in all cases, the analysis of the integrations of the chain end
olefins revealed a Mof 24,600 Da forP2 and 18,400 Da foP3. These values are
significantly higher than the ones obtained by GPC (3,700 and 5,200 Da, respectively).
However, there is no direct correlation between GPC and NMRaWes due to the
different M 1/M 2 contents ofP2 andP3, which cause different hydrodynamic volumes.

For P1 andP4, the chain end signals were too small for reliable integration indicating
that high molecular weigh polymers were obtained. In the caseS ahdP6, the M,

could not be determined as the end-capping was not completely efficient and both
terminal olefins and methyl ester signals were observed. Nevertheless, the objective of
obtaining two polyesters with the same phosphorus contdtd,dsut lower molecular
weights was achieved. Furthermore, these results indicate that high molecular weight

hydroxyl-containing polyesters could be synthesized via ADMET polymerization.

L B D

Figure 1. 'H NMR spectra of a) M1 (mixture of isomers), b) P1 and c) P3.
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Table 1. GPC,'H-NMR and thermal characterization of the phosphorus-
containing ADMET polyesters.

Polymer M, ppic To (°CY/ T
(M1 / M2)* (NMR) (°cy’

P1(10.0/0.0) 00 5300 9- 218 -258 /41.3

% PP M,

P2 (7.5/2.5) 1.6 3,700 24,600 220 -27.2/21.7

P3(5.0/5.0) 2.9 5200 18,400 2.56 -12.4
P4 (2.5/7.5) 3.9 7,300 d. 313 5.9

P5 (2.5/7.5) 3.9 4,400 - 2.32 -16.6

P6 (2.5/7.5) 3.9 3,900 - 2.04 -19.1

2 mol/mol ratio,” weight/weight percentagesGPC data,

4 end group signals not detectal5IBSC data.

The thermal characterization of the ADMET polyesters was carried out with
differential scanning calorimetry (DSC). The DSC traces stemming from the second
heating run (20 °C/min) d?1-P4 are shown in figure 2 and the data is collected in table
1. The thermal analysis &1 showed a glass transitiongfTat —25.8 °C and a melt
followed by a cold crystallization and a second melt)(at 41.3 °C. However,
observations with a polarizing microscope did not reveal two different melting
processes when using different heating rates or annealing conditiobk2 Bsadded as
comonomer, polymer crystallization becomes more difficult due to the bulky aromatic
core of M2. Moreover, the increase in the aromatic content causes restrictions in the
segmental mobility and an increase in thego@curs. The DSC trace &R, with only a
low content ofM 2, reveals a Jof —27.2 °C and just one,Tof 21.7 °C. FinallyP3 and
P4 show only glass transitions at —12.4 °C and 5.9 °C respectively. As previously

mentioned, the addition of methyl 10-undecenoate as chain stopper in the synthesis of
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P4 affords lower molecular weights. As a result, the dbtained foP5 (-16.6 °C) and
P6 (-19.1 °C) are found below that of P4.

0,5
P1
0
A -0,5 P2
)
X
Q
-1
P3
-1,5
P4
'2 I I I I I
-100 -50 0 50 100 150 200

T (°C)

Figure 2. DSC traces of the phosphorus-containing ADMET polyesterR421-

The thermal stability of the ADMET polyesters was studied by
thermogravimetric analysis (TGA) under nitrogen and air atmospheres (data in table 2).
Good thermal stability is observed Bi-P6 under nitrogen (Fig 3a) with 5% weigh
loss around 310 °C. F&¥, the main degradation step takes place at 430 °C bRas
is introduced, the thermal stability increases and a new degradation step appears around
460 °C. Moreover, an increase in the aromatic and phosphorus content carries an
increase in the char obtained at 800 °C fi®in(0.0%) toP4 (8.8 %). The thermal
stability and char obtained at 800 °CR# andP6 is lowered with respect 84 due to
their lower molecular weight. A similar trend is observed in the thermal degradation
behaviour under air (Fig 3b). 5% weight loss around 310 °C and two main degradation
steps related with thé 1/M 2 composition at 430 and 450 °C were observed under these
conditions. Under air, the residues at 800 °C increase with the phosphorus content

reaching a maximum value of 9.1% for P4.
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Table 2. TGA results of the phosphorus-containing ADMET polyesters.

