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ABSTRACT

In this thesis we study two types of metal-mediated polymerization reactions: Controlled
Radical Polymerization (CRP) and Ring Opening Metathesis Polymerization (ROMP).

CRP. We studied the catalytic activity of a family of tripodal Co" and Mn" complexes
bearing trianionic triphenylamido-amine ligands towards CRP of styrene and methyl
methacrylate. Co" complexes were more reactive than Mn" complexes, with the steric
factor playing an essential role in their reactivity and control over the polymerization. In
many cases polymers featured bimodal molecular weight distributions, which indicate that

two parallel mechanisms may be in operation.

ROMP. We used the bimetallic compound Na[W (u-Cl)sCla(THF)2]-(THF)s ({W2}, {W=2W}**,
a?e™) for the synthesis of new polymeric materials. {W,} is a highly efficient room-
temperature initiator for the ROMP of norbornene (NBE) and some of its derivatives. We
synthesized statistical NBE/NBD (NBD: norbornadiene) copolymers, which combine the
properties of linear and crosslinked polymers. The catalytic activity of {W,} can be
improved by addition of small amounts of phenylacetylene (PA) as co-initiator. Both
catalytic systems ({W,} and {W,}/PA) provided polymers with high-cis content. We
investigated the reactivity of {W,}/PA and we used this system for the synthesis of highly
crosslinked poly(dicyclopentadiene) (PDCPD) gels via ROMP of dicyclopentadiene
(DCPD); their structure and properties were compared to those of PDCPD gels obtained
using the commercially available WCls and the well-established 1% and 2" generation Ru-
based Grubbs’ catalysts. The configuration of the polymeric chain plays a key role in the
swelling behavior of those PDCPD dry-gels in organic solvents, which was studied
extensively and exploited for the estimation of Hansen Solubility Parameters (HSP) of
mostly-cis PDCPD and for the separation of chlorinated solvents from water. Therefore, it
is concluded that {W3}/PA shows unique advantages in terms of stereochemistry,
properties and potential applications of PDCPD gels over the mononuclear W- and Ru-

based catalytic systems.
SUBJECT AREA: Catalysis

KEYWORDS: controlled radical polymerization, ring opening metathesis polymerization,

metal-metal bonds, crosslinked polymers, gel swelling






NEPIAHWH

KataAuTikdg TMoAupepiopdg OAepivwv Kal KUKAOOAE@IVWV pE ZUOPTTAOKA TWV
ZToIXEiWV METATTTWOEWG.

21NV TTapouca dIaTPIR MEAETAUE OUO €idN TTOAUPEPICHOU TTOU TTPOAYOVTAl OTTO JETAAAIKA
oUPTTAOKA: TOV eAeyXOueVO PICIkO TTOAUpPEPIoNS (CRP) Kal TO PETOBETIKO TTOAUMEPIOUO ME
diavoign daktuliou (ROMP).

CRP. MeAeTAOAUE TNV KATAAUTIKA OPOCTIKOTNTA MIOS OIKOYEVEINS CUNTIAOKWY Twv Co' kal
Mn" TTou @épouv TPIPAIVUAAUIBO-OMIVIKOUS UTTOKATAOTATEC WS TIPOG TN CRP Tou aTupeviou
Kol Tou PeBakpUAIkoU peBUAeoTépa. Ta oUutAoka Tou Co' eival o SpaoTIKG, HE TN
OoTEPEOXNMEIA TOUug va Traidel KUplo pOAo OTn OPACTIKOTATA KOl TOV €AEYXO TOU
TTOAUMEPIOPOU. 2€ TTOANEG TTEPITITWOEIG TA AAuBaAvVOUEVA TTOAUNPEPT EPNPAVICOUV BINOPIAKES
KATOAVOMEG HOPIOKWY Bapwy, UTTOdEIKVUOVTAG TN OpAan dUO TTAPAAANAWY PNXOVICHWY.

ROMP. Xpnoipotroioaue 10 SINETAAANKS aUpTTAOKO Na[Wo(u-Cl)3Cly(THF)2]-(THF)3 (W2},
W3AW)** a?e™) yia Tn oUvBeon VEwY TTOAUPEPIKWY UNKWV. To {W,} gival évag dpaoTikdg
evepyotroinTig Tng ROMP Ttou vopBopveviou (NBE) kal TTapaywywv Tou. ZuvBéoape
oTaTioTIKd cupttoAupepry NBE/NBD (NBD: vopPopvadiévio), TTou ouvOudlouv 1010TNTES
YPOUMIKWY Kal SIKTUWMEVWY TTOAUMEPWY. H KaTaAuTikh dpacTikdTnTa Tou {W,} uTTopEi va
BeATIWOEI pe TTPoOBRKN MIKPNG TTO0OTNTAG @aIVUAAKETUAEViou (PA) wg ouykataAutn. To
{W5} kai To {W2}/PA tTapéxouv TTOAUNEPH HE UWPNAR Cis OTEPEOEKAEKTIKOTNTA. MeAETHOQUE
TN dpaocTikéTNTa Tou {Wy2}/PA Kal TO XPNOIUOTIOINCAME yia T ouvBeon péow ROMP
TTNKTWUATWY TTOAU(SIKUKAOTTEVTAdIEVioU) (PDCPD) e uwnAd BaBud diktuwong. H doun
Kal ol 1816TNTEG TOUG ouykpiBnkav pe ekeiveg TTNKTwPATwy PDCPD 110U €AA®BNnoav pe
xprion tou eutopikd diaBéaipou WClg kal Twv kataAutwv Grubbs 1™ kar 2" yevidg. H
dlaudépYwaon TNG aAuaidag Traifel onuavTikd POAO oTn dIOYKWON Twv TTNKTwPAaTtwyv PDCPD
o€ opyavikoug OIaAUTEG, n oTroia PeAeTHONKE d1ECOdIKA Kal 0dynoe OTNV EKTIiUNON TWV
TTapapETpwy diaAutdotnTag Hansen (HSP) tou PDCPD pe uwnAd TTOCOCTO CiS Kal TNG
duvatoTNTAG dIaXWPEIOUOU XAWPIWHEVWY OIGAUTWY OTTO TO VEPO. ZUUTTEPOCHATIKA, TO
{W2}/PA 3100£T€l Jovadika TTAEOVEKTAUATA WG TTPOG TN OTEPEOXNMEIQ, TIG IDIOTNTEG KAl TIG
mOAVEG eQapUOYEC TwV TINKTwUATWY PDCPD 0t oxéon PE POvOTTUPNVIKA CUCTAPOTA
Baoliouéva oe W 1 Ru.

OEMATIKH NMEPIOXH: KatdAuon

AEZEIZ-KAEIAIA: eAeyxOuevog pICIKOG TTOAUUEPIONOG, METOBETIKOG TTOAUMEPIOPOG MHE
olavoiEn dakTuAiou, deopoi PeETAANOU-PETAANOU, OIKTUWMEVO TTOAUMEPN,
OI0YKWON TTNKTWHATWV.
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CHAPTER 1
CONTROLLED RADICAL POLYMERIZATION

1.1 Introduction

Controlled Radical Polymerization (CRP) is one of the most important
subjects in polymer chemistry and synthesis of macromolecules. For many
years, there has been pessimism regarding its prospects, due to the nature of
free radicals, which are sensitive towards intermolecular termination
reactions, while their reactions have low chemo- and regioselectivity. But
since the 1980s and mainly 1990s, several methods began developing, which

have led to achievement of control over radical polymerization reactions.*™

All CRP reactions are based on a common principle, the reversible dynamic
equilibrium between a propagating radical and a dormant species. The
dormant species is stable enough to avoid undergoing side reactions, thus
being unable to propagate the polymerization, but capable of creating a
growth-active intermediate through chemical (catalytic) or physical (by heat or

light) removal of an appropriate group.

Common dormant species are alkyl halides bearing a~substituents which can
stabilize a radical, e.g. bromoisobutyrates [(CH3),C(Br)CO2R (R = alkyl, etc)].
Under suitable conditions, the bromine becomes a leaving atom, creating a
radical that starts the polymerization. To achieve control over the
polymerization, radical intermediates must be “capped” by bromine, through a
reversible process, to recreate the dormant species. The equilibrium between
the dormant and active species must be shifted towards the dormant one,
while the exchange between the two has to be faster than the concurrent
propagation of the polymer chain. Combination of all those factors leads to a
good control over the radical polymerization, giving polymers with well-defined
molecular weights and main chain structure, and narrow molecular weight

distributions.
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1.2 Cobaltin controlled radical polymerization reactions

Radical polymerization reactions mediated by cobalt reagents* have played a
historic role in the development of CRP processes, owing to the early, seminal
contributions of Wayland® and Harwood.® More recent work has shown that
cobalt reagents can be intriguingly more complex in their mode of operation,
and can induce CRP reactions via both atom-transfer radical polymerization
(ATRP) mechanisms and organometallic-mediated radical polymerization
(OMRP) pathways that rely on the well-known propensity of the Co—C bond

towards cleavage and generation of carbon-centered radicals.

For the mechanistically related atom-transfer radical addition (ATRA) and
polymerization (ATRP) reactions, the key step is a reversible halogen-atom
transfer between an organohalide (RX) and the cobalt site, shuttling between
two oxidation states (Co"/Co™) (Scheme 1).”® The resulting R’ radical could
then add to an olefin to generate a new organic radical, which would either be
halogenated to provide the monomeric product (ATRA)® or continue adding
olefin to afford a living polymer (ATRP). Its success relies on the control
exercised by the dynamic equilibrium (Katrp = Kact/Kdeact) €Stablished between
the halide-capped dormant species (P,—X) and the propagating radical (Py),
which is very sensitive to the catalyst, olefin monomer, and RX (initiator) used,

and depend on the solvent and the reaction conditions.*°

On the other hand, the OMRP process (or CMRP, for cobalt-mediated radical
polymerization) relies on an equilibrium (Scheme 2, (a), demonstrated by vinyl
acetate) heavily favoring a cobalt-capped dormant form of the polymer radical
(Co"—P,). An alternative, albeit related, process, known as catalytic chain
transfer polymerization (CCTP), applies to substrates that are prone to p-H
elimination (methacrylates, a-methylstyrene, methacrylonitrile), inasmuch as
the Co"—P, species may induce f-H atom abstraction to generate a Co"—H
and a polymer chain with an unsaturated terminal group (Scheme 2, (b),

demonstrated for methyl methacrylate (MMA)). The Co"

—H is a key ingredient
of the catalytic cycle, because it can generate the primary radical species via

insertion of the hydride into the monomer (for instance MMA).
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The ATRP mechanism is apparently followed by cobaltocene, acting as a
precatalyst in the polymerization of styrene (St) and MMA.** Other common
Co'" species, such as cobalt carboxylates are also known to induce ATRP
reactions of MMA and St (oligomerization).**™** In particular, cobalt acetate
polymerizes MMA in good yields (82%) and narrow polydispersity (Mw/M, =
1.26). Addition of small amounts of CoCl,, Cu(OAc); or tris(2-(dimethyl amino)
ethyl)amine (MegsTREN), improves the rate of the reaction, but the control over
the polymerization is reduced (My/M, = 1.49-1.74).* The CoCl,/MesTREN
system has been reported as catalyst for the ATRP of MMA, exerting modest
control over the polymerization and molecular weight distribution of PMMA
(Mw/M, = 1.63-1.80),'® which can be improved by addition of a small amount
of hybrid deactivators (FeBrs/MesTREN or CuBr,/MesTREN; M/M, = 1.15-
1.46). Heterogeneous versions have also been developed, such as a Co"/Cu"
bimetallic catalyst immobilized on a crosslinked poly(acrylic acid) resin'® or a
“hybrid” catalyst, consisting of Co" immobilized on an ion exchange resin
along with a small amount of soluble catalyst (CuCl./MesTREN).}” Among Co'
systems, [CoX(PPhs)s] (X = CI, Br, I) are the first compounds reported to
mediate ATRP reactions,*® with the iodide being the most reactive. On the
other hand, the OMRP mechanism is reportedly obeyed by [Co(acac);] in the
polymerization of vinyl acetate, and copolymerization of vinyl acetate and vinyl

1922 as well as by Co" porphyrin complexes in the

chloroacetate,
polymerization of acrylate monomers.?>? Finally, low-spin Co" complexes,
such as cobaloximes,®® Co'"-5,10,15,20-tetraphenyl-21H,23H-porphine,?’ and

Co'-glyoximato species®®!

operate via the CCTP mechanism in the
(co)polymerization of (meth)acrylates, a-methylstyrene and styrenes, yielding

low molecular weight macromolecules in organic and agueous media.

1.3 Manganese in controlled radical polymerization reactions

Although manganese can be found in several oxidative states (from -3 to 7),

which renders it attractive to use in ATRP reactions, few examples have been

reported so far. Most characteristic is [Mn(acac);] (acac =

CH3COCH,COCHj3), which polymerizes styrene,** but with wide molecular

weight distribution, and binuclear ¢[Mn(CO)s], which successfully polymerizes
30



vinyl acetate with M,/M, = 1.40-1.95.%® In the latter case, the binuclear
complex decomposes to its monomer after being exposed to visible light,

creating a radical manganese complex, which is the actual catalyst.
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CHAPTER 2
RING OPENING METATHESIS POLYMERIZATION

2.1 Introduction

Olefin metathesis reactions are metal-mediated carbon-carbon (C—C) double
bond exchange processes and have found several important applications.
Olefin metathesis polymerization is an application of metathesis reactions to
polymer synthesis, which includes, among others, the Ring Opening
Metathesis Polymerization (ROMP) process (Scheme 3). The latter provides a
wide range of unsaturated polymers of unique architectures and useful
functions (e.g., outstanding elastomeric or thermoplastic engineering
materials), the physicochemical properties of which strongly depend on their
structure. The reaction can be catalyzed by a broad range of uni-, bi- or
multicomponent systems based on transition metal complexes (Ti, Nb, Ta, Cr,
Mo, W, Re, Co, Ru, 0s),>*% with those of Mo, W and Ru playing a major role.

They can be classified in two major categories:****

(i) ill-defined systems,
where the active metallocarbenes are generated in situ, i.e., the classical
high-valent halides of Mo and W (e.g., WClg and derivatives thereof), which
become very effective when activated by organometallic co-catalysts (e.qg.,
SnMe., AlEts), as well as the industrially used RuCls/alcohol®® catalytic
system; (i) well-defined metallocarbenes, such as the Grubbs* and

Schrock® catalysts and their numerous variations.

DCHz)n—» W(C'@/\Ln

D

M= ) —

[2+2]
-5 P, - R
/’ LnM :(L

LM

LM =\ R

R

Scheme 3: Ring Opening Metathesis Polymerization (ROMP) reaction and mechanism.
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2.2 Draw-backs of known ROMP catalysts

Although the ROMP reaction was discovered in the mid 1950's and has been
the subject of intensive research ever since, many difficulties are still
encountered. For example, the widely employed in industry Mo and W halides
present a number of draw-backs: (a) the halides themselves are hydrolytically
unstable; (b) in some cases high activity is achieved with the use of
organometallic initiators; (c) the polymerization is not “living”, preventing
precise control over the reaction(s); (d) they are not stereoselective; and (e)

the exact nature of the active species remains a cloudy landscape.

In contrast, precision catalysts guarantee a high degree of reaction control
over a diverse range of cyclo-olefins. Considerable progress has been made
with Grubbs catalysts in terms of stability and design, but they are very
expensive and difficult to remove them from the product. On the other hand,
Schrock catalysts are highly reactive (especially the Mo-alkylidenes), but also
highly sensitive to oxygen and moisture, and their synthesis is elaborate.
Those issues present themselves as limitations for the utilization of those

systems in large scale.

Additionally, another long-standing problem is controlling the stereochemistry
of the reaction (cis/trans). This issue has been overcome up to now by
serendipity, empirically (additives affecting the stereochemistry of the
reaction), or by elaborate catalyst design. Thus, improving known catalytic
systems or finding new ones, which are robust, cost-effective, highly active

and stereoselective, is still a challenge.

2.3 Binuclear complexes as ROMP catalysts

The majority of the existing catalytic systems consists of mononuclear
complexes. Bimetallic complexes with metal-metal bonds have been scarcely
employed,*® even though they provide more precise control over

stereoselectivity, via the involvement of both metal centers in the reaction.

33



2.3.1 Molybdenum complexes

Neutral or ionic complexes of the general formulas [Mo,Ls], [Mo2Xg]" and
[Mo,L,X,]", all containing the {Mo—*Mo}** core, with a variety of ligands
(acetates, halides, allyl, acetonitrile), have been employed for the ROMP of
norbornene (NBE) at ambient temperature.*” Most of these complexes require
activation with AIEtCl,. The same behavior is encountered with the tetrameric
compound [{Mo2(u-O2C(CH2)2CO2)(NCMe)g}2](BF4)a:3MeCN*® (Scheme 4-1).
When activated with AIEtCl,, complexes [Mo2(1-O,CR)4] (R = Me, CFsg;
Scheme 4-11) and K4[Mo.Clg] (Scheme 4-Ill) also induce the ROMP of 1-
methylnorbornene.*® The reaction is immediate and exothermic. In all cases,

the different ligands exert little or no influence on the stereoselectivity of the

reaction.*’
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MeCN i H NCMe
e L /O C2 O\ /
Mo’ ~c “ M y
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Scheme 4: Binuclear Mo complexes that have been employed as ROMP catalysts.

However, noteworthy are the changes in the stereochemistry of
poly(norbornene) (PNBE) observed, when the [Moz(NCMe)s](BF4)4/AIELCI,
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(Scheme 4-1ll) system is employed homogeneously or heterogeneously
(supported on SiO5). In the first case, the cis-content is almost 30%, whereas
in the latter it increases to 70%.%" This has been attributed to the greater steric
hindrance (wall-effect), due to the coordination of the metal to silica, which
obliges the monomer molecule (NBE) to approach the metals, minimizing
repulsions that favor the formation of cis- rather than trans-junctions in the
polymer chain. Such an effect has been considered responsible for the
formation of an all-cis-PNBE polymer from the in situ reaction of
[WClg)/PSLi/NBE [PS = poly(styrene)].>

2.3.2 Tungsten complexes

The first report on a ROMP reaction catalyzed by a metal-metal bonded
catalyst precursor was published in 1970. A bicomponent system consisting of
[Wa(7-CsHs)s] W-+W}**; Scheme 5-1) and [WClg] was found to be active in
the ROMP of cyclopentene, providing in low yields (18%) polypentenamer
with a trans-content of 60%.>* The ditungsten halide Nas[W,Clg]-(THF), ({W-*
W}*: Scheme 5-I1) polymerizes NBE and norbornadiene (NBD) within a few
minutes in almost quantitative yields, providing polymers of high molecular
weight and high cis-stereoselectivity (>80% cis for PNBE).”> A major
drawback of this system is its high sensitivity towards oxidation (oxygen,
moisture) and its thermal instability.

The ditungsten complex Na[W,(u-Cl)sCla(THF)]-(THF); ({W,}, {W—3-W}**,
a”e™ Scheme 5-Ill) is a highly efficient unicomponent room temperature
homogeneous and/or heterogeneous initiator for the ROMP of norbornene
(NBE) and some of its derivatives.”® {W,} distinctly differs from its
mononuclear counterparts, offering significant advantages over them, such
as: (a) high reactivity similar to that of the bi- or multicomponent analogues
(e.g., WCIG/AIR3); (b) high cis-stereoselectivity; (c) tolerance to olefinic side
groups, providing polymeric materials suitable for post-polymer
functionalization. The catalytic activity of the all-bromo-derivative
(Ph4P)o[W2(-Br)sBre] (W-22W}'*; Scheme 5-1V) towards the ROMP of NBE

and derivatives has been also investigated.>* Despite the fact that bromide
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ligands are more labile than the chloride ones, addition of AgBF, is nhecessary
in order to activate the ditungsten complex. The reactions are more efficient in
CHCly, providing high yields of polymers, in the presence of four AgBF,
equivalents. The reactions are stereoselective and the polymers obtained

features high cis-content (87%).
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Scheme 5: Binuclear W complexes that have been employed as ROMP catalysts.

2.3.3 Ruthenium and osmium complexes

Despite the abundance of the mononuclear Ru-based catalytic systems, there
are only few examples of binuclear one reported so far. Diruthenium
tetracarboxylates, [Ru.Ls ({Ru—2%-Ru}**: L = acetate, pivalate, benzoate,
trifluoroacetate; Scheme 6-1) are inactive for initiating ROMP reactions in
nonalcoholic media, even in the presence of various Lewis acids. However,
upon addition of ethyldiazoacetate in a chlorobenzene solution of
[Rux(OOCCFs3)4], highly-cis-PNBE can be obtained in moderate yields, but
with broad molecular weight distribution (Mw/M, = 5.1).>> Complex
[Cp 2Ru»Cls] (RUZRU}®"; Cp” = 7°-CsMes; Scheme 6-11) polymerizes NBE and

NBD in refluxing ethanol, in low yields.*® Higher reactivity is observed with the

36



analogous compound [Cp’,0s,Brs] ({0s—2-0s}®*; Scheme 6-1l), which upon
activation by MAO (MAO = methylaluminoxane) polymerizes NBE to 40-60%
cis-PNBE, insoluble to organic solvents.>’ For NBE, the activity of this system
is higher than that of the respective chloride salts OsCl; and RuCls.>® This
complex also operates without cocatalysts. The addition of AIMe3 or MAO, as
well as the solvents used, do not affect significantly the nature of PNBE

formed, but considerably increase the polymerization rates and yields.

L
AN
O\Rij‘\\o O\Rg\\\o Cp*\ /Cp*
AR ®\\IMEM\,,///
o>}o\(o X" > X
R R M =Ru; X =ClI
R = Me, 'Bu, Ph, CF; M = Os; X = Br

Scheme 6: Binuclear Ru and Os complexes that have been employed as ROMP

catalysts.

2.3.4 Heterometallic complexes

Compounds [M2(u-Cl)3(CO)7(M Cl3)] (Scheme 7-1), [M(u-
CH(CO)3(NCR)2(M Cl3)] (Scheme 7-11), (M = Mo, W; M" = Sn, Ge; R = Me, Et)
act as catalytic precursors for the ROMP of NBE and NBD.*® The
polymerization of NBE is chemoselective, but slow, when [M(u-
CH(CO)3(NCMe)2(M'Cl3)] (M = Mo, W; M™ = Sn, Ge) is used as initiator; it is
faster with [M,(u-Cl)3(CO)7(SnCl3)] (M = Mo, W), but of low selectivity. The
polymers obtained have high molecular weights (My, > 10%), but rather broad
molecular weight distributions (Mw/M, 1.8-3.6). Upon reaction with
stoichiometric amounts of NBD, the above mentioned compounds provide the
corresponding NBD-adducts, [M(u-Cl)(CO)s(7*-NBD)(SnCls)] (M = Mo, W;
Scheme 7-1ll) and [Mo(u-Cl)(CO)(NCMe)(7*-NBD)(SnCls)] (Scheme 7-1V),
which, in the presence of excess NBD, have been found to initiate the ROMP
of NBD.®>®* The polymerization is slow and not selective. The molecular
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characteristics of PNBD formed have not been reported, due to their
insolubility; however the cis-content has been determined by in-situ NMR

experiments and provided valuable mechanistic insight.
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Scheme 7: Binuclear heterometallic complexes that have been employed as ROMP
catalysts.

Substituted cycloolefins have also been polymerized. Compounds [M(u-
CN(CO)3(NCMe)o(M"Cl3)] (M = Mo, W; M™ = Sn, Ge) catalyze the ROMP of
endo,endo-5,6-bis(chloromethyl)norbornene to soluble polymers of high

molecular weight (M,, > 5x10°) and moderate molecular weight distribution
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(Mw/M, 1.4-2.0).%2 The choice of transiton metal determines the
stereochemistry of the polymer formed, as W-initiators give predominately cis-
polymers (84-95% cis), while with Mo-analogues the % cis content is in the
range of 20-50%. In addition, [W,(u-Cl)3(CO);(GeCl3)], polymerizes 5-vinyl-2-
norbornene (VNBE) with high yields of polymers of low molecular weight (less
than 3,000), along with small amounts of side products (~10%), and bimodal
peaks of broad molecular weight distribution (My/M, > 2).°® The pendant

double bonds remain intact.

The anionic complex [(u-Cl).{Mo(u-CI)(CO)3(SnCls)}]* (Scheme 7-V) also
promotes the ROMP of NBE at r.t. and under strictly anhydrous conditions,
providing PNBE in high yields (89%).%*

Another bimetallic metal-tin catalyst, [Irf(COD),SnCl;] (COD = 1,5-
cyclooctadiene; Scheme 7-VI), bearing an Ir-Sn bond has been reported for
the ROMP of NBE in toluene at elevated temperatures and sealed vials,

providing clear films of PNBE at low yields (<10%).%°
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CHAPTER 3
PURPOSE OF THIS STUDY

The purpose of this study was to develop new catalytic systems for two types
of metal-mediated polymerization reactions and to employ the best of those
systems for the synthesis of new polymeric products. The polymerization
reactions studied are: Controlled Radical Polymerization (CRP) and Ring

Opening Metathesis Polymerization (ROMP).

CRP. Recently, the synthesis and reactivity of a series of tripodal transition
metal compounds (M = Fe, Mn, Co) with rigid triphenylamido-amine cores and
a variety of pendant arms (R = aryl, acyl, alkyl) (Scheme 8) has been
explored.®®~"> Many members of this family of reagents have been recognized
as active in oxo- and nitrene-transfer chemistry, as well as in Controlled
Radical Polymerization (CRP) catalysis, enabled by a reversible or semi-
reversible M™/M™Y* couple at easily accessible, and frequently highly
reducing potentials. In this work, we examined the CRP activity of a series of
tripodal Co" and Mn" triphenylamido-amine complexes bearing a selection of
aryl, acyl and alkyl arms.

R =

RO T .N

M = Mn, Fe, Co
R = aryl, acyl, alkyl
L = solvent or vacant

Scheme 8: General structure or triphenylamido-amine complexes.

ROMP. In view of the properties of the catalytic system based on Na[W(u-
Cl3Cly(THF)2)-(THF); ({W2}, Scheme 9), i.e., high efficiency and high-cis
stereoselectivity, which may address some of the limitations of known ROMP
catalysts, we used {W,} for the copolymerization of norbornene (NBE) and
norbornadiene (NBD). The addition of NBE moieties in the polymer chain was
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expected to render copolymers more soluble than poly(norbornadiene)
(PNBD) homopolymer, thus allowing for more facile processing while retaining

some of the properties of crosslinked polymers.

In view of improving and expanding the reactivity of {W,} we utilized
phenylacetylene (PA) as co-initiator. We examined the reactivity of {W}/PA
towards a number of cycloolefins and we have compared it to that of {W,} and
to other systems reported in the literature. Mechanistic aspects of the

reactions were also investigated.

The catalytic system {W,}/PA proved to be more efficient than {W,} in many
cases, among which the ROMP of dicyclopentadiene (DCPD). Therefore it
was utilized for the synthesis of poly(dicyclopentadiene) (PDCPD) gels. The
structural characteristics of those gels were compared to PDCPD gels
obtained with the commercially available WClg (Scheme 9) and the the well-
established 1% and 2™ generation Ru-based Grubbs’ catalysts (Ru-l and Ru-
II; Scheme 9). The structural variations of the PDCPD gels were reflected
upon their swelling behavior in various organic solvents. PDCPD gels
obtained with {W,}/PA swelled to significantly higher extent than gels
obtained with the other catalytic system. With an eye on environmental
remediation, the swelling properties of those gels were evaluated for their
ability to uptake and separate chlorinated solvents from water.

N N
THE Cl  THF cl P(Cy)s Mes™ N\—~/ “Mes
\ /_\ /I“\\\CI CI//,,' \\\\\CI | ‘\\\\\CI
—w W CH

el

- d Ru
A" a”” | e CI/| \ RU——CH
c’ ¢ cl Ph c” | \
P(Cy); Ph
- - P(Cy);
[Wo(u-Cl)3Cl4(THF),]- WClg Grubbs' catalyst | Grubbs' catalyst Il

W} Ru-I Ru-Il

Scheme 9: Schematic representation of all metal compounds employed in this study
for ROMP reactions.
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CHAPTER 4
EXPERIMENTAL

4.1 Materials and physical measurements

All operations were performed under anaerobic conditions under a pure
dinitrogen or argon atmosphere using Schlenk techniques on an inert
gas/vacuum manifold or in a dry-box (O, H,O < 1 ppm). Starting materials
were purchased from Sigma-Aldrich and are of the highest available purities.
Dicyclopentadiene (DCPD, >91% endo-isomer) was purchased from Acros.
WCls was purchased from Alfa Aesar in sealed ampules. The L*Co" and
L*Mn" compounds were kindly provided by Prof. Pericles Stavropoulos
(Missouri University of Science & Technology, Rolla MO, USA). Complex
Na[W.(u-Cl)sCly(THF)2]-(THF)s ({W2})® was prepared according to literature
procedures. Norbornene (NBE) was dissolved in the solvent used for the
reaction, was dried by stirring with CaH, under argon and was distilled under
vacuum prior to use. Poly(dicyclopentadiene) (PDCPD) aerogels synthesized
using 1% and 2" generation Grubbs’ catalysts were kindly provided by Prof.
Nicholas Leventis.”” Norbornadiene (NBD) was passed through an Al,Os3
column. 5-vinyl-2-norbornene (VNBE), DCPD and phenylacetylene (PA) were
dried by stirring with CaH, under argon, were distilled under vacuum and were
stored in the dark under argon. THF and Et,O were distilled over Na/Ph,CO,
toluene and hexanes over Na, CH,Cl, over P,O;9 and methanol over sodium
methoxide. All solvents were distilled in an inert atmosphere, and were
degassed by three freeze-pump-thaw cycles, with the exception of methanol,

which was degassed by bubbling nitrogen or argon for 0.5 h.

NMR spectra were recorded on a Varian Unity Plus 300 spectrometer. In all
cases, chemical shifts are reported in ppm relative to the deuterated solvent

resonances.

Solid-state NMR spectra were obtained at the National Institute of Chemistry,
Ljubljana, Slovenia, with a 600 MHz Varian spectrometer (Palo Alto, CA)
operating at 150.80 MHz for **C. For 'H-*C ramped CPMAS (Cross-
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Polarization Magic Angle Spinning) and HC LG-HETCOR (HETeronuclear
CORrelation) spectra the spinning rate used was 5 kHz and the temperature

run the experiment was 25 °C.

Mid-IR spectra (525-4000 cm™) were measured at the National Hellenic
Research Foundation, Athens, Greece, with a Fourier-transform instrument
(Equinox 55 by Bruker Optics) equipped with a single-reflection diamond ATR
accessory (DuraSamplIR 1l by SensIR Technologies). Contact between the
powder samples and the diamond element was ensured by a suitable press.
Each spectrum represents the average of 100 scans recorded at an optical
resolution of 4 cm™. FT-Raman spectra were obtained at the National
Hellenic Research Foundation, Athens, Greece, with a Fourier transform
instrument (RFS 100 by Bruker Optics) employing for excitation ca. 300mW of
the Nd:YAG 1064 nm line in a backscattering geometry. The spectra have
been measured at a resolution of 4 cm™ and represent averages of ca.
5,000-8,000 scans.

Size exclusion chromatography (SEC) experiments were carried out at the
Laboratory of Industrial Chemistry, Department of Chemistry, N.K.U.A.,,
Athens, Greece, with a modular instrument consisting of a Waters model 600
pump, a Waters model U6K sample injector, a Waters model 410 differential
refractometer and a set of 4 u-Styragel columns with a continuous porosity
range of 10°-10% A. The columns were housed in an oven thermostated at 40
°C. THF was the carrier solvent at a flow rate of 1 mL/min. The instrument
was calibrated with PS standards covering the molecular weight range of
4,000-900,000.

The thermal stability of the polymers was studied by thermogravimetric
analysis (TGA) at the Laboratory of Industrial Chemistry, Department of
Chemistry, N.K.U.A., Athens, Greece, employing a Q50 TGA model from TA
instruments. Samples were placed in platinum crucibles. An empty platinum
crucible was used as a reference. Samples were heated from ambient
temperatures to 600 °C in a 60 mL/min flow of N, at a heating rate of 10

°C/min.
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Cyclic voltammetry was carried out with an Eco Chemie Autolab PGSTAT100
electrochemical workstation fitted in a Dry Box and controlled with a General
Purpose Electrochemical Software (GPES) or with a Bipotentiostat AFCBP1
from Pine Instrument Company fitted in a Dry Box and controlled with the
PineChem 2.7.9 software. Experiments were performed using a gold disk
working electrode (2 mm diameter) and a Ag/Ag* (0.01 M AgNOs and 0.5 M
[(n-Bu)sN]PFs in MeCN or DMF) non-aqueous reference electrode
(Bioanalytical Systems, Inc.) with a prolonged bridge (0.5 M [(n-Bu)4N]PFe¢ in
MeCN or DMF). A thin Pt foil or gauge (8 cm?, Sigma-Aldrich) was employed
as counter electrode. The working electrode was polished using successively
6, 3, 1 um diamond paste on a DP-Nap polishing cloth (Struers, Westlake,
OH), washed with water, acetone and air-dried. The Pt foil and gauge
electrodes were cleaned in a H,02/H,SO4(conc) solution (1:4 v:v) and oven-
dried. The concentrations of the samples were between 1 and 3 mM and that
of [(n-Bu)4N]PFs (supporting electrolyte) was 0.5 M. The potential sweep rate
varied between 10-1000 mV/s. All potentials are reported versus the

ferrocenium/ferrocene (Fc*/Fc) couple.