TGA (Ny) TGA (Air)
Polymer , oa Tswioss o Chagooec  Ts% loss o Chagooec
PPt ey T Ty ey Tl Ty
P1 00 315 316/432 0.0 205 3164/9231 " 00
307/ 413/ 306/ 413/
P2 16 207 30702 6.0 206 301451 00
P3 20 311 413/465 7.4 315 41268348 I 41
P4 39 313 462 8.8 324 452/577 91
P5 39 312 413/463 82 313 42052253 I 30
P6 39 309 413/465 7.9 312 39/%(’3253 2.2

2weight/weight percentagestemperature of maximum weigh loss rate.

In the next step, the hydroxyl functionalized polyestetsto P6 were reacted with
acryloyl chloride in the presence of triethylamine (Scheme 3). The acrylated polyesters
(AP1 to AP6) were isolated by slow addition of the reaction mixture to methanol in
yields between 60 and 96 %. Non quantitative yields were probably due to the increased
solubility of the polyesters in methanol after acrylation of the hydroxyl groups, that led
to partial fractionation. Two representatiil-NMR spectra are shown in figure 4,
where the characteristic set of signals at 6.3, 6.1 and 5.7 ppm confirm the presence of
the acrylate groups. Moreover, in tH€-NMR spectrum, the complete disappearance

of the signals belonging to the non acrylated polyP@rand the appearance of the

signals of AP3 confirms full functionalization.
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Figure 3. TGA measurements a) under nitrogen, and b) under air of the phosphorus-containing

ADMET polyesters PP6.

o O=P-0 o

M%MOV(Q("?WWOO O)K/\/\/\Mﬂ%w

P2-P6

n=0m=landn=1m=0 acryloy! chloride

EtN, DCM
o |
W%MOVQ(::WMOO O)K/\/\/\M%M

AP2-AP6
n=0,m=1landn=1,m=0

Scheme 3. Synthesis of acrylated phosphorous-containing polyestersA481-
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Based on our previous experience in the cross-linking of acrylate derivAtives,
dicumyl peroxide was chosen as radical initiator for the cross-linking reaction of the
acrylated ADMET polyesters. DSC curing runs betwéd?s and dicumyl peroxide
(2% molar to acrylate groups) showed similar exotherms with onsets ca. 150 °C for all

the acrylated polyesters. Once the curing conditions were establishednd@icumyl

; oy
L I A Vﬁ(olllo)kf dﬁ(og7o)§
6 9 o] o]
L] Si Q
0. O. O 0.
ﬁfs?sf ﬁggegﬁoﬁ

o Ha
Ei) \O/M\fA\Hc
Hb
| “ Ha Hb Hc ‘\ L L\,

3 2 1 ppm

Figure 4. '"H-NMR spectrum ofAP3 and enlargement of the 75-60 ppm region®6ENMR
spectra of P3 and AP3.

peroxide (2% mol) were dissolved in dichloromethane (0.3 g/mL) and the resulting
solution was cast on a glass plate. The samples were heated at 40 °C for 2h to remove
the solvent and then the temperature was raised to 150 °C at 1 °C/min and maintained
for 12h. The cured materials (samplées V1), were obtained as light brown transparent
films. The curing extent of the cross-linking reactions was studied with FTIR
spectroscopy by following the disappearance of the acrylate group bands. Figure 5
shows the FTIR spectra 8fP3 and sample&ll as a representative example of the cross-
linking reaction. The bands at 1637 tC=C stretching), 1403 and 1294 ¢rt=C-H
in-plane deformation) and 983 and 808 tn=C-H out-of-plane deformation)
completely disappear confirming the polymerization of the acrylate groups. The
reactivity of non-conjugated internal double bonds towards radical polymerization is
very low???® thus, the double bonds of the polyester backbone were not expected to
polymerize. This is confirmed in the ATR-FTIR spectrum after cross-linking by the