Scanning electron microscopy images were taken at Istituto Italiano di
Tecnologia, Genova, Italy, using a field emission scanning electron
microscope coupled with energy dispersive X-ray microanalysis (SEM/EDS,
JEOL, JSM-7500F, Japan). The samples were fixed on aluminium stubs and
coated with a 10 nm thick gold layer with an Emitech K950X. The
measurements were realized in high vacuum with a pressure of 9.6x10 Pa

by using a SEI detector at a tension of 5 kV.
4.2 CRP reactions

4.2.1 Typical experimental procedure

All operations were carried out under an inert atmosphere. The M" (M = Co,
Mn) compound (0.01 mmol; e.g. [K(L*)Co"-NCMe], (Co-1): 10.6 mg) and the
solvent (toluene, 1.0 mL) were added to a Schlenk flask, followed by the
monomer (styrene (St), 1.0 g, 9.6 mmol; methyl methacrylate (MMA), 1.0 g,
10.0 mmol) and the initiator (ethyl-2-bromo-isobutyrate, 7.5 L, 5.1x10™° mol).
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The flask was immediately immersed in the oil bath at 110 °C and kept for a
given time. After heating was stopped, the reaction vessel was cooled to room
temperature and a large excess of MeOH was added to precipitate the
polymer formed. The resulting solids were filtered, washed with methanol and
redissolved in toluene, where Dowex ion exchange resin was added to
remove any metal compound before analysis. The colorless solution was then
decanted and concentrated to a small volume (~ 1 mL). MeOH was added
again to precipitate the polymers, which were then dried in vacuo for several
hours. Polymers were characterized by SEC in CHCl; and by *H NMR in

CDCl3 at room temperature.

4.2.2 Reinitiation experiment 1

Compound [K»(L%),Co'";], (Co-4) (10.2 mg, 0.01 mmol) and the solvent
(toluene, 2.0 mL) were added to a Schlenk flask, followed by St (1.0 g, 9.6
mmol) and the initiator (ethyl-2-bromo-isobutyrate, 7.5 pL, 5.1x10™ mol). The
flask was immediately immersed in the oil bath at 110 °C and kept for 20 h.
After heating was stopped, the reaction vessel was cooled to room
temperature and an aliquot (0.5 mL) was taken. To this aliquot a large excess
of MeOH was added to precipitate the polymer formed, which was purified

and characterized as described above.

To the rest of the reaction mixture, St (1.0 g, 9.6 mmol) was added and was
left to react for another 20 h at 110 °C. After heating was stopped, the
reaction vessel was cooled to room temperature and a large excess of MeOH
was added to precipitate the polymer formed, which was purified and
characterized as described above.

4.2.3 Reinitiation experiment 2

Compound [K(THF)g][(L°)C0"]+1.5THF (Co-2) (13.6 mg, 0.01 mmol) and the
solvent (toluene, 2.0 mL) were added to a Schlenk flask, followed by MMA
(2.0 g, 10.0 mmol) and the initiator (ethyl-2-bromo-isobutyrate, 7.5 pL, 5.1x10°
> mol). The flask was immediately immersed in the oil bath at 110 °C and kept
for 16 h. After heating was stopped, the reaction vessel was cooled to room
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temperature and a large excess of MeOH was added to precipitate the

polymer formed, which was purified and characterized as described above.

The PMMA obtained was redissolved in toluene (2.0 mL), where the metal
complex (13.6 mg, 0.01 mmol) and St (1.0 g, 9.6 mmol) were added and the
mixture was left to react for another 20 h at 110 °C. After heating was
stopped, the reaction vessel was cooled to room temperature and a large
excess of MeOH was added to precipitate the polymer formed, which was
purified and characterized as described above.

4.3 ROMP reactions

4.3.1 Copolymerization reactions

All operations were carried out under an inert atmosphere. In a typical
experiment, the complex (9.0 mg, 0.009 mmol) and CH,CI, were added to a
Schlenk flask, followed by the monomers (NBE or/and NBD). The mixture
was left under stirring for a given time. After the end of the reaction, the
mixture (if not gelled) was concentrated to aprox. half the initial volume and a
large excess of MeOH was added to precipitate the copolymer formed. The
resulting solids were filtered and washed with methanol. The polymers were
characterized by SEC (if soluble) and *C CP-MAS NMR spectroscopy, their
thermal degradation was studied with thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) and the morphology of the materials

was studied with scanning electron microscopy (SEM).

4.3.2 Use of PA as co-initiator

All operations were carried out under an inert atmosphere. A typical
procedure is described as follows. PA (e.g., 10uL, 9.2 mg, 0.09 mmol) was
added to a solution of {W,} (9.0 mg, 0.009 mmol) in a solvent (2.0 mL),
followed by the substrate (e.g., NBE, 423 mg, 4.5 mmol). When no PA was
used, the substrate was added to the solution of {W,}. The mixture was
allowed to react at room temperature for a given time, after which it was
concentrated to half volume and treated with excess of methanol to have the

polymeric products precipitated. The resulting solids were filtered and washed
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repeatedly with methanol. They were redissolved in THF and the above
procedure was repeated at least three times. The products were dried in

vacuo.

4.3.3 Catalytic reactions in NMR tubes

Complex {W,} was dissolved in d®-THF (8.0 mg, 0.008 mmol) and the green
solution was transfered in an NMR tube. The appropriate amounts of PA (5
uL, 4.6 mg, 0.05 mmol) and NBE (5 mg, 0.05 mmol) were added using a

microliter syringe.
4.4 PDCPD gels

4.4.1 Catalytic system {W,}/PA

PA (225 pL, 209 mg, 2.05 mmol) was added to a solution of {W,} (105.0 mg,
0.105 mmol) in CH,Cl; (15.0 mL), followed by DCPD (5.0 mL, 4.89 g, 37.0
mmol). The mixture was stirred vigorously at room temperature for 30 min and
was poured into molds (Wheaton poly(propylene) OmniVials, 1.1 cm in
diameter). All solutions gelled within 18 h. The resulting wet-gels were aged in
their molds for 6 h at room temperature. Subsequently, wet-gels were
transferred into toluene and were washed 4x 8 h per wash cycle, using 4x the
volume of the gels. It is noted that during processing wet-gels swell in toluene.
That was accounted for by adjusting the volume of the wash solutions to be
always 4x the volume of the wet-gel. Next, pore-filling toluene was exchanged
with pentane (4 washes, 8 h per wash cycle, 4x the volume of the gel per
cycle), and wet-gels were air-dried in the oven at 50 °C. It is noted that wet-
gels deswell in pentane almost to their original volume. The resulting gels are
referred to as W,-PDCPD (where W, stands for the catalytic system
{W,}/PA).

4.4.2 Catalytic system WCIg/PA

PA (50 puL, 46.5 mg, 0.455 mmol) was added to a solution of WClg (160.0 mg,
0.403 mmol) in toluene (15.0 mL), followed by DCPD (5.0 mL, 4.89 mg, 37.0

mmol). The mixture was stirred vigorously at room temperature for 1 min and
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was poured into molds (Wheaton poly(propylene) OmniVials, 1.1 cm in
diameter). All solutions gelled within 5 min. The resulting wet-gels were aged
in their molds for 15 min at room temperature. Subsequently, wet-gels were
transferred into THF and were washed 4%, 8 h per wash cycle, using 4x the
volume of the gels. Next, pore-filling THF was exchanged with acetonitrile (4
washes, 8 h per wash cycle, 4x the volume of the gel per cycle) and pentane
(4 washes, 8 h per wash cycle, 4x the volume of the gel per cycle). No
change in the volume of the gels was observed during wash cycles. The wet-
gels were air-dried in the oven at 50 °C. The resulting gels are referred to as
W-PDCPD (where W stands for the catalytic system WCI¢/PA).

4.4.3 Swelling measurements

The ability of gels to absorb various solvents (toluene, CH,Cl,, CHCI3, CCly,
THF, CS,, benzene, chlorobenzene, 1,2- and 1,3-dichlorobenzene, benzyl
chloride, 1,3- and 1,4-dimethylbenzene, 1,3,5-trimethylbenzene, pentane,
acetone, CH3CN, CH3;OH, DMF, DMSO, water, 1,4-dioxane) has been
evaluated. Dry cylindric gels were immersed in selected solvents. At selected
time intervals, gels were taken out of the solvents and their height and
diameter were measured, to determine their volume. Gels were re-immersed
in their respective solvents immediately to continue swelling. Their normalized
volume was calculated as the ratio of the volume of swollen gels to the

volume of dry gels.

4.4.4 Separation of organic solvents from water

To determine the ability of gels to separate chlorinated solvents from water,
disks were cut from gels and they were immersed in mixtures of water and
chlorinated solvents in equal volumes. Sudan blue dye was used to visualize
the lowering of the organic phase and the solvent absorption from the gel.
Gels were kept in the solvent mixture for a given time. The uptake for each
solvent was determined by the weight difference of gels before and after

solvent absorption.
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CHAPTER 5
CATALYTIC ACTIVITY OF Co AND Mn TRIPHENYLAMIDO-
AMINE COMPLEXES IN CONTROLLED RADICAL
POLYMERIZATION OF OLEFINS

51 Co"complexes

The structures of the Co" compounds used in this study are presented in
Scheme 10.”® These complexes have been synthesized by the reaction of
anhydrous CoCl, with the deprotonated ligands and exhibit stoichiometric and
structural variation. Solid-state structures revealed that in all cases the four
nitrogen-atom residues of the ligands are coordinated to the metal center in a
distorted trigonal-pyramidal geometry. In two cases (Co-1 and Co-6), the
presence of a solvent molecule (CH3CN) adds a fifth moiety to the

coordination sphere.

5.1.1 Cyclic voltammetry

The electrochemical properties of compounds Co-1-6 have been studied by

cyclic voltammetry. Electrochemical data for the Co"/Co"

couple are listed in
Table 1 and the corresponding waves are shown in Figure 1. Compound
[K(NCMe)3][(L**)Co"-NCMe] (Co-6), which bears the electron-donating aryl
substituent 2,6-(CHz), was oxidized at the most negative potential. The
presence of the electron-withdrawing aryl substituents 3,5-(CF3), and 3,5-Cl,
in  [K(L%Co"-NCMe], (Co-1) and [K(THF)e][(L®)Co"]*1.5THF (Co-2)
respectively, shifted the oxidation redox potential to more positive values.
Complex [Ka(L%),Co"], (Co-4) showed two overlapping redox waves, which
may reflect the two distinct Co" ions observed in the repeating dinuclear unit
of the solid-state structure. The potential values were close to that of Co-6
and are in agreement with the electron-rich nature of the arylalkylamido-amine
ligand. Finally, as expected, the electron-withdrawing COO'Bu and COCF;
substituents of {[Ko(DMA)s(L'%),Co",]+0.5Et,0}, (Co-5) and [K(THF)x(L®)Co"],
(Co-3) caused significant anodic shift. The assignment of these irreversible

waves to the Co"/Co" couple is tentative. Contributions from ligand-centered
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events cannot be excluded at the present time, especially for Co-3, for which
a large ipa value was observed. These results are consistent with the
electronic character of the ligands and prior electrochemical data obtained for
the analogous Fe" complexes,®® although the potentials of the Co"
compounds have been shifted anodically, as expected, by a factor of 0.4-0.7
V.

CFy Me™3S I:
3 #3\ O K+
LB S By L
2~ O”‘N\3 2 0|| \N
N (|:1» 4 2/Co” N\ cl N2—C
Cr “‘@7%‘3 | @‘ )
[K(L*)Co"-NCMe], [K(THF)6][(L®)C0"]*1.5THF [K(THF)2(L®)Co",
Co-1 Co-2 Co-3

[K2(L%)2Co",]n {[K2(DMA)3(L*%),C0",]+0.5Et,0}, [K(NCMe)s(L**)Co"-NCMe]
Co-4 Co-5 Co-6

Scheme 10: Structures of Co" complexes studied in CRP reactions.
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Table 1: Electrochemical data for compounds Co-1-6.

E]_/2 (Or Ep’a) AE
Compound Solvent .
(Vvs.Fc'/Fc) | (mV)
[K(L*)Co"-NCMe], (Co-1) MeCN -0.090 72
[K(THF)6][(L®)C0"]*1.5THF (Co-2) DMF -0.258 102
[K(THF)2(L®)C0"], (Co-3) DMF 0.719
[K2(L%),C0",]n (Co-4) DMF | -0.654, -0.500 | 88, 75
{[K2(DMA)3(L*%),C0",]+0.5Et,0}, (Co-5) | DMA 0.559
[K(NCMe)3(L**)Co"-NCMe] (Co-6) MeCN -0.665 78
40 = —CO—l
Co-2
Co-3
30 k Co-4
— Co-5
Co-6
< 20}
e
10 | J
ok
_10 1 1
-1.2 -0. -o 4 4 0.8

E (V vs. Fc'/Fc)

Figure 1: Cyclic voltammograms (Co'"/Co"

redox couple) of compounds [K(L*Co"-
NCMe], (Co-1) and [K(NCMe)s(L"*)Co"-NCMe] (Co-6) in MeCN/[(n-Bu)sN]PFe,
[K(THF)6][(L®)C0"]*1.5THF (Co-2), [K(THF)»(L%C0"], (Co-3) and [K(L%),C0";], (Co-4) in
DMF/[(n-Bu)sN]PF, and {[K»(DMA)s(L'%),Co",]°0.5Et,0}, (Co-5) in DMA/[(n-Bu)sN]PFe, as

indicated, with a Au disk electrode (1.6 mm in diameter); scan rate 0.1 V/s.
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5.1.2 Polymerization results

Compounds Co-1, Co-2, Co-4, and Co-6 have properties that make them
promising reagents for use as ATRP catalysts. They provide reversible or
semi-reversible Co"/Co" couples at easily accessible potentials, as shown by
the electrochemical data. They have either a vacant coordination site, or a
weakly bound ligand (solvent molecule), which makes it possible for a halide
or (pseudohalide) ligand to enter the coordination sphere. Co-3 and Co-5,
which feature an irreversible Co'"/Co" couple, have also been studied, as the
halidophilicity is in some cases a factor of equal or even higher importance.
Indeed, it has been found that the activity of an ATRP catalyst mainly
depends on the redox potential of the M™/M™V* couple and the halidophilicity
of the M™Y* complex. For Cu-based catalysts the key factor seems to be the
redox potential, for Ru- and Os-complexes the halidophilicity, while for other
metal catalysts the two factors have intermediate effects.”® In addition, since
ATRP is not the only possible pathway for Co-induced radical
polymerizations, other parameters, such as the strength and reactivity of

Co"-C or Co"-H bonds, can play a dominant role.

The catalytic activity of compounds Co-1-6 towards the polymerization of
styrene (St) and methyl methacrylate (MMA) was studied in toluene solutions
at 110 °C using ethyl-2-bromo-isobutyrate as initiator. The results are
summarized in Tables 2 and 3. Blank experiments are also included for
comparison purposes. Co-1, Co-5 and Co-6 are readily soluble in toluene,
Co-2 is partially dissolved, whereas Co-3 and Co-4 are insoluble. However,
the solutions became homogeneous after the addition of the monomer and
the initiator, with the only exception of Co-3, which got partly dissolved during
the reaction with St and remained insoluble during the reaction with MMA.
The reaction mixtures were allowed to react for a given time. In some cases,
high-viscosity mixtures had formed at that time. The catalyst/monomer/initiator
molar ratio was 1/1000/5, unless otherwise stated. The polymers,
poly(styrene) (PS) and poly(methyl methacrylate) (PMMA), were obtained
after addition of MeOH and were purified by Dowex ion exchange resin in

toluene solutions.
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From the data shown in Table 2, higher yields of PS have been obtained with
compounds Co-3-5. The reaction mixtures containing Co-3 and Co-5 gelled
after 2 h (entries 4 and 7). For this reason, they were repeated with 2.0 mL of
toluene instead of 1.0 mL. It is notable however that the reaction with Co-5
gave high yields (51%) in a short period of time. When a larger amount of
solvent (2.0 mL; entry 8) was used, the reaction proceeded in a more
controlled fashion, giving a polymer with molecular weight closer to the
theoretical value, although with a bimodal distribution (Figure 2), which
caused broadening of the molecular weight distribution (Mw/M, = 2.00).
Among the three systems, Co-4 and Co-5 showed better control over the
molecular weight of the PS obtained (entries 6 and 8), while Co-3 and Co-4
provided PS with bimodal distribution and yet relatively narrow (1.56 and 1.57,
respectively; entries 5 and 6; Figures 3 and 4). The other three compounds
showed low reactivity (entries 1-3 and 9), yielding polymers with broad

molecular weight distributions.

Similar reactivity was observed in MMA polymerization in most cases, with
Co-4 and Co-5 being the most reactive in terms of polymer yields. The only
notable exception was Co-3 (Table 3, entries 6 and 7), which was the most
reactive compound for St polymerization, and one of the least reactive for
MMA polymerization. In fact, the complex had no control over the reaction, as
the molecular characteristics of the polymers formed did not differ from the
blank experiment (entry 13). That result was not unexpected, since Co-3 is
totally insoluble in the reaction mixture. The molecular weight of PMMA
obtained with Co-4 showed the best agreement with the theoretical value,
compared to the other samples, and the molecular weight distribution was not
very broad (My/M, = 1.52; entry 9; Figure 5). Co-5 provided high vyields of
PMMA, although with higher molecular weights and bimodal molecular weight
distributions (entries 9 and 10; Figure 6). With Co-2 and Co- 6 lower yields
were obtained (entries 3, 11 and 12). However, the metal complex seemed to
have a better control over the reaction, giving PMMA with relatively narrow
molecular weight distribution, especially with Co-2 (1.40). Addition of 0.10 and

0.15 mmol of initiator (entries 4 and 5) did not significantly alter the
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controllability of the reaction, although the GPC plots had different
characteristics (Figure 7), which will be discussed below. In the latter case,
the yield was reduced. Finally, Co-1 was the least reactive of the compounds
studied (entries 1 and 2).

Table 2: Reactions of compounds Co-1-6 with styrene (St).*

Ent C d t | Yield Mn (th)® | My (exp) € | My/M
ntr ompoun ex
Y P M| @ | I R
1 [K(L})Co"-NCMe], (Co-1) 16 | 15 3,000 d d
2 20 | 14 2,800 9,600 2.78
[K(THF)6][(L®)C0"]*1.5THF (Co-2)
3 20 | 12° 1,200 7,100 2.39
4 2 12 2,400 81,900 1.47
[K(THF)2(L®)C0"], (Co-3)
5 18 | 90" | 18,000 | 110,500 | 1.56
6 [K2(L%)2Co';], (Co-4) 22 | 86 17,200 57,400 1.57
7 2 51 10,200 86,100 1.82
{[K2(DMA)3(L*%),C0",]*0.5Et,0}, (Co-5)
8 16 | 86" | 17,200 38,900 | 2.00
9 [K(NCMe)3(L**)Co"-NCMe] (Co-6) 22 | 16 3,200 5,700 1.97
10 - 16 | 21 4,200 326,500 | 1.54

# Conditions: catalyst (0.01 mmol), St (9.6 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 1.0 mL toluene, reflux
at 110°C.

b Mn(th) = (g of monomer / mol initiator) x % vyield.

“By SEC in CHCl; atr.t.

d Very broad molecular weight distribution.

¢ Ethyl-2-bromo-isobutyrate (0.10 mmol).

2.0 mL of toluene.
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Table 3: Reactions of compounds Co-1-6 with methyl methacrylate (MMA).?

Ent C d t | Yield Mn (th)® | M, (exp)© | My/M
ntr ompoun ex

Y P M | @) | A R
1 20| 5 1,000 14,500 | 1.26

[K(L®)Co"-NCMe], (Co-1)
2 16 | 3¢ 600 16,700 | 1.16
3 15 | 30 6,000 37,900 | 1.43
4 [K(THF)6][(L®)C0"]*1.5THF (Co-2) 15 | 33¢ | 3,300 24,500 1.40
5 21 | 13' 870 20,700 | 1.26
6 16 | 6 1,200 | 439,800 | 1.24
[K(THF)2(L%)Ca"], (Co-3)
7 15 | 129 | 2,400 300,800 | 1.29
8 [K2(L®%)2Co';], (Co-4) 17 | 70 | 14,000 51,400 | 1.52
9 15 | 72 | 14,400 | 67,000 | 2.00
{[K2(DMA)3(L*%),C0",]+0.5E1,0}, (Co-5)
10 15 | 60° | 6,000 57,300 | 1.91
11 15 | 40 8,000 55,800 | 1.54
[K(NCMe)3(L**)Co"-NCMe] (Co-6)

12 21 | 459 | 9,000 54,700 | 1.58
13 - 17 | 9 1,800 | 356,700 | 1.20

% Conditions: catalyst (0.01 mmol), MMA (10 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 1.0 mL toluene,
reflux at 110°C.

b Mn(th) = (g of monomer / mol initiator) x % vyield.
“By SEC in CHCl; atr.t.

42.0 mL of toluene.

¢ Ethyl-2-bromo-isobutyrate (0.10 mmol).

fEthyl-2-bromo-isobutyrate (0.15 mmol).
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elution time (min)

Figure 2: SEC traces for PS obtained from the reaction of (Co-5) (0.01 mmol) with St (10
mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (1.0 mL) under reflux at
110°C.

elution time (min)

Figure 3: SEC traces for PS obtained from the reaction of (Co-3) (0.01 mmol) with St (10
mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (1.0 mL) under reflux at
110°C.

elution time (min)

Figure 4: SEC traces for PS obtained from the reaction of (Co-4) (0.01 mmol) with St (10
mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (1.0 mL) under reflux at
110°C.

56



elution time (min)

Figure 5: SEC traces for PMMA obtained from the reaction of (Co-4) (0.01 mmol) with
MMA (10 mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (1.0 mL) under
reflux at 110°C.

elution time (min)

Figure 6: SEC traces for PMMA obtained from the reaction of (Co-5) (0.01 mmol) with
MMA (10 mmol) and ethyl-2-bromo-isobutyrate (0.10 mmol) in toluene (1.0 mL) under
reflux at 110°C.

A common characteristic of all experiments is that the experimental molecular
weights were higher than the theoretical ones, which shows that termination
reactions were taking place during the polymerization. Another interesting
point was that in many cases a bimodal distribution was observed (PS and
PMMA obtained with Co-2-5), resulting in the broadening of the molecular
weight distribution. This is indicative of the presence of at least two reactive
centers, and given that the molecular weight distributions were not very broad
(1.40-2.00, except for the Co-2/St system), these results strongly indicate that
two parallel mechanisms are in operation. The reactions of Co-2 with MMA
further supported this argument. Three experiments were carried out, with

different quantities of initiator (0.05, 0.10 and 0.15 mmol). In all cases, GPC
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plots showed bimodal distributions, but the ratio of the two peaks differed from
one experiment to the other, as shown in Figure 7. These results show that
the reaction proceeds with two distinct mechanisms, and that the amount of

initiator used can favor one over the other.

I I I 1 I I I 1 1

I I
30 35 40
elution time (min)

|

Figure 7. SEC traces for PMMA obtained from the reaction of (Co-2) (0.01 mmol) with
MMA (10.0 mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol, top; 0.10 mmol, middle;
0.15 mmol, bottom) in toluene (1.0 mL) under reflux at 110 °C.

5.1.3 Reinitiation experiments

In order to gain more evidence on the controlled nature of the polymerization
and the operation of the ATRP mechanism, we examined the ability of the

polymers formed to reinitiate the polymerization reaction.

In the first experiment, St was polymerized with compound [Kx(L%)-Co";], (Co-
4) for 20 h. A small aliquot of the solution was taken and MeOH was added,
yielding PS with M, = 50,200 and M,/M, = 1.80 (Figure 8). To the rest of the
reaction mixture, St was added and was left to react for another 20 h,
providing PS with M,, = 67,000 and M,/M, = 1.59 (Figure 8). The fact that the
molecular weight increased and the molecular weight distribution decreased is
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a strong indication that the polymerization does not proceed through free
radicals but in a rather controlled way, where the Co" complex plays a crucial

role.

elution time (min)

Figure 8: SEC traces for PS obtained from the reaction of (Co-4) (0.01 mmol) with St
(9.6 mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (2.0 mL) under reflux
at 110 °C (top) and PS obtained after the second addition of St (9.6 mmol, bottom).

For the second experiment, MMA was polymerized  with
[K(THF)6][(L®)C0"]*1.5THF (Co-2) and 0.05 mmol of the initiator, because
under these conditions one mechanism seems to be dominant. After the end
of the reaction (20 h), the PMMA formed was precipitated and characterized
(M, = 23,700 and M,/M, = 1.33). Then, it was redissolved in toluene, where
the metal complex and St were added, and kept under reflux for 20 h) yielding
a PMMA-b-PS block copolymer with M, = 72,400 and M,/M, = 1.60. From the
comparison of the chromatographic traces (Figure 9), it is obvious that the
peak of PMMA at 36.9 min is absent in the GPC of the copolymer, which
indicates that the end-Br groups of the PMMA chains were exclusively
employed as initiation sites for the polymerization of St or in other words that
PMMA served as macroinitiator for the synthesis of PMMA-b-PS block
copolymers. The bimodality of the GPC trace of the final product can be
attributed to possible termination reactions and/or the increase of viscosity of
the reaction medium leading to polymerization under non-homogeneous

conditions. The successful synthesis of the block copolymer was verified by
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'H NMR spectroscopy (Figure 10; PMMA-b-PS 20-80 % mol). This result
confirms that the polymerization does not proceed through a coordination
mechanism of the monomer to the metal center, since in this case the results

would be a mixture of PMMA and PS homopolymers.

T T T T T r 1 1. 1. 1.1 1T 1 T7T

30 35 40
elution time (min)

Figure 9: SEC traces for PMMA obtained from the reaction of (Co-2) (0.01 mmol) with
MMA (10.0 mmol) and ethyl-2-bromo-isobutyrate (0.05 mmol) in toluene (2.0 mL) under
reflux at 110 °C (top) and PMMA-b-PS obtained after the reaction of 2 (0.01 mmol) with
St (9.6 mmol) and PMMA (0.05 mmol) in toluene (2.0 mL) under reflux at 110 °C
(bottom).

5.1.4 Tacticity of PMMA

The tacticity of PMMA macromolecules formed in the present study was
determined by *H NMR spectroscopy. The results are summarized in Table 4
and a representative spectrum in shown in Figure 11. Polymers obtained by
conventional radical polymerization are mainly syndiotactic (rr:rm:mm =
64:32:4), due to the repulsion between the substituents of the chain end and
less-controlled chain propagation.?® The sequence distribution of the tacticity
of PMMA was approximately Bernoullian. Similar microstructural results have
been reported from ATRP of MMA using various catalytic species, such as
those based on Rh,®* Fe,®% Ni 8 Cu®® and Ru®’ complexes. The polymers
obtained in this study were predominately syndiotactic, consistent with radical
polymerization. Co-1 and Co-2 exhibit unusually high ratios of isotactic triads.
It is known that several Co" complexes act as efficient chain transfer agents

during methacrylate polymerization. The Co'" radical may interact with the
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propagating radical and induce single-handed helical structures in the
polymerization of bulky methacrylates.®® The polymerization proceeds with a
different mechanism from typical catalytic chain transfer although the detailed
mechanism is not clear.?? It is possible that a similar situation exists, at least
to some extent, with Co-1 and Co-2 leading to increased isotacticities. Further

mechanistic studies are needed to clarify this finding.

PMMA
PS

W .

ppm (t1)

Figure 10: 'H NMR spectrum of PMMA-b-PS from the reaction of (Co-2) with MMA and
St, in CDCls.
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Table 4: Tacticity of PMMA obtained from reactions with Co" complexes. ab

Entry Compound mm (%) mr (%) rr (%)

1 28 31 41
[K(L*)Co"-NCMe], (Co-1)

2 8 36 56

3 16 33 51

4 [K(THF)6][(L°)C0"]*1.5THF (Co-2) 10 37 53

5 8 39 53

6 7 38 55
[K(THF)2(L®)C0"], (Co-3)

7 5 35 60

8 [K2(L%),C0",], (Co-4) 10 38 52

9 6 40 54

{[K2(DMA)3(L*%),C0",]+0.5Et,0}, (Co-5)
10 10 39 51
11 7 39 54
[K(NCMe)3(L**)Co"-NCMe] (Co-6)
12 7 40 53
13 - 6 38 56

2 Calculated from *H NMR spectra.

b Experiments are presented in the same order as in Table 3.
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Figure 11: "H NMR spectrum of PMMA from the reaction of [K,(DMA)s(L'*)Co"]+0.5Et,0
(Co-5) with MMA, in CDCls.

5.2 Mn"complexes

The structures of the Mn" compounds used in this study are presented in
Scheme 11. These complexes have been synthesized by the reaction of
anhydrous MnCl; with the deprotonated ligands and exhibit stoichiometric and
structural variation. Solid-state structures of compounds Mn-2-4 and Mn-7
revealed that the four nitrogen-atom residues of the ligands are coordinated to
the metal center in a distorted trigonal-pyramidal geometry and a solvent
molecule (THF, CH3CN or DMA) occupies the fifth coordination site. Mn-5 has
a similar structure, but is four-coordinate (absence of coordinating solvent
molecule). Compounds Mn-1 and Mn-6 feature a dimeric structure. The axial
nitrogen-atom of the ligand is not coordinated to the metal center; the fourth
coordination site is occupied by carbonyl moieties provided by an amidato

residue of the partner monomer.
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Scheme 11: Structures of Mn" complexes studied in CRP reactions.
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5.2.1 Cyclic voltammetry

The electrochemical properties of compounds Mn-1-7 have been studied by
cyclic voltammetry. Electrochemical data for the Mn"/Mn'"" couple are listed in
Table 5 and the corresponding waves are shown in Figure 12. Compound
[K(THF)3][(L®)Mn"=THF] (Mn-7), which bears the electron-donating aryl
substituent 2,6-(CHz), was oxidized at the most negative potential, followed by
complex [K(L®YMn"], (Mn-5), whose potential is in agreement with the
electron-rich nature of the arylalkylamido-amine ligand. The presence of the
electron-withdrawing aryl substituent 3,5-Cl, in [K(THF)4][(L°)Mn"-THF] (Mn-2)
shifted the redox potential to more positive values. Complexes
[K2(DMA)3(LY2Mn'"5] (Mn-1) and [Ko(THF)s{(L**)Mn"},]+2THF (Mn-6) exhibited
potentials shifted to higher values, due to their electron-withdrawing
substituents CO'Bu and COO'Bu. Finally, the electron-withdrawing COCgHs
and COCF; substituents of [K(NCMe)][(L°)Mn"-NCMe]*MeCN (Mn-3) and
[K(DMA)][(L®)Mn"-DMA] (Mn-4) caused the most significant anodic shifts. The
assignment of the irreversible waves to the Mn'"/Mn" couple is tentative.
Contributions from ligand-centered events cannot be excluded at the present
time, especially for Mn-4 and Mn-6, for which large i, » values were observed.
These results were consistent with the electronic character of the ligands and
prior electrochemical data obtained for the analogous Fe' complexes,®
although the potentials of the Mn" compounds were shifted anodically, as

expected, by a factor of 0.4-0.6 V.

Table 5: Electrochemical data for compounds Mn-1-7.