presence of the band at 967 tnwhich is associated to the C=C-H out-of-plane
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deformation. The cross-link extent was also investigated by extracting the soluble
fraction of samples$-VI. Samplel presents a soluble fraction of 0.9 %, that indicates a
very high cross-linking degree. The soluble fractions increase ad 2heontent does
reaching a value of 20.3 % for samplé due to the decreasing number of cross-link
points available in the linear prepolymers. The soluble fractions of saMfE3.8 %)
and V1 (17.7 %) are similar to that of samgdl¢ showing that similar cross-linking
degrees were achieved independently of the prepolymers molecular weights.

The soluble fractions were analyzed'blyand**P-NMR spectroscopyH-NMR
showed total reaction of the acrylate double bonds and the presence of a triplet ca. 2.4
ppm belonging to the methylene protons adjacent to the carbonyls of the polymerized
acrylates. This clearly indicates that the soluble fractions are composed of low
molecular weight polymers instead of non polymerized acrylates. However, the
aromatic region showed little variations suggesting some change taking place in the
DOPO moiety. This was further confirmed by examining*i®eNMR spectra, where a
new singlet at 32.6 ppm appeared together with DOPO signal (18.2 ppm). This new
signal matches with the opened DOPO form, having a phosphinic acid functionality
(hydrolysis of the P-O bond). Although the DOPO ring was closed throughout the
synthesis oM 2, ADMET polymerizations and acrylation reactions, it is known that a
certain amount of hydrated DOPO can be found when using DOPO as a reagent, and
dehydration at temperatures over 200 °C under vacuum are usually necessary prior to
use?® It is thus possible that part of the pendant DOPO moieties were hydrated by long
exposure of the samples to air. Since the DOPO P-O bond is cleaved in the early stages
of thermal degradation (300 °&)the flame retardant action of these materials will not
be affected in any case and thus, the presence of the opened form of DOPO does not

interfere with the aim of this study.
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Figure 5. FTIR-ATR spectra of aA\P3 and b) sampléll. The absorption bands associated to

the acrylate group are indicated.

Figure 6 shows the dynamic thermomechanical analysis of sainpdegl as the tan

delta plots from —100 to 150 °C. The main peak of the tan delta plots, that is the alpha
relaxation, is related to the glass transition temperature. As expected, from kample
samplelV, the maximum of the tan delta peak shifts to higher temperaturbas
content increases due to the increasing aromatic fraction. On the other hand, an increase
in M2 content means more space between acrylate groups, that is accompanied by a loss
of crosslink density, and a decreased cross-link density is manifested by a smaller tan
delta peak® This fact is confirmed by the height of the tan delta peak, which increases
from samplel to samplelV. The effect of the prepolymer molecular weight on the
dynamic mechanical properties of the cross-linked materials is observed in sivhiples

V andVI. The Ty value drops from sampl&/ to sampled/ andVI as a consequence of

the lower molecular weights of P5 and P6 with respect to P4.
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Table 3. Dynamic thermomechanical characterization, TGA results and LOI value®gss-

linked polymers4VI.

TGA (N TGA (Air)

Soluble

Tg b ; Tsoe T Chagoeoc  Tsw | T Chagggec
0, f t 0 10SS max 0 10SS max
sample %P ey TR eq) 0 ) O O o) O
| 0.0 354 0.9 343 434 5.0 331 428 0.0 18.4
423/ 418/
Il 1.5 47.0 4.1 328 9.8 324 452 / 0.1 21.8
462
564
425/ 418/
11 2.7 47.3 8.9 346 10.9 328 449 / 2.6 24.0
463
619
449 /
v 3.8 52.2 20.3 358 463 11.2 337 592 7.6 25.7
495 | 419/
\Y 3.8 40.0 16.8 344 10.7 325 449 / 4.8 21.9
462
609
425 | 419/
Vi 3.8 47.9 17.7 337 10.2 329 452 / 6.0 21.7
462 631

2 Weight/weight percentage8,Maxima of the tan delta peak,Temperatures of maximum

weight loss rate.