Compound Solvent (Sl\izs(.olzrﬁzfg) (rﬁl\i/)

[K2(DMA)3(LY2Mn'"5] (Mn-1) DMA -0.078

[K(THF)4][(L°)Mn"-THF] (Mn-2) DMF -0.442 71
[K(NCMe)][(L®YMn"-NCMe]*MeCN (Mn-3) | MeCN 0.062
[K(DMA)][(L®)Mn"-DMA] (Mn-4) MeCN 0.526
[K(LHMN"], (Mn-5) DMA -0.798
[Ko(THF)s{(L*)MNn",]«2THF (Mn-6) DMF -0.110

[K(THF)3][(L*®*)Mn"=THF] (Mn-7) DMA -1.260 6
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Figure 12 Cyclic voltammograms (Mn"Mn" redox couple) of compounds
[K2(DMA)s(LY,Mn";] (Mn-1), [K(LHMN"], (Mn-5) and [K(THF)s][(L**)Mn"=THF] (Mn-7) in
DMA/[(n-Bu)sN]PFg, [K(THF),[(L>)MNn"-THF] (Mn-2) and [Ky(THF)s{(L*)Mn"},]*2THF (Mn-
6) in DMF/[(n-Bu),N]PFs, [K(NCMe)][(L*)Mn"-NCMe]*MeCN (Mn-3) and [K(DMA)][(L®)Mn"-
DMA] (Mn-4) in MeCN/[(n-Bu)4N]PFs, as indicated, with a Au disk electrode (1.6 mm in

diameter); scan rate 0.1 V/s.

5.2.2 Polymerization results

The catalytic activity of compounds Mn-1-7 towards the polymerization of
styrene (St) and methyl methacrylate (MMA) was studied in toluene or THF
solutions at 110 °C using ethyl-2-bromo-isobutyrate as initiator. The results
are summarized in Tables 6-9. Blank experiments are also included for
comparison purposes. Mn-7 is readily soluble in toluene, Mn-2 and Mn-6 are
partially soluble, whereas Mn-1, Mn-4 and Mn-5 are insoluble, with Mn-5
being dissolved under heating. Compound Mn-2 is readily soluble in THF,
whereas Mn-1, Mn-3 and Mn-4 are insoluble. However, the solutions become
homogeneous after the addition of the monomer and the initiator. The reaction

mixtures were allowed to react for a given time. In some cases, high-viscosity
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mixtures had formed at that time. The catalyst/monomer/initiator molar ratio
was 1/1000/5, unless otherwise stated. The polymers, poly(styrene) (PS) and
poly(methyl methacrylate) (PMMA), were obtained after addition of MeOH and

were purified by Dowex ion exchange resin in toluene solutions.

In most cases, reaction yields were low and theoretical and experimental
molecular weights were not in agreement. Molecular weight distributions were
broad, which is partly due to them being bimodal, similarly to the Co"
complexes mentioned above. In general, better results were obtained form
reactions in toluene than in THF and for St than for MMA. The most notable
results were those of St polymerization using Mn-6 in toluene (Table 6, entry
9) and MMA polymerization using Mn-3 in THF (Table 9, entry 2), both of
which gave relatively high yields (43 and 60%, respectively) and, in the first

case, a relatively narrow molecular weight distribution.

Table 6: Reactions of compounds Mn-1-4 and Mn-6 with styrene (St) in toluene. ®

Entry Compound (t:) Y(I(;Ol)d M (th)® | My (exp) € | Mw/M,,
1 [K2(DMA)3(LY2Mn("),] (Mn-1) 20 12 2,400 91,200 | 1.62
2 [K(THF)][(L)Mn(")-THF] (Mn-2) 17 18 3,600 64,700 | 1.59
3 | [K(NCMe)[(L®)Mn(")-NCMe]*MeCN (Mn-3) | 16 35 7,000 77,601 1.54
4 [K(DMA)][(L®Mn(")-DMA] (Mn-4) 16 | 35 7,000 68,152 | 1.53
5 [K2(THE)3{(L*)Mn(")}]*2THF (Mn-6) 16 | 43 8,600 91,146 | 1.37
6 - 16 | 21 4,200 | 326,500 | 1.54

& Conditions: catalyst (0.01 mmol), St (9.6 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 2.0 mL toluene, reflux at
110°C.

® My(th) = (g of monomer / mol initiator) x % yield.

“By SEC in CHCl; atr.t.
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Table 7: Reactions of compounds Mn-1-4 with styrene (St) in THF.?

t

Yield

Entry [Compound 0 | @) Mn (th)® | My (exp) € | Mw/Mh
1 | [Ko(DMA)3(LYMn("),] (Mn-1) 19 11 2,200 | 110,500 | 1.47
2 | [K(THF)][(L)Mn(y)-THF] (Mn-2) 17 7 1,400 - -
3 | [K(NCMe)[(LDMN(")-NCMe]*MeCN (Mn-3) | 17 800 - -
4 | [K(IODMA)][(L®Mn(")-DMA] (Mn-4) 18 - - - -

# Conditions: catalyst (0.01 mmol), St (9.6 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 2.0 mL THF, reflux at

65°C.
® M, (th) = (g of monomer / mol initiator) x % yield.
°By SEC in CHCl; at r.t.

Table 8: Reactions of compounds Mn-1-7 with methyl methacrylate (MMA) in toluene.®

Entry |Compound (rt]) Y(I;J)d Mp (th)® | My (exp)© | Mw/M,
1 | [Ko(DMA)3(LY Mn(")2] (Mn-1) 18 | 8¢ 1,600 210,900 | 1.26
2 | [K(THR)[(L>)MNn(")-THF] (Mn-2) 17 | 23 4,600 51,900 1.66
3 | [K(NCMe)][(L)Mn(")-NCMe]*MeCN (Mn-3) | 16 | 11 2,200 185,800 | 1.60
4 | [KOMA][(L]Mn(")-DMA] (Mn-4) 16 | 3 600 - -
5 | [KLHMN(")], (Mn-5) 17 | 2¢ 400 - -
6 | [Ko(THF){(L®)Mn("M},]*2THF (Mn-6) 17 | 32 6,400 134,400 | 1.48
7 | [K(THF)][(L¥)MNn(")=THF] (Mn-7) 17 | 2¢ 400 - -
8 |- 17| 9 1,800 356,700 | 1.20

# Conditions: catalyst (0.01 mmol), MMA (10.0 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 1.0 mL toluene, reflux

at 110°C.
b Mn(th) = (g of monomer / mol initiator) x % yield.
°By SEC in CHCl; at r.t.

42.0 mL of toluene.
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Table 9: Reactions of compounds Mn-1, Mn-3 and Mn-4 with methyl methacrylate
(MMA) in THF.?

Entry [Compound (rt]) Y(Iozl)d Mn (th)® | My (exp) € | Mw/M,
1| [Ko(DMA)s(LY)Mn(IN)5] (Mn-1) 19 9 | 1,800 ] :
2 | [K(NCMe)J[(LYMn(I-NCMe]*MeCN (Mn-3) | 20 | 60 | 12,000 | 53,100 | 1.86
3 | [KIOMAY(LY)MN(I1)-DMA] (Mn-4) 21| 25 | 5000 | 106,500 | 1.34

# Conditions: catalyst (0.01 mmol), MMA (10.0 mmol), ethyl-2-bromo-isobutyrate (0.05 mmol), 1.0 mL THF, reflux at
65°C.

® M, (th) = (g of monomer / mol initiator) x % yield.

°By SEC in CHCl; at r.t.

5.2.3 Tacticity of PMMA

The tacticity of the PMMA macromolecules formed in the present study was
determined by *H NMR spectroscopy. The results are summarized in Tables
10 and 11. The polymers obtained in this study were predominately
syndiotactic, consistent with radical polymerization. Mn-2-4 exhibit unusually
high ratios of isotactic triads.

Table 10: Tacticity of poly(methyl methacrylate) (PMMA) obtained from reactions with
Mn" complexes in toluene. °

Entry | Compound mm (%) mr (%) rr (%)
1 | [Ko(DMA)s(LHoMN(M),] (Mn-1) 9 36 55
2 | [K(THR)[(L)MN(")-THF] (Mn-2) 20 32 48
6 | [KoTHF)s{(L*YMN(")},]*2THF (Mn-6) 6 40 54

2 Calculated from 'H NMR spectra.

® Entry numbers correspond to those of Table 8.

Table 11: Tacticity of poly(methyl methacrylate) (PMMA) obtained from reactions with

Mn" complexes in THF. *°

Entry | Compound mm (%) mr (%) rr (%)
2 [K(NCMe)][(L®)Mn(I)-NCMe]*MeCN (Mn-3) 14 31 55
3 [K(DMA)][(L®)Mn(11)-DMA] (Mn-4) 22 29 49

2 Calculated from *H NMR spectra.

b Entry numbers correspond to those of Table 9.
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5.3 Conclusions

Our preliminary results show that compounds Co-2-6 can induce the CRP of
St and MMA. Some compounds (Co-3-5) provided good yields (60-90%; Co-3
was active only in St polymerization), whereas others (Co-2 and Co-6) had
better control over the polymerization reactions, albeit with lower yields (12-
16% for PS and 30-45% for PMMA). Although a firm correlation between the
reactivity and the structure or the redox potential cannot be made at this point,
the steric factor seems to play an essential role, since compounds that feature
a less hindered fifth coordination site showed the highest reactivity and better

control over the polymerization reaction.

The polymers obtained were predominately syndiotactic, consistent with
radical polymerization, with two exceptions that exhibited unusually high ratios
of isotactic triads. In many cases bimodal distributions were observed,
although the molecular weight distributions were not very broad (1.40-2.00),
and this strongly indicates that two parallel mechanisms are in operation.
Among the three predominant mechanisms (ATRP, OMRP and CCTP) that
have been established for cobalt-mediated CRP reactions, the first two seem

to be more likely for our systems. A detailed mechanistic study is under way.

The Mn" complexes Mn-1-7 were far less reactive towards the CRP of St and
MMA and the control over the polymerization was not good. Polymers with
broad molecular weight distributions were obtained in low yields. Molecular
weight distributions were bimodal, indicating two mechanisms operating in
parallel. Because of the low yields and the bad control over the polymerization

the reactions were not further investigated.
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CHAPTER 6
COPOLYMERIZATION OF NORBORNENE AND
NORBORNADIENE VIA RING OPENING METATHESIS
POLYMERIZATION USING A DITUNGSTEN-BASED
CATALYTIC SYSTEM

6.1 General

Compound Na[W(u-Cl)sCly(THF),]-(THF)s ({W2}) is a highly efficient initiator
for metathesis polymerization of alkynes® and the ROMP of norbornene
(NBE) and some of its derivatives.”® The most important feature of its
reactivity is its high-cis stereoselectivity. Norbornadiene (NBD) is a cycloolefin
bearing two double bonds, which lead to insoluble, crosslinked ROMP
polymers. Copolymerization of NBE and NBD could yield products with
desired properties usually observed in crosslinked polymers (thermal stability,
mechanical strength etc.), while being more soluble and easy to process than
poly(norbornadiene) (PNBD) homopolymer. In this Chapter, we present the
results of NBE and NBD copolymerization using {W,} as ROMP initiator and

the characterization of the products.

6.2 Catalyst and polymerization reactions

Compound Na[W,(u-Ch3Cly(THF),]-(THF)s ({W,}; Scheme 12) features fsbo
geometry and contains a triple metal-metal bond. Structural characterization
has revealed the presence of two THF ligands (one to each tungsten atom) in
a cis arrangement along the dimetal axis,’® which is the key for the reactivity
of this compound towards metathesis polymerization reactions.>*%° Such
species in solution, in the presence of donor ligands or coordinating solvents,
may exist in an equilibrium between the highly symmetric confacial (Dsp, fsbo)
structure {W,} and the edge-sharing (D, esbo) biooctahedral one {W,}'
(Scheme 12).9! {W,} is air-sensitive (oxygen, moisture), but in the solid state it
is stable in air at room temperature for 1-2 hours. It is soluble in THF, CH3CN

and dme, less soluble in CH,Cl, and CHCI3;, and insoluble in toluene and
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Et,O. It was repeatedly recrystallized and checked carefully for purity (Vis-UV)

before use.

Polymerization reactions were carried out at room temperature, under an inert
atmosphere. The monomers were added to a solution of {W,} in CH,ClI, and
the mixture was stirred for a given time. The results are summarized in Table
12. The structures of polymers obtained from ROMP of norbornene (NBE)
and norbornadiene (NBD) are shown in Scheme 13. In most cases, the
products were insoluble, causing the reaction mixtures to gel, even at low
yields, thus terminating the reactions in a short time. Reactions were generally
faster when the NBD/NBE molar ratio was higher, which was expected, since
we have shown that NBD polymerization by {W,} proceeds faster than NBE

polymerization.>®

Molecular weights were measured only for soluble polymers. Copolymers
were soluble when NBE was at a higher molar ratio than NBD. Higher NBD
ratios compared to NBE, as well as equal ratios of the two monomers led to
insoluble materials, which can be explained by the fact that PNBD forms
crosslinked polymers (Scheme 13). PNBE/PNBD copolymers had lower

molecular weights and broader molecular weight distributions than the PNBE

homopolymer.

i THF o, THF i THF ., THF 1-
Cly, | é : | WCl THF Cly, | i : | WCl
Cl/ \ '%7,//// $ \CI THE CI/ | < 7 |\CI

{W}

{wo}

THF

Scheme 12: Schematic representation of the equilibrium between {W,} and {W,}'.
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Table 12: Reactions of {W,} with NBE and NBD. ?

Sample {W>}/NBE/NBD | t (min) | Yield (%) | My % 103" | Mw/M,
PNBE 1/500/0 60 96 529 1,2
PNBD 1/0/500 6 >909 ¢ ¢
PNBE/PNBD 100/400 1/100/400 99 ¢ ¢
PNBE/PNBD 400/100 1/400/100 10 61 129 2,0
PNBE/PNBD 300/1100 1/300/1100 66 ¢ ¢
PNBE/PNBD 700/700 1/700/700 18 ¢ ¢
PNBE/PNBD 1100/300 1/1100/300 12 11 252 2,5
% Conditions: {W,} (9.0 mg, 0.009 mmol), monomer(s), CH,Cl, (homopolymerization, 2 mL;

copolymerization, 15 mL).
® By SEC in THF at 40 °C.

¢ Insoluble polymer.

A7

52J5:7 ROMP

NBD

ROMP

linear

PNBE

cross-linked
via metathesis

cross-linked
via radical coupling

r

P P
PNBD

Scheme 13: Possible products of NBE and NBD polymerization via ROMP.
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6.3 Morphology

SEM images (Figures 13-17) show the different morphologies of the
materials. Homopolymers exhibited smooth, non-porous morphology. The
morphology of the copolymers was wrinkled when the initial NBE/NBD molar
ratio was >1. Increased PNBD content led to more even morphology.

The morphology of PNBE/PNBD copolymers synthesized with {W,} differs

.,%2 who used Ru-based

significantly from the one reported by Lima-Neto et a
initiators to obtain PNBE/PNBD copolymers. In the latter case PNBE and all
copolymers obtained were porous. Pore sizes decreased when the NBD
content increased, with a compact surface for the copolymer obtained when
the initiator/NBE/NBD molar ratio reached 1/5000/2000. This was attributed to
the fact that crosslinking allowed polymer chains to approach each other,
along with the fact that a higher amount of double bonds allowed polymer
chains to be packed better through n-interactions. In our case the materials
obtained (both the homolymers and the copolymers) were not porous. This
difference could be potentially attributed to the different configuration of the
polymeric chains (polymers obtained using Ru initiators had ~50% trans
double bond content, while {W;} provided high-cis polymers) and/or the

different degree of crosslinking.
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Figure 14: SEM image of the PNBE/PNBD 400/100 copolymer.
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Figure 16: SEM image of the PNBE/PNBD 100/400 copolymer.
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Figure 17: SEM image of the PNBD homopolymer.