1,2

1 _

0,8 -

0,6 -

Tan delta

0,4 -
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Figure 6. Tan delta plots of the cross-linked polymeigl|
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The thermal degradation behaviour of the cross-linked materials under nitrogen
and air atmospheres is shown in figure 7 and the data is collected in table 3. Under
nitrogen (Fig. 7a), all samples present good thermal stability with 5 % weight loss
around 340 °C. From the maxima of weight loss rate it can be inferred that two general
degradation mechanisms are taking place, which can be related to the prepolymer
composition. Samplé contains theM 1 homopolymer and degrades in one single step
with the maximum weight loss rate around 430 °CM&&is added, a new maximum of
weight loss rate appears around 460 °C, which becomes the main degradation step as the
M2 content increases. The char at 800 °C increases from skh(de%) to sampléV
(11.2 %) as the phosphorus content does and slightly decreases for saaptBsl as
a result of their lower crosslink density that causes a lower thermal stability. The
thermal degradation behaviour under air atmosphere is presented in figure 7b. 5 %
weight loss around 330 °C is observed for all samples followed by a main degradation
process and an oxidative degradation step. Samplesents a one-step degradation
mechanism around 430 °C before the oxidative degradation. As explained above, the
introduction of M2 as comonomer increases the thermal stability and a second
degradation step appears at a higher temperature (ca. 450 °C). {2 ttantaining
samples, the degradation rate is retarded over 500 °C with formation of an intermediate
char. The amount of char formed at these temperatures, that increases proportionally to
the phosphorus content, indicates how efficiently the burning surface would protect the
rest of the polymer under real fire conditions. Moreover, the char at 800 °C increases
with the phosphorus content from sampl® sampldV and decreases for samplés
andVI for the reasons explained above. These cross-linked systems show an increased
thermal stability with onset degradation temperatures 30 °C above the non-cross-linked
polymers, both under nitrogen and air atmospheres. The cross-linking retards the release
of volatiles and favours char formation.

The mechanical properties of the cross-linked materials were investigated in
tensile assays. The mechanical parameters obtained are collected in Table 4 and selected
stress-strain curves of sampleto VI are compared in Figure 8. When examining the
behaviour of samplesto 1V, two different factors must be taken into account. There is
an increase in the aromatic content that leads to an increase of the network rigidity, but

at the same time there is a decrease in the cross-link density. Due to the combination of
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both factors, the modulus decreases from sampie samplelV as a result of the

decreasing cross-link density, but as the same time, the tensile strength increases due to

a) 100 +
80 -

60

Weight (%)

40 A

a \ SR

30 230 430 630
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b) 100

80 -

60 -

Weight (%)
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20 1 IV-VI

30 230 430 630
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Figure 7. TGA measurements a) under nitrogen, and b) under air of the cross-linked polymers
[-VI.

the increasing aromatic content. The decrease of cross-link density also determines the
elongation at break, that increases from sarhple samplelV reaching a maximum

value of 142 % for sampléV. However, the variation of these parameters is not
completely linear; the modulus increases for samidlesuggesting a higher influence

of the aromatic fraction on mechanical behaviour of this sample. Moreover, dample
shows a decrease in tensile strength due to its lower cross-link density compared to

sampled-III, that is confirmed by the differences in soluble fractions. The effect of the
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prepolymer molecular weight on the mechanical properties is clearly observed when
comparing the stress/strain curves of sampleso V1. Although the aromatic content
remains constant, the tensile strength and modulus decrease. Moreover, the elongation
at break is reduced twofold.

The flame retardancy of the cross-linked materials was evaluated using the
limiting oxygen index (LOI) vertical test with films of thickness between 0.4 and 0.5
mm. Table 3 contains the LOI values obtained for sampied/l. The phosphorus-free

Table 4. Mechanical properties of the cross-

linked polymers {VI.

Sample N(llt\)/ld;;l;s TS (MPa) Eloz)g/gof;ltion
I 65.8 2.37 5
I 315 3.07 15
1l 54.2 4.50 31
v 16.8 2.16 142
Vv 10.3 1.46 64
Vi 10.1 1.96 62

2 Tensile strenght, Elongation at break.

samplel gave a LOI value of 18.4, a low index, which is related to its high aliphatic
content. The LOI values clearly increase with the phosphorus content from saraple
samplel V reaching a value of 25.7 for the later. The effect of the prepolymer molecular
weight at a constant phosphorus content on the flame retardancy can be observed by
comparing samplek/, V andVI. The LOI value drops from 25.7 in sampké to 21.9

and 21.7 in sampleg andVI respectively. During combustion, the thermal scission of
the polymer backbone leads to fragments of different sizes. In the case of low crosslink
density, small volatile fragments are rapidly produced and released to the flame, thus
feeding it. Since the prepolymer molecular weights decrease from skvhfdesample

VI, the crosslink density also does and as a result lower LOI values are obtained. The
effect of the crosslink density on the flame retardant properties is further confirmed
when comparing the LOI values of samplésandVI1. Despite its lower phosphorus
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content (1.5%), sampld gave the same LOI than sampMé (3.8%). The molecular
weights of P2 and P6 are similar; however, the higher hydroxyl contentR¥ is
responsible for the higher cross-link density of sanhpléds a result, a similar flame

retardant behaviour is obtained for both samples.

4 - 1
I

T 3
% | v
a2
iy
= VI
n v

1,

O I [

0 50 100 150

Strain (%)

Figure 8. Stress/strain curves of the cross-linked polymars. |

CONCLUSIONS

A plant oil-baseda,w-diene containing hydroxyl group$i() has been successfully
polymerized via acyclic diene metathesis (ADMET) polymerization with Hoveyda-
Grubbs 2% generation catalyst, reaching high molecular weights. This monomer has
also been copolymerized with am,w-diene bearing a DOPO pendant group using
Grubbs 2% generation catalyst. In this way, phosphorus containing polyesters with
molecular weights over 18,000 Da have been obtained. Moreover, while maintaining a
constant phosphorus content, the molecular weigh of the polyesters has been reduced
using methyl 10-undecenoate as renewable chain stopper. The crystallinity of these
polyesters decreased as the amount of DOPO-based comorM2)ewds increased
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and totally amorphous polymers were obtained for the high2rcontents. Extensive
acrylation of the hydroxyl groups in the polyesters backbone followed by radical
polymerization afforded thermosetting polymers with high cross-linking degrees. These
plant oil-based thermosets show glass transition temperatures ranging from 35 to 52 °C,
good thermal stability, and relatively good flame retardancy despite their high aliphatic

(fatty acid) content.
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GENERAL CONCLUSIONS

169

High oleic sunflower oil has been used as renewable starting materia for the
synthesis of two monomers as precursors of plant oil-based cross-linked

polymers.

The photoperoxidation of high oleic sunflower oil with singlet oxygen has been
used as an efficient reaction for the synthesis of functionalized triglyceride
derivatives. In this reaction, high oleic sunflower oil and oxygen are the only
reactants, making this transformation very attractive from an environmental

point of view.

A triglyceride derivative containing o,pB-unsaturated ketones has been
synthesized and cross-linked via aza-Michael addition with an aromatic diamine.
The high reactivity of this monomer and the properties of the final materias
make this curing system a good alternative to the conventiona plant oil-based

epoxy-amine systems.

The effects of the reaction conditions on the mentioned aza-Michael cross-
linking reaction have been studied. High temperatures and the presence of a
Lewis acid promote the formation of substituted quinolines as cross-link points.
On the basis of these findings, new plant oil-based quinoline-containing

thermosets have been synthesized.

A triglyceride derivative containing allylic alcohol groups has been synthesized,
acrylated, and crosslinked via radica polymerization. The extensive
hydrogenation of this derivative, prior to acrylation and radical polymerisation,
has led to an improvement of the thermal stability of the cross-linked polymers.

In both cases, highly cross-linked thermosets have been obtained.