6.4 NMR spectroscopy

Figures 18-24 show the *C CPMAS NMR spectra of homo- and
copolymers.For PNBE, olefinic carbons appear at 134.0 ppm while aliphatic
carbons give peaks at 43.3, 39.6 and 33.3 ppm, with those at 43.3 and 39.6
ppm being characteristic of trans and cis configurations, respectively.”® For
PNBD, olefinic carbons appear at 135.2 ppm while aliphatic carbons give
peaks at 50.1, 43.8 and 39.2 ppm, with those at 50.1 and 43.8 ppm being

characteristic of trans and cis configurations, respectively.®*

From the spectrum of PNBD homopolymer (Figure 19), it is possible to
determine the olefin coupling contribution to the polymer’s crosslinking
(Scheme 13). Crosslinking can occur by either metathetic or olefin coupling
reactions on the second double bond of NBD. The ratio of olefinic/aliphatic
carbons depends on the mechanism of crosslinking and is equal to 4/3
(metathetic) and 2/5 (olefin coupling). Therefore, the olefin coupling
contribution can be calculated via equation (1) that takes the ratio of the
integrated areas of the corresponding *C CPMAS peaks as input.>* Thus,
Coefinic refers to the total sp? carbons, Caliphatic t0O sp® carbons and x is the
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fraction of polymer double bonds that participate in crosslinking via olefin
coupling. Integration of PNBD spectra provided an olefinic/aliphatic carbons
ratio equal to 1.36 (Figure 19), showing that no crosslinking via olefin coupling

takes place (x = 0).
(4‘2)() / (3+2X) = [Colefinic / Caliphati(:]experimental (1)

In the spectra of PNBE/PNBD copolymers, the peaks at 33 and 50 ppm are
characteristic of PNBE and PNBD moieties, respectively.®*** Although it is not
possible to determine the exact ratio of NBE/NBD units in the polymer chain,
due to the peaks overlapping each other, it is evident that it is relative to the

monomer molar ratio in the reaction mixture.
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Figure 18: **C CPMAS NMR spectrum of PNBE.
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Figure 19: ¥C CPMAS NMR spectrum of PNBD.
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Figure 20: **C CPMAS NMR spectrum of PNBE/PNBD 100/400 copolymer.
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Figure 21: 3C CPMAS NMR spectrum of PNBE/PNBD 400/100 copolymer.
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Figure 22: **C CPMAS NMR spectrum of PNBE/PNBD 1100/300 copolymer.
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Figure 23: 3C CPMAS NMR spectrum of PNBE/PNBD 700/700 copolymer.
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Figure 24: 3C CPMAS NMR spectrum of PNBE/PNBD 300/1100 copolymer.
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6.5 Thermal analysis

Thermal analysis results are recorded in Tables 13 and 14.
Thermogravimetric analysis (TGA) curves for all samples showed a
continuous weight loss up to almost 500 °C, which can be divided into three
stages (Figure 25). The first stage from 100 to 250 °C corresponds to
evaporation and decomposition of unreacted monomers, and is more
prominent for the copolymers. In the second stage, from 250 to 400 °C, the
weight remains constant for all samples, except for the PNBD homopolymer
and the NBE/NBD 1/300/1100 copolymer. This stage has been attributed to
the decomposition of small polymer chains® in accordance with large
molecular weight distribution values. In the final stage, starting after 400 °C,
all curves show sharp drops in the weight loss indicating rapid degradation of
the polymer backbones. The thermal stability of the copolymers practically
does not change with their composition. This agrees with the fact that PNBE
and PNBD units possess similar structures; therefore, the degradation of the
polymeric chains involves the cleavage of similar bonds. It is noteworthy that
the PNBD homopolymer, as well as the copolymers with high PNBD content

in their chain leave a significant amount of residue (15-19%).

Table 13: TGA results at the heating rate of 10°C/min.

Sample Start (°C) | Finish (°C) | Peak (°C) | Residue (%)
PNBE 376.11 490.49 450.39 1.60
PNBD 377.69 561.96 433.42 18.89
PNBE-PNBD 100-400 377.78 509.09 432.86 14.75
PNBE-PNBD 400-100 353.54 495.96 443.78 7.35
PNBE-PNBD 300-1100 389.90 539.39 435.51 18.46
PNBE-PNBD 700-700 363.64 508.08 442.67 9.06
PNBE-PNBD 1100-300 348.48 491.92 446.59 5.78

Differential thermogravimetry (DTG; Figure 26), showed a single
decomposition peak for all samples, including the homopolymers, and a
smaller one at lower temperatures, with the exception of PNBE, for which a
small peak at higher temperatures appears. This is a manifestation that the
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decomposition mechanism in PNBD homo- and copolymers is similar and not

very complex involving mainly reactions in the main chain.

The thermal stability is similar for both homopolymers, although slightly higher
decomposition temperatures and broader decomposition temperature range
was obtained for PNBE. This seems unusual, since a higher decomposition
temperature would be expected for PNBD, because of its crosslinked
structure. However, the decomposition peak was significantly broader for
PNBD than for PNBE, as shown in Table 13, indicating that the highly-
crosslinked chains are decomposing at higher temps. Another explanation
might be that structures containing rings decompose at higher temperatures.
In either case, it is obvious from the results that the thermal stability was
governed by the polymer backbone, which is very similar for both cases.

100 | —— NBE-NBD 1-100-400
——— NBE-NBD 1-400-100
—— NBE-NBD 1-300-1100
80} S —— \ —— NBE-NBD 1-700-700
NBE-NBD 1-1100-300
PNBD
~ 60 F PNBE
3\/
whd 1
_g) |
3 40 b a
; L
20F
O -
1 ™ 1 ™ 1 ™ 1 ™ 1 ™ 1 ™ 1

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 25: Weight loss (%/°C) with temperature (°C) for all samples, as indicated.

The decomposition temperature range of the copolymers and the
decomposition temperature at the decomposition peak in DTG were similar to
those of the corresponding PNBD homopolymer, or slightly higher when the
PNBE content of the polymer backbone increased. This result indicates that
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the presence of even a small amount of PNBD is sufficient to alter the thermal

stability of the copolymers.

Differential scanning calorimetry (DSC) measurements showed that the glass
transition (Tg) temperature for PNBD was lower than the that for PNBE,
although PNBD copolymer is crosslinked (Table 14). The copolymers showed
an increase in the Tg temperature, when the PNBD content increased, in
agreement with an extended degree of crosslinking, with the exception of the
700-700 sample, for which the Tg temperature was significantly lower than
any other sample. In any case, the Tg temperatures were lower for the
copolymers than for the homopolymers. This is a strong indication that those

materials are star-copolymers.
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Figure 26: Derivative weight loss (%/°C) with temperature (°C) for all samples, as
indicated.
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Table 14: Experimental Tg values.

Sample Tg,°C | Tg, °C Reverse

PNBE 57.9

PNBD 50.1 46.9
PNBE-PNBD 100/400 39.5 36.3
PNBE-PNBD 400/100 37.9 39.0
PNBE-PNBD 300/1100 47.5 46.8
PNBE-PNBD 700/700 29.1 34.2
PNBE-PNBD 1100/300 394 42.9

6.6 Conclusions

Statistical poly(norbornene)/poly(norbornadiene) PNBE/PNBD copolymers
have been synthesized via ROMP wusing compound Na[Wy(u-
Ch3Cla(THF)2]-(THF)s ({W2}) as initiator. The composition of the polymeric
chain was estimated, although not quantitatively, by solid state NMR data and
it was found that the ratio of NBE/NBD units was relative to the monomer
molar ratio in the reaction mixture. The morphology of the copolymers
differed, according to the composition of the polymeric chain. Solid-state **C
CPMAS NMR spectroscopy of PNBD homopolymer revealed that the only
crosslinking mechanism in operation was the metathetic one (no radical
coupling). The thermal properties of all copolymers were similar, resembled
the properties of PNBD homopolymer and indicated a high degree of
crosslinking for both PNBD homopolymer and the copolymers. Glass
transition (Tg) temperatures were lower for the copolymers than for the
homopolymers, which is a strong indication that those materials are star-

copolymers.
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CHAPTER 7
EXPANDING AND IMPROVING THE CATALYTIC ACTIVITY
OF Na[W,(u-Cl)3Cl4(THF),]-(THF);

7.1 General

In order to improve the catalytic activity of Na[W,(u-Cl)sCly(THF),]-(THF)3
({W2}), we have utilized phenylacetylene (PA) as co-initiator and examined
the reactivity of {W;}/PA towards the ROMP of a number of cycloolefins. A
comparison of the two catalytic systems ({W,} and {W,}/PA) between
themselves and other systems reported in the literature is presented below,
along with characterization of the polymers formed and an attempt to
determine aspects of the reaction mechanism by *H NMR spectroscopy.

7.2 Polymerization reactions

Polymerization reactions were carried out at room temperature, for a given
time. The results are summarized in Table 15. Results from the reactions of
{W,} with cycloolefins that were peviously published® are also presented on
Table 15, for comparison purposes. All possible reaction pathways and

products are shown in Scheme 13 Scheme 14.
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Table 15: Polymerization of cycloolefins with catalytic systems {W,} and {W,}/PA.

{W2}/PA/monomer t | Yield 3e e
E M I i M,, %1 My/M
ntry onomer | Solvent molar ratio h) (%) wXx10 w/Mp
1. THF 19 12 86.2 1.2
2. CH,CI, 1 96 529 1.2
3. 6 dme . 48 -d - -
NBE 1/0/500 -
4. CH3CN 48 - - -
5. toluene 24 37 296 2.9
6. Et,O 20 94 422 1.4
7. THF 20 >99 184 1.5
8. CH,CI, 0.1 >99 413 1.3
9. o5 dme b 20 18 3.2 1.5
NBE/PA 1/20/500 ;
10. CH3;CN 48 - - -
11. toluene 20 34 11 1.5
12. Et,O 20 72 392 1.4
13. THF 1 95 22.3 2.5
14. NBE/PA® CH,CI, 1/20/1000 ¢ 0.1 97 300 1.2
15. toluene 0.3 95 62 4.5
16. VNBE®® CH,CI, 1/0/500% 8 >99 974 2.6
17. VNBE/PA%® CH,CI, 1/20/500° 1 >99 97 2.7
18. NBD®3 THF 1/0/5002 4 | >99 - -
19. o5 1/20/500° 05| 38 - -
NBD/PA THF .
20. 1/20/1000° 21 61 -
21. CH,Cl, 17 | 10 - -
22. DCPD%® | toluene 1/0/5002 17 | 20 - -
23. - 17 | 20 - -
24, CH.Cl; . 17 | >99 - -
o5 1/20/500 f
25. DCPD/PA toluene 17 >99 - -
26. - 1/20/1000 ¢ 20 | traces - -

# Conditions: {W,} (9.0 mg, 0.009 mmol), monomer (4.5 mmol) / 5.0 mL solvent.

® Conditions: {W3} (9.0 mg, 0.009 mmol), PA (20 pL, 18.4 mg, 0.18 mmol), monomer (4.5 mmol) / 5.0 mL
solvent.

¢ Conditions: {W,} (9.0 mg, 0.009 mmol), PA (20 pL, 18.4 mg, 0.18 mmol), monomer (9.0 mmol) / 5.0 mL
solvent or bulk.

4 No polymerization.

¢ By SEC in THF at 40 °C vs. poly(styrene) standards.

f Polymer insoluble in THF.
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Scheme 14: Possible reaction pathways and products for VNBE and DCPD

polymerization.
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7.3 Results and discussion

The polymerization of norbornene (NBE) induced by {W,} was previously
studied and it was found to proceed either homogeneously or
heterogeneously in different solvent media (Table 15, entries 1-6).>* In
coordinating solvents the system was either inactive (dimethoxyethane (dme),
CH3CN), or afforded small yields of PNBE (THF, 12%, 19 h). In CHCI,
gelation was fast (1 h), and the polymer was obtained in high yield (96%) and
had very good molecular characteristics (M, = 529,000, M,/M, = 1.2).
Suspension of {W,} in toluene gave moderate yields of PNBE (37%, 24 h, My,
= 296,000, M/M,, = 2.9), while suspensions in Et,O (94%, 20 h) gave high
yields of high-molecular weight PNBE (M,, = 422,000, M/M;,, = 1.4). The cis-
stereoselectivity was high (86%) in all cases, and it was not affected by the

reaction conditions.

Reactions with the catalytic system {W,}/PA (Table 15, entries 7-12) were run
at the same {W,}/NBE molar ratio and under the same reaction conditions.
PA ({W2}/PA/NBE 1/20/500) was added to the system prior to the addition of
NBE. Best results were obtained in THF and CH,Cl, (entries 7-8). In both
cases the reactions were guantitative providing polymers with high molecular
weights and fairly narrow molecular weight distribution. By comparison to
{W,}, the catalytic system {W,}/PA was significantly more active in those
solvents. The rate of the reaction was significantly enhanced (in CH,Cl, the
reaction was completed within minutes), and yields were gquantitative. The
molecular weight of PNBE obtained in THF was doubled; this, in addition to
the increase of the reaction vyield, indicated good control over the
polymerization reaction. In dme (entry 9) low molecular weight polymer was
obtained in low yield, while in CH3CN the catalytic system was unreactive
even after long reaction times (entry 10). In toluene (entry 11) the rate of the
reaction and the yield were not altered by the addition of PA, but the
molecular weight of PNBE formed was significantly lower (by a factor of 27)
and the molecular weight distribution was much narrower. This can be
explained by considering the solubility of the active intermediate in toluene:

{W2}/PA in toluene turned very quickly homogeneous, and therefore the
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concentration of the active sites for polymerization was higher (compared to
{W,}), leading to a better-controlled polymerization reaction. On the other
hand, in Et,O (entry 12), in which the catalytic system remained
heterogeneous during the course of the reaction, the molecular characteristics
of PNBE obtained by the two systems were similar, while the yield was
somewhat lower. Addition of PA to the catalytic system did not affect the cis-
stereoselectivity of the reactions, as high-cis (86-88%) polymers were

obtained in all cases.

When higher molar ratios of NBE/{W,} were employed (1000/1; entries 13-15)
the reaction was accelerated, but polymers with lower molecular weights and
broad molecular weight distributions were obtained, indicating that not only
the main reaction, but also termination reactions were accelerated, and
secondary metathesis reactions caused “chopping” of the polymeric chains,
as was previously observed for catalytic system {W,}.>*% This effect was
more obvious in THF and toluene, in which solvents the reaction times were

higher.

All PNBE samples obtained were soluble in common organic solvents (CHClg,
CH.Cl,, THF). The configuration of the polymer was determined by *H and *3C
NMR spectra (Figure 27).”® The relative proportions of double-bond pair
sequences, represented as trans-cis (tc), trans-trans (tt), cis-cis (cc) and cis-
trans (ct) units, were determined from the four methine carbon (C**) signals of
the 3C NMR spectrum of PNBE at &¢ 43.67 (tc), 43.44 (tt), 38.88 (cc) and
38.67 ppm (ct). The fraction of cis double bonds (o. = 0.85) estimated from
this **C NMR spectrum was in good agreement with that obtained from the *H
NMR spectrum (o = 0.86) by integration of the signals at & 2.73 (HC'* cis-
PNBE) and 2.37 ppm (HC** trans-PNBE). The reactivity ratios r. = cc/ct = 7.4,
ro = tt/tc = 1.3 and rcr; = 9.6 were calculated from the heights of the relevant

signals in the **C NMR spectra.

Other monomers that were activated by {W,} were also studied with the
catalytic system {W,}/PA. These monomers include 5-vinyl-2-norbornene
(VNBE), norbornadiene (NBD) and dicyclopentadiene (DCPD).
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VNBE was polymerized quantitatively by {W,}** yielding a very high molecular
weight polymer (Table 15, entry 16). Addition of PA reduced the reaction time
significantly, while the reaction remained quantitative (VNBE; entry 17). The
most notable change in reactivity was, again, the molecular weight of the
polymer formed, which was significantly lower (by a factor of 10). The *H NMR
spectrum of PVNBE (Figure 28) indicated that the ring-strained C=C bond
was cleaved, while the vinylic one was left intact. The same reactivity had
been observed with {W,}.>® The overlapping signals of the olefinic protons of

the polymeric chain with the vinylic ones prevented stereoregular assignment.

VNBE is a monomer of interest, as its polymers can be easily functionalized
by the addition of new side groups via reactions with the pendant vinyl bonds.
The pendant vinyl group of VNBE is usually involved in metathesis reactions,
leading to crosslinked products, thus used for the synthesis of self-healing
polymers.®® There are only three more catalytic systems that polymerize
VNBE in a manner similar to {W,} and {Wy}/PA: (@) [(CO);W(u-
Cl)3W(GeCls)(CO)3],% yielding polymers of low molecular weight (<3,000) and
bimodal peaks of broad molecular weight distribution (>2); (b)
imidotungsten(VI) complexes bearing chelating phenol ligands, activated by
EtMgBr, at room temperature, which provided polymers in moderate yields
(up to 50%), but molecular characteristics of the samples have not been
reported;®” and (c) [V(CHSiMes)(NAd)(OCsFs)(PMes),], giving quantitative

yields at room temperature.?®
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'H NMR (CDCl;, 300 MHz): 5.25 (s, 2H, H** t), 5.10 (s, 2H, H*? ¢), 2.73 (br, s, 2H, H"* ¢),
2.37 (br, s, 2H, H** t), 1.95-1.60 (br, m, 3H, H**®*™) 1.50-1.20 (br, m, 2H, H>*%"), 1.20-0.85
ppm (br, m, 1H, H™); *C NMR (CDCl,, 75.4 MHz): 133.99 (s, C** ccc), 133.21 (m, C*®
ctt/ttt/ctc), 133.08 (s, C*° ttc), 43.67 (s, C* tc), 43.44 (s, C** tt), 42.88 (s, C’ cc), 42.25 (s, C’
ct/tc), 41.52 (s, C’ tt), 38.88 (s, C** cc), 38.67 (s, C** ct), 33.39 (s, C*® cc), 33.19 (s, C° ct),
32.61 (s, C*° tc), 32.43 ppm (s, C*° tt).
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Figure 27: (a) 'H and (b) 13C{lH} NMR spectra (CDCIl3) of PNBE obtained from the
reaction of {W,}/PA/NBE in CH,ClI,.