High oleic sunflower oil and 10-undecenoic acid have been used as renewable
starting materias for the synthesis of plant oil-based flame retardant polymers.
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A series of new high oleic sunflower oil-based monomers containing phosphine
oxide and acrylate groups have been synthesized and cross-linked via radica
polymerization. These cross-linked materials have shown improved thermal
stability and flame retardancy. Phosphorus compounds have been found among
the pyrolisis products in the gas-phase suggesting a gas-phase mechanism of

flame inhibition. Finally, athermal degradation mechanism has been proposed.

Acyclic diene metathesis (ADMET) polymerization has been proven to be an
efficient tool for the synthesis of phosphorus-containing plant oil-based linear

polyesters.

A series of new phosphorus-containing castor oil-derived polyesters have been
synthesized via ADMET polymerization. Some of these linear polyesters have
shown good flame retardant properties.

A series of new castor oil-derived polyesters containing hydroxyl and phosphine
oxide groups have been synthesized via ADMET polymerization. Acrylation of
the backbone hydroxyls followed by radical polymerization has led to a family

of flame retardant cross-linked polymers.
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APENDIXES

Apendix A. List of abbreviations

H, ¥ and*P-NMR Proton, carbon and phosphorus nuclear magnetic

resonance

ADMET Acyclic diene metathesis

ASO Acrylated high oleic sunflower oil

ASOI[H] Acrylated hydrogenated high oleic sunflower oll

BF3-MEA Boron trifluoride-ethylamine complex

CDPP Chlorodiphenylphosphine

DCM Dichloromethane

DCP Dicumyl peroxide

DDM 4,4’-Diaminodiphenylmethane

DMTA Dynamomechanical thermal analysis

DOPO 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

DSC Differential scanning calorimetry

EDX Energy-dispersive X-ray spectroscopy

EMO Epoxidized methyl oleate

FR Flame retardant

FTIR/ATR Fourier transform infrared spectroscopy

gHSQC Gradient-selected heteronuclear single quantum
correlation

gCoSsYy Gradient-selected correlation spectroscopy

GC/MS Gas chromatography coupled with mass spectrometry

GPC Gel permeation chromatography

hr-MAS NMR High resolution magic angle spinning nuclear magnetic
resonance

HSO Hydrogenated high oleic sunflower oil

HSOI[H] Acrylated hydrogenated high oleic sunflower oll

LOI Limiting oxygen index

Mn Number average molecular weight

My Weight average molecular weight
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P-ASO Tertiary phosphine oxide containing acrylated high oleic
sunflower oil

PDI Polydispersity index (MM,,)

PETA Pentaerithritol tetraacrylate

P-SO Tertiary phosphine oxide containing high oleic sunflower
oil

SEM Scanning electron microscopy

SO High oleic sunflower oil

T59% loss Temperature of 5 % weight loss

Ty Glass transition temperature

TGA Thermogravimetric analysis

THF Tetrahydrofuran

TLC Thin layer chromatography

Tm Melting temperature

Tmax Temperature of maximum weight loss

TMS Tetramethylsilane

TPP Tetraphenylporphyrine

UV-vis Ultraviolet-visible spectroscopy
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Apendix B. List of publications

A New Enone-Containing Triglyceride Derivative as Precursor of Thermosets from
Renewable Resources.

Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Cadiz, V. J Polym Sci Part A: Polym
Chem 2008, 46, 6843-6850.

Quinoline-Containing Networks from Enone and Aldehyde Triglyceride Derivatives.
Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Cédiz, V. Submitted to J Polym Sci
Part A: Polym Chem.

A New Route To Acrylated Oils. Crosslinking And Properties Of Acrylated
Triglycerides From High Oleic Sunflower Oil.

Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Cadiz V. J Polym Sci Part A: Polym
Chem 2009, 47, 1159-1167.

A Straightforward Strategy For The Efficient Synthesis Of Acrylate And Phosphine
Oxide-Containing Vegetable Oils And Their Crosslinked Materials

Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Cadiz, V. J Polym Sci Part A: Polym
Chem 2009, 47, 4051-4063.

Fatty Acid Derived Phosphorus-Containing Polyesters Via Acyclic Diene Metathesis
(ADMET) Polymerization

Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Céadiz, V.; Meier, M. A. R. J Polym
Sci Part A: Polym Chem 2009, 47, 5760-5771.

Phosphorus-containing polyesters from plant oil derivatives via ADMET
polymerization. Synthesis and radical crosslinking.

Montero de Espinosa, L.; Ronda, J. C.; Galia, M.; Cédiz, V. Submitted to J Polym Sci
Part A: Polym Chem.

173



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

Chemometric resolution of NIR spectra data of a model aza-Michael reaction with a
combination of local rank exploratory analysis and multivariate curve resolution-
alternating least squares (MCR-ALS) method.
del Rio, V.; Callao, M. P.; Larrechi, M. S.; Montero de Espinosa, L.; Ronda, J. C,;
Cédiz, V. Anal Chim Acta 2009, 642, 148-154.

Vegetable oil-based thermosetting polymers.

Galia, M.; Montero de Espinosa, L.; Ronda, J. C.; Lligadas, G.; CadizyVJ. Lipid
Sci Technol 2009, 111, DOI 10.1002/€jIt.200900086ress.

174



UNIVERSITAT ROVIRA I VIRGILT

PLANT OILS AS RENEWABLE PRECURSORS OF THERMOSETTING AND FLAME RETARDANT POLYMERS
Lucas Montero de Espinosa Meléndez

ISBN:978-84-692-9759-9/DL:T-205-2010

Apendix C. Stages and meeting contributions

Stages

Three months stay {1September - *1 December 20083t the University of Applied
Sciences Oldenburg / Ostfriesland / Wilhelmshaven, Faculty of Technology, Emden (Germany)

under the supervision &frof. Dr. Michael A. R. Meier.

Two weeks stay (July 2008} the University of Applied Sciences Oldenburg / Ostfriesland /
Wilhelmshaven, Faculty of Technology, Emden (Germany) under the supervidtyofofDr.
Michael A. R. Meier.

M eeting contributions

Flame Retardant Vegetable Oil-based Thermosetting Polymers.

L. Montero de Espinosa, J. C. Ronda, M. Galia, V. Cadiz.

Oral communication.

11th European Meeting on Fire Retardant Polymers, Bolton, Manchester (UK), 03-06
July, 2007.

Polimeros retardantes a la llama derivados de ésteres del acido oléico modificados con
oxidos de fosfina.

L. Montero de Espinosa, J. C. Ronda, M. Galia, V. Cadiz.

Oral communication.

X Reunién Del Grupo Especializado De Polimeros (RSEQ y RSEF), Sevilla (Spain),
16-20 September, 2007.

Vegetable oil-based thermosetting polymers.

V. Cédiz, L. Montero de Espinosa, J. C. Ronda, M. Galia.

Poster.

International Workshop On Biomacromolecules 2008, Stockholm (Sweden), 1-4 June,
2008.
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Flame retardant polyesters from renewable resources via ADMET.

L. Montero de Espinosa, J. C. Ronda, V. Cédiz, M. A. R. Meier.

Poster.

2nd Workshop On Fats And Oils As Renewable Feedstock For The Chemical Industry,
Emden (Germany), 22-24 March, 2009.

A new route to phosphorus-containing vegetable oils. Crosslinking and properties of
phosphorus-containing acrylate triglycerides from high oleic sunflower oil.

L. Montero de Espinosa, J. C. Ronda, M. Galia, V. Cadiz.

Poster.

Frontiers In Polymer Science International Symposium, Mainz (Germany), 7-9 June,
20009.

Synthesis of plant oil derived polyester-polyols via ADMET as precursors of flame
retardant materials.

L. Montero de Espinosa, M. A. R. Meier, J. C. Ronda, V. Cadiz.

Poster.

XI Reunion Del Grupo Especializado De Polimeros (RSEQ y RSEF), Valladolid
(Spain), 20-24 September, 2009.

Crosslinking of enone-containing triglycerides with aromatic amines.

L. Montero de Espinosa, J. C. Ronda, M. Galia, V. Cadiz.

Poster.

XI Reunion Del Grupo Especializado De Polimeros (RSEQ y RSEF), Valladolid
(Spain), 20-24 September, 2009.
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