92



'H NMR (CDCl,, 300 MHz): 5.76 (br, 1H, H®), 5.30 (br, 2H, H*%), 4.89-4.96 (br, 2H, H®), 2.19-
3.10 (br, 3H, H**%), 1.10-2.10 ppm (br, m, 2H, H®"); *C NMR (CDCls, 75.4 MHz): 141.7,
140.6 (s, C%), 135.6-130.3 (m, C*?), 113.6, 113.1 (s, C%), 50.1, 47.9 (s, C°),45.6, 37.5 (s, CY),
45.6, 41.3 (s, C%), 42.8, 41.3,39.5 (s, C'), 41.3 ppm (s, CP).
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Figure 28: (a) 'H and (b) *C{*H} NMR spectra (CDCl;) of PVNBE obtained from the
reaction of {W,}/PA/VNBE in CH,Cl..
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NBD was also polymerized quantitatively by {W,}** in CH,Cl,, THF and
toluene as well as in bulk, yielding insoluble polymers. The reactions were
completed within 5 min in all cases, except for THF, in which the rate of
polymerization was much slower (Table 15, entry 18). Addition of PA yielded
moderate yields of insoluble PNBD within minutes (entry 19). The reaction
could not be kept longer, because of gelation of the reaction mixture.
Thermogravimetric analysis of the polymer obtained showed a decomposition
peak at high temperature (455 °C, slightly higher than PNBD obtained from
the reaction with {W,}, Figure 29), indicating high degree of crosslinking.
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Figure 29: Derivative weight loss with temperature and weight loss (%/°C) with
temperature (°C; inset) of PNBD obtained from the ROMP of NBD with catalytic
systems {W,}/PA (black line) and {W,} (red line).

Finally, the ROMP of DCPD was studied under various reaction conditions, as

this is a reaction of both academic and industrial interest. DCPD is an
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inexpensive and readily available monomer and provides industrial polymers
(PDCPD) of high mechanical strength.**? The reaction of {W-} with DCPD in
CH.ClI; and toluene as well as in the absence of solvent provided low yields of
insoluble PDCPD (Table 15, entries 21-23). Reaction in CH,Cl, proceeded in
a similar fashion at several {W,}/DCPD molar ratios, ranging from 1/300 to
1/1000, in toluene ratios higher than 1/500 provided traces of polymer, while
in the bulk ratios up to 1/500 gave optimum yields. Addition of PA turned the
reaction quantitative in CH,Cl, and toluene, yielding insoluble polymers
(entries 24 and 25). In the bulk, traces of insoluble PDCPD were obtained
(entry 26). DCPD is known to provide insoluble polymers, because of
extensive crosslinking due to secondary metathesis or radical reactions on the
double bond of the cyclopentene ring.'® Thermogravimetric analysis of
PDCPD samples obtained by the aforementioned systems showed a single
decomposition peak at 470 °C (Figure 30), which confirms the high degree of

crosslinking.*
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Figure 30: Derivative weight change with temperature of insoluble PDCPD obtained
from the reaction of {W,}/PA/DCPD in CH,Cl,.
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7.4 Mechanistic considerations

The mechanistic study of non-well-defined catalytic systems has always been
an intriguing problem, as isolation and characterization of the active
intermediates (metallocyclobutanes or metallocarbenes) is in many cases not
possible. The small initiation efficiencies of most catalytic systems and/or the
high sensitivity of the active species are the most frequent limitations.
However, several studies of Mo- or W-based catalytic systems have been

published, based mostly on NMR spectroscopic data.>3>9-6190.101-105

In our case, the first stages of NBE polymerization by {W,}/PA were studied
by 'H NMR in d®-THF (Figure 31). The low rate of the reaction in THF allowed
for better monitoring of the reaction course. The reaction was carried out at
room temperature and with molar ratio of {W,}/PA/NBE equal to 1/6/6. Upon
addition of PA to a solution of {W,} in d®>-THF a number of peaks appeared in
the W-carbene region (Figure 31; bottom), with those at 10.93 and 12.12 ppm
predominating. The same peaks were observed in a previous study on the
polymerization of PA by {Wz},%° in which the presence of at least two active
alkylidene propagating centers was documented. In the present study, those
peaks increased over time, even after the addition of NBE. However, after the
initiation of NBE polymerization, the intensity of the aforementioned peaks
decreased, and new peaks emerged, at 11.09 and 12.16 ppm, which
represented the active propagating alkylidene species, in agreement with our
previous studies on the polymerization of NBE by {W,}.>®> Quenching the
reaction mixture with benzaldehyde ({W2}/NBE/PhCHO: 1/6/12, 10 pL)
caused the disappearance of the high-field peaks. The formation of several
alkylidenes and the complex multistage nature of the polymerization reactions
induced by {W,} render assignment of the peaks mentioned above very
difficult; however, more detailed studies as well as theoretical calculations are

in progress.
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Figure 31: 'H NMR spectra (up: region 8.5-0.5 ppm; bottom: region 14.0-10.0 ppm) of:
{W,} (a), from the reaction of {W,} (8.0 mg, 0.008 mmol) with PA (5 uL, 4.6 mg, 0.05
mmol) (b), and from the reaction of {W,}/PA with NBE (5 mg, 0.05 mmol) in d®-THF at
various time intervals, as indicated (c—g). Signals denoted by “*” are due to
coordinated THF of {W,}, “S” to residual solvent, “M” to NBE, “P” to PNBE, and “A” to
PA and/or PPA.
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7.5 Conclusions

Catalytic system {W2}/PA ({W2}: Na[Wo(u-Cl)sCly(THF)]-(THF)s ; PA:
phenylacetylene) promoted the ROMP of norbornene (NBE) and 5-vinyl-2-
norbornene (VNBE) efficiently, providing high molecular weight polymers in
high yields and with high stereoselectivity (86% cis for PNBE). It should be
noted that less strained double bonds remained unaffected (—CH=CH.,).
Norbornadiene (NBD) and dicyclopentadiene (DCPD) were also activated fast

and quantitatively giving insoluble, highly crosslinked polymers.

Compared to {W,}, {W,}/PA was in general more active towards the ROMP of
all monomers studied, in all solvents, as well as in bulk. The molecular
weights of the polymers obtained were higher (with very few exceptions),
while the molecular weight distributions were either retained or improved. The
cis-specificity of PNBE was the same (86% cis) with either system.

In situ monitoring of the reaction ({W,}/PA/NBE) by *H NMR spectroscopy
revealed the formation of active alkylidenes of the propagating chains, in
agreement with previous studies on the W,-based catalytic system, but a

detailed mechanistic study of the catalytic system is underway.
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CHAPTER 8
SOLUBILITY PARAMETERS AND POTENTIAL
APPLICATIONS OF POLYDICYCLOPENTADIENE GELS
OBTAINED USING A DITUNGSTEN-BASED CATALYTIC
SYSTEM

8.1 General

As mentioned previously, dicyclopentadiene (DCPD) is a monomer of interest
because it provides polymers with good mechanical properties for industrial
applications at a low cost.**® The Na[Wy(u-Cl)sCly(THF),]-(THF)s/PA
{W2}/PA) catalytic system was found to catalyze efficiently and quantitavely
the ROMP of DCPD (Section 7.3). Therefore, we proceeded by using the
{W,}/PA catalytic system to synthesize poly(dicyclopentadiene) (PDCPD)
gels. Among other catalytic systems, ROMP of DCPD can be induced by
WClg (Scheme 9) alone,'®% in the presence of organometallic alkylating

% oxygen-containing compounds,’® or PA.**® Also, Ru-based 1°

reagents,
and 2" generation Grubbs’ catalysts (Ru-l and Ru-Il; Scheme 9) have been
recently utilized for the synthesis of PDCPD aerogels.”” %! |n this Chapter,
we describe the synthesis and characterization of PDCPD gels with catalytic
systems {W3}/PA and WCI¢/PA, and we compare them to PDCPD aerogels

synthesized using Ru-I and Ru-II.

8.2 Synthesis of PDCPD gels

The synthesis of W,-PDCPD and W-PDCPD wet-gels (using the catalytic
systems {W,}/PA and WCIs/PA, respectively) was carried out at room
temperature, as shown in Table 16 and Scheme 15. The process was
analogous to the one previously reported for the Ru-I-PDCPD and Ru-II-
PDCPD aerogels (using 1% and 2" generation Grubbs’' catalysts,
respectively).”” The weight percent of DCPD was the same for all samples
(20% wiw). Attempts to work with lower concentration sols (e.g., 10 or 5%
DCPD) gave gels (within 24 to 48 h), which were not very sturdy, and could
not be handled easily during post-gelation solvent exchange. This behavior is
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attributed to a higher amount of linear PDCPD, which is soluble in common
organic solvents, and therefore is dissolved away in toluene during post-
gelation washes as confirmed with *H NMR (Figure 32). Formation of linear
PDCPD in low DCPD concentrations has been observed and reported

previously by our group and others, '3

After aging, PDCPD wet-gels were removed from their molds and were
washed with toluene or THF and acetonitrile (4x), then pentane (4x) and were
air-dried at 50 °C. The reactions were quantitative (yields >98%). It is noted
that gels were not aged for a long time, in order to prevent isomerization of cis
double bonds. During washing with toluene, W,-PDCPD wet-gels exhibited
significant swelling as a function of time (Figure 33). This behavior is
discussed further in Section 8.6 and Chapter 9. As soon as wet-gels were
transferred to pentane, they deswelled rapidly without any noticeable

deformation (Figure 33).

Insoluble PDCPD dry-gels were characterized using spectroscopic techniques
(FTIR-ATR, FT-Raman and **C CPMAS) and thermogravimetric analysis
(TGA). All those techniques provided complementary information on the

structure of the polymer and the configuration of the polymeric chain.

Table 16: Formulation of W,-PDCPD, W-PDCPD, Ru-I-PDCPD and Ru-I1I-PDCPD.

Catalyst PA DCPD | [DCPD]

Catalytic Solvent cat/PA/DCPD| Gelation

Solvent (mg) (uL) (mL) in sol _
(mL) molar ratio
[mmol] |[mmol]| [mmol] | (%w/w)

{W2}/PA | CHXCI, 15.0 20.0 1/20/350

1050 | 225 | 5.0
[0.105] | [2.05] | [37.0]

160.0 50 5.0

WCIg/PA | toluene 22.6 20.0 1/1/90
[0.403] |[0.455]| [37.0]
6.53 4.06
toluene 18.48 - 20.0 1/-/4000
[0.008] [30.3]
6.28 4.06
toluene 18.48 - 20.0 1/-/4000
[0.008] [30.3]
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toluene, 4 x 8h

pour in molds pentane, 4 x 8h
{W,}, CH,Cl,, PA,DCPD | ——————> m > | W,-PDCPD gel
r.t., 18-48h dry in oven, 50°C
THF, 4 x 8h
pour in molds pentane, 4 x 8h
WClg, toluene, PA, DCPD| ———— | wet-gel | — > | W-PDCPD gel
r.t., 24h dry in oven, 50°C
W,-PDCPD W-PDCPD

Scheme 15: Synthesis of W,-PDCPD and W-PDCPD gels.
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4.5 4.0
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Figure 32: 'H NMR spectrum (CDCI3) of the residue remaining after evaporation of
toluene from the first wash of a W,-PDCPD wet-gel. Peaks at 5.60 and 5.47 ppm are
characteristic of linear PDCPD.** Peaks at 7.02 (sh.), 6.88 and 5.89 ppm are

characteristic of PPA.%
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Figure 33: Swelling data for W,-PDCPD wet-gels in toluene and de-swelling in pentane.

8.3 Vibrational spectroscopy

Since cis and trans carbon-carbon double bonds provide distinct bands,
vibrational spectroscopy is a useful tool for studying unsaturated systems.
Characteristic bands of FTIR-ATR spectra of all PDCPD gels are shown in
Figure 34. Assignments were made based on literature reports.””**? Bands at
1660 and 1650 cm™ were assigned to stretching vibrations of trans and cis
C=C bonds, respectively, and bands at 972 and 752 cm™ to deformation
vibrations of C—H bonds on trans and cis double bonds, respectively. An
estimation of the cis/trans ratio is possible from the relative absorbance
values of the latter bands to the absorbance at 1450 cm™, which is assigned
to deformation vibration of —CH,— groups of the polymeric chain.’®® From
those values (Tables 17 and 18) it is clear that Ru catalysts favor formation of
trans polymeric chains, while W-based catalytic systems show the opposite
trend (although marginally in the case W/PA). The most extreme cases are
Ru-I, for which bands related to cis configuration are almost invisible and the

cis/trans ratio is very low, and {W2}/PA, for which bands related to trans C=C
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bonds are very weak and the cis/trans ratio is high. Bands at 1620 and 708
cm™, which are due to vibrations of the unreacted pendant cyclopentene ring,
were present in all spectra showing that cyclopentene rings did not get

involved in crosslinking quantitatively.

Those findings were further supported by FT-Raman spectroscopy (Figure
35), which is a very sensitive technique for non-polar groups, such as carbon-
carbon double bonds. Raman bands at 1650 and 1664 cm™ were assigned to
stretching vibrations of the cis and trans double bonds of the polymeric
chain.** Although it is not possible to calculate accurately the cis/trans ratio
along the polymeric chain, it is obvious that Ru-I yielded high-trans PDCPD,
while {W,}/PA provided high-cis PDCPD dry-gels; the remaining two catalytic
systems gave mixtures of cis and trans double bonds, with the trans
configuration prevailing when Ru-Il is used, and the cis configuration when
W/PA is employed. The Raman band at 1620 cm™ is assigned to the
stretching vibration of the double bond on the pendant cyclopentene ring, and
is present in all four spectra, confirming that not all cyclopentene rings were

involved in crosslinking.
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Figure 34: FTIR-ATR spectra (top: 1700-1590 cm™; bottom: 1500-600 cm‘l) of PDCPD
dry-gels obtained from the ROMP of DCPD by the following catalytic systems: {W,}/PA
(black line), WCI¢/PA (green line), Ru-Il (blue line) and Ru-I (red line).
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Table 17: IR characterization of W,-PDCPD, W-PDCPD, Ru-I-PDCPD and Ru-II-PDCPD.

Catalytic % Transmittance Absorbance

system |752cm™ |972cm™ | 1450 cm™ [ 752 cm™ | 972 cm™ | 1450 cm™
{W2}/PA | 79.527 | 94.001 | 84.913 |0.09949 | 0.02687 | 0.07103
WCIg/PA | 87.453 | 88.015 89.222 | 0.05823 | 0.05544 | 0.04953
Ru-II 92.495 | 89.687 92.589 | 0.03388 | 0.04727 | 0.03344
Ru-I 97.977 | 85.847 | 94.533 | 0.00888 | 0.06627 | 0.02442

Table 18: IR characterization of W,-PDCPD, W-PDCPD, Ru-I-PDCPD and Ru-II-PDCPD;
the relative absorbance values.

Catalytic system A752 / A972 / A1450

{W2}/PA 1.40/0.38/1

WCIgs/PA 1.18/1.12/1

Ru-Il 1.01/141/1

Ru-I 0.36/2.71/1

0.016 } 1650 cm™ 4
L acyclic cis 1620 cm

0.014 k 1664 cm™ | v (C=0) cyclic cis
! acyclic trans =C)
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Figure 35: FT-Raman spectra (1700-1580 cm™) of PDCPD dry-gels obtained from the
ROMP of DCPD by the following catalytic systems: {W,}/PA (black line), WCIg/PA (green
line), Ru-Il (blue line) and Ru-I (red line).
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8.4 NMR spectroscopy

Further characterization of PDCPD dry-gels was carried out with solid-state
13C CPMAS and HC LG-HETCOR, 1 and 2D experiments, respectively. The
peak at 129 ppm in the *C NMR spectrum (Figure 36), was assigned to the
olefinic carbons, and peaks in the 26—60 ppm region to aliphatic carbons. The
HC LG-HETCOR experiment made assignment of the aliphatic carbons
possible, as shown on Figure 37. That assignment is in accord with the APT
spectrum of DCPD in CDCls,”” which discriminates —CH— from —CH,— groups.
The key identifier of the cis versus the trans configuration was the chemical
shift of carbons C5 and C7, which were different in the two configurations.
The peak at 40 ppm, assigned to cis-polymeric chains,”” predominates for
PDCPD obtained from the W-based catalytic systems, while the peak at 44
ppm, assigned to trans-polymeric chains, predominates for PDCPD obtained
from the Ru-based catalytic systems, as has been previously reported.”” The
two peaks are overlapping; therefore the exact determination of the cis/trans
ratio was not feasible; however the stereoselectivity of each catalytic system

is rather straightforward.
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Figure 37: HC LG-HETCOR NMR spectrum of a W,-PDCPD gel.
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13C CPMAS spectra also provide information on the mechanism of the ROMP
of DCPD. Scheme 14 shows all possible products of PDCPD polymerization
via ROMP. Polymers obtained may be linear or crosslinked. Crosslinked
polymers are formed by reactions taking place on the double bond of the
cyclopentene ring. Those can be either metathetic or olefin coupling reactions
and have been well-studied for PDCPD.'® The ratio of olefinic/aliphatic
carbons depends on the mechanism of crosslinking and is equal to 2/3
(metathetic) and 1/4 (olefin coupling). Therefore, the olefin coupling
contribution can be calculated via equation (2) that takes the ratio of the
integrated areas of the corresponding **C CPMAS peaks as input.**® Thus,
Colefinic refers to the total sp2 carbons, Cajiphatic tO sp3 carbons and x is the
fraction of polymer double bonds that participate in crosslinking via olefin
coupling. Integration of PDCPD spectra provided the ratios shown in Table
19. The results show that crosslinking via olefin coupling ranges from 21 to 33
%, with W-based catalytic systems showing the highest values. It should be
noted that the x values calculated for PDCPD dry-gels obtained from W-based
systems may be a bit higher, depending on the PPA content of the polymeric
chain. Those values are given in parentheses (Table 19). However, we
believe that the value of x is much closer to the value calculated from eq. 1,
because most of linear PPA is removed during washes of the wet-gels. In
addition, the NMR spectra show symmetrical peaks at 129 ppm and not any
peaks apart from the ones expected for PDCPD. In any case, the difference in

x values for the four catalytic systems is not considered significant.

(Z'X) / (3+X) = [Colefinic / Calliphatic]experimentall (2)

Table 19: Calculation of the fraction of PDCPD double bonds that participate in

crosslinking via olefin coupling, based on 3C CPMAS spectroscopic data.

Catalytic system | Coiefinic / Caliphatic x 2
{W,}/PA 0.50 33 (40)
WClg/PA 0.52 29 (33)

Ru-I 0.56 21
Ru-lI 0.54 25
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? Values in parentheses correspond to x calculated assuming that all PA added to the
reaction mixture was retained (as PPA) on the polymeric chain. However, the actual PPA
content of the polymeric chain cannot be calculated, because PPA is soluble in organic

solvents and has been detected in residues of washes, as shown in Figure 32.

8.5 Thermal analysis

Thermogravimetric analysis (TGA) of W,-PDCPD under N, showed a small
weight loss up to almost 450 °C, which can be divided into two stages (Figure
38, inset). The first stage (7% weight loss), from 100 to 400 °C, corresponds
to evaporation and decomposition of unreacted monomers and small polymer
chains. Similar behavior has been observed in other polymeric materials.*?
For W-PDCPD the weight loss up to 400 °C is higher (14%) and this stage
can be clearly divided into two steps; one from 100-200 °C (3% weight loss)
and another one from 200-400 °C (11% weight loss). For Ru-I-PDCPD and
Ru-1I-PDCPD the weight loss was very small (3%) during the first stage (up to
400 °C). The second stage, starting after 400 °C, was similar for all dry-gels:
all samples showed a sharp weight loss, indicating rapid degradation of the
polymeric backbones. It is obvious from these results that the thermal stability
practically did not change, and did not seem to depend on the configuration of

the polymeric chain.

Differential thermogravimetry (DTG) of W,-PDCPD showed a single
decomposition peak at 470 °C (Figure 38), indicating a high degree of
crosslinking®™ and a rather simple decomposition mechanism, involving mainly
degradation reactions along the polymeric backbone. For the other three gels
the decomposition peaks were bimodal (460 °C and 470 °C; Figure 38),
indicating a more complex mechanism of thermal decomposition. For
example, isomerization of cis to trans chains during thermal decomposition is
a process that cannot be excluded. This type of reaction has been observed
during the thermal decomposition of 1,4-poly(isoprene) and 1,4-

poly(butadiene), starting at 300 and 200 °C, respectively.**
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Figure 38: Derivative weight loss with temperature (°C) and weight loss (%/°C) with
temperature (°C; inset) for PDCPD dry-gels obtained from the polymerization of DCPD
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line) and Ru-II (blue line).

8.6 Swelling of PDCPD gels in toluene

As mentioned above (Section 8.2), W,-PDCPD wet-gels swelled in a number
of solvents, with toluene being the most extreme case. That property was
further studied with W,-PDCPD dry-gels placed in toluene at room
temperature. Those gels showed a linear increase (Figure 39, inset) of their
volume by more than 100x% in 10 days, without loss of their integrity (Figures
39 and 40). Placing the swollen gels in pentane caused rapid shrinkage down
to almost to the original volume of the dry-gels. When gels shrunk in pentane,
were re-dried and reused, they swelled up to the same volume, with the same
rate, for at least three consecutive times. Similar behavior was observed in
many other organic solvents (e.g., THF, chlorinated solvents, etc.), although
with slower rates and to a different extent. Detailed studies on the extent and
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mechanism of swelling of W,-PDCPD gels are presented in Chapter 9. Gels
prepared using WCIe¢/PA and Ru-Il swelled significantly less, whereas Ru-I-
PDCPD did not swell at all (Figure 39). A similar trend was observed in the
other organic solvents studied. The relationship between the cis content of the
polymeric chain and the extent of swelling is evident: gels swell more as the
cis content increases. Detailed data concerning the swelling behavior of
PDCPD gels are presented in the next Chapter.
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Figure 39: Swelling of PDCPD gels in toluene as a function of the catalytic system:
{W,}/PA (black squares), WCI¢/PA (green diamonds), Ru-Il (blue triangles) and Ru-I (red
dots). Inset: Swelling of a W,-PDCPD dry-gel in toluene with time.
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Figure 40: Swelling of a W,-PDCPD gel in toluene.

8.7 Conclusions

Poly(dicyclopentadiene) (PDCPD) gels were prepared via ROMP of
dicyclopentadiene (DCPD) using two W-based catalytic systems; the first one
was based on the ditungsten complex Na[W(u-Cl)sCly(THF),]-(THF)3
{W2}/PA), and the second one on the mononuclear WClg complex (W/PA).
Dry-gels were highly crosslinked, as corroborated by their high thermal
stability. Solid-state *3C CPMAS NMR spectroscopy revealed the operation of
two mechanisms for crosslinking (one metathetic and one radical), with
metathesis being the major pathway (~ 70-80%) in all cases. Most
importantly, solid-state *3C NMR along with vibrational spectroscopy (FTIR-
ATR and FT-Raman) revealed differences in the cis/trans ratio of the double
bonds of the polymeric chains. Results were compared also with aerogels Ru-
I-PDCPD and Ru-1I-PDCPD, which were synthesized using the first (Ru-1) and
the second (Ru-IlI) generation Grubbs’ catalysts, respectively. Spectroscopic
data showed that the configuration of the polymeric chain was predominantly
cis for W-catalyzed systems and predominantly trans for Ru-catalyzed
systems. The most extreme cases were Ru-I-PDCPD, which consisted of
high-trans PDCPD, and W,-PDCPD dry-gels, which consisted of high-cis
PDCPD. The different cis content played a major role in the swelling behavior
of the corresponding dry-gels in toluene. In toluene, W,-PDCPD dry-gels
swelled and increased their volume by more than 100 times. Such extreme

swelling phenomena are rare and may be useful in environmental
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remediation, shape memory applications, actuators, chemical delivery
systems etc. and are further discussed in Chapter 9. By comparison of W,-
PDCPD with W-PDCPD dry-gels, as well as with Ru-1I-PDCPD and Ru-I-
PDCPD aerogels, it is evident that swelling strongly depends on the
configuration of the polymeric chain and increases together with the content of
the cis configuration. Similar behavior was observed in many other organic
solvents (e.g., THF, chlorinated hydrocarbons, etc.), although with slower
rates and to a different extent. Therefore, it is concluded that the ditungsten
catalytic system considered in this study shows unique advantages in terms of
stereochemistry and properties of PDCPD gels over the mononuclear W- and

Ru-based catalytic systems.
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CHAPTER 9
HANSEN SOLUBILITY PARAMETERS AND POTENTIAL
APPLICATIONS OF MOSTLY-CIS
POLYDICYCLOPENTADIENE GELS

9.1 General

As discussed in the previous Chapter, W,-PDCPD dry gels, consisting mostly
of cis polymer and synthesized using the catalytic system Na[Wa(u-
Ch3Cls(THF),]-(THF)3s/PA ({W2}/PA), exhibited a remarkable swelling behavior
in toluene. Their swelling ability was better not only than the one observed for
PDCPD gels synthesized using other catalytic systems (WClg/PA, 15 and 2"
generation Grubbs’ catalysts), but also than that of PDCPD films reported in
the literature.*® This property was further investigated, by studying the
swelling behavior of those gels in a wide range of organic solvents. From a
fundamental perspective, the most important outcome of this study was the
direct experimental estimation of the Hansen Solubility Parameters (HSP) of
W,-PDCPD. From a practical perspective, that study has shown the potential

to employ W,-PDCPD for separation of organic solvents from water.

9.2 Swelling of W,-PDCPD gels in organic solvents

W,-PDCPD dry-gels swelled in toluene, benzene, chlorobenzene, 1,2- and
1,3-dichlorobenzene, benzyl chloride, CH,Cl,, CHCI3;, CCl;, THF and CS..
Gels did not swell in pentane, acetone, CH3;CN, CH3OH, DMF, DMSO, water
and oil. The highest degree of swelling was observed in toluene, whereas gels
expanded to more than 100x their original volume, before disintegrating
(Figures 39 and 41). Significant swelling was also observed in THF (66%) and
CHCI3 (50x%). Swelling data for all solvents are summarized in Table 20. The
volume degree of swelling (q) was calculated by dividing the volume of the
swollen gels by the volume of the corresponding dry-gels. Representative
plots of q as a function of time are shown in Figures 41-43 and 45-55 and
photographs of representative samples along different stages of swelling are

shown in Figures 44 and 56. In most cases, after being kept in “good”
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solvents for extended periods of time, gels disintegrated while they were still
expanding (i.e., before they reached the equilibrium volume). During the
swelling process the volume of the gels increased either linearly, or stepwise
until gels either reached a maximum volume, or disintegrated. Interestingly,

even in the “stepwise” volume increase, the overall trend was linear.

According to Prof. Charles Hansen, if a solvent swells a polymer then the
diffusivity of the solvent in the swollen polymer is much higher (by several
orders of magnitude) than diffusivity in the pure polymer.*” According to
Hansen, again, a significant entry resistance may be found within the surface
of a polymeric block and is due to the morphology of the polymer at the
interface, wherein the mass transfer coefficient can be very low. Different
surface morphology can be the result of rapid cooling after, for example,
processing by injection molding, or be just a natural state of a given polymer,
whereas larger and bulkier molecules have difficulty finding suitable
absorption sites to anchore, hop and move into the bulk of the polymeric
block. Surface/entry resistance has been described as a boundary condition

for the diffusion equation.

In an obvious deviation from Fickian diffusion, Case Il diffusion is generally
defined as a linear uptake of solvent using a plot of amount absorbed vs. time
(not the square root of time as in typical difussion). This behavior is described
by appropriate solutions to the diffusion equation, and is encountered when
the diffusion coefficient depends strongly on the solvent concentration. The
diffusion coefficient in rigid polymers increases by a factor of about 10 for
each additional 3 percent by volume of solvent that is locally present. (By
compaprison, in elastomers the diffusion coefficient increases by a factor of
approximately 10 for each additional 15 percent by volume of solvent.) There
is a limit to this rule-of-thumb when the solvent concentration approaches

100% and the diffusion coefficient approaches the self-diffusion value.

In summary, the final element in understanding solvent diffusion in W,-

PDCPD is the surface effect that was described above. That is, if for any

reason solvent molecules cannot penetrate quickly enough through the

boundary of the polymer and the surrounding solvent, the rate of diffusion will
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be limited not by diffusion coefficients, but by the surface resistance that is

applied in series to regular diffusion.

Table 20: Swelling of W,-PDCPD gels in various organic solvents.

Solvent t m* aq
toluene 240° 115
tetrahyfrofuran 288 66
chloroform 65° 50
carbon disulfide 70° 21
1,3-dichlorobenzene 72 19
carbon tetrachloride 82°¢ 16
chlorobenzene 76° 14
benzene 82 12
methylene chloride 90° 10
1,3,5-trimethylbenzene 336 °¢ 10
1,4-dimethylbenzene 96 ¢ 7
1,3- dimethylbenzene 144 ¢ 7
1,2-dichlorobenzene 120 7
cyclohexane 144 5
benzyl chloride 119 5
1,4-dioxane 216 4
cyclohexanone 336 4
water -d 1
pentane -d 1
N,N-dimethylformamide -d 1
methanol -d 1
dimethylsulfoxide -d 1
diethyl ether -d 1
acetonitrile -d 1
acetone -d 1

® Time in which gels reach maximum volume.
® \VVolume degree of swelling at t,,x. Mean values of at least three measurements.
¢ Last measurement before gels disintegrated.

4 Gels remained unaffected for an infinite amount of time.
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Figure 41: Swelling of a W,-PDCPD gel in toluene with time.
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Figure 42: Swelling of a W,-PDCPD gel in CHCI; with time.
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Figure 43: Swelling of a W,-PDCPD gel in THF with time.

dry 2 days 4 days 8 days 14 days
1.0cc 13.3 cc 19.9 cc 39.6 cc 62.6 cc

Figure 44: Swelling of a W,-DCPD gel in THF.
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Figure 45: Swelling of a W,-PDCPD gel in 1,3-dichlorobenzene with time.
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Figure 46: Swelling of a W,-PDCPD gel in CS, with time.
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Figure 47: Swelling of a W,-PDCPD gel in chlorobenzene with time.
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Figure 48: Swelling of a W,-PDCPD gel in CCl, with time.
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Figure 49: Swelling of a W,-PDCPD gel in benzene with time.
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Figure 50: Swelling of a W,-PDCPD gel in CH,Cl, with time.
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Figure 51: Swelling of a W,-PDCPD gel in 1,3,5-trimethylbenzene with time.
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Figure 52: Swelling of a W,-PDCPD gel in 1,4-dimethylbenzene with time.
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Figure 53: Swelling of a W,-PDCPD gel in 1,3-dimethylbenzene with time.
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Figure 54: Swelling of a W,-PDCPD dry-gel in 1,2-dichlorobenzene with time.
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Figure 55: Swelling of a W,-PDCPD dry-gel in benzyl chloride with time.
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Figure 56: Swelling of a W,-DCPD gel in benzyl chloride.

9.3 Hansen Solubility Parameters

The swelling of insoluble polymers in various solvents can be related to the
Hansen Solubility Parameters (HSP) of the solvents.'*”**® The HSP theory
takes into consideration three major types of interaction between molecules:
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dispersion (D), dipole-dipole (P) and hydrogen bonding (H). The total solubility
parameter (37) can be calculated by equation (3), where 6p, 6p and oy are the
parameters representing dispersion (Van der Waals), dipole-dipole and
hydrogen bonding interactions, respectively. HSP for all solvents used in this
study were taken from ref. 118 and are shown in Table 21 along with the
respective maximum volume degree of swelling (Qmax) of swollen W,-PDCPD
gels. Plots of gmax VS. 1, 6p, 6p and oy are shown in Figures 57-60. It is noted
that gmax represents the maximum volume degree of swelling (i.e., the
maximum volume) measured experimentally and may be different from the
maximum volume degree of swelling that W,-PDCPD gels could reach if they
did not disintegrate. That means that gmax does not necessarily describe an
equilibrium state. Nevertheless, considering that HSP provide only a direction
for solvent selection, rather than a precise determination of the relative ability
of solvents to dissolve or swell a polymer, the plots of gmax VS. HSP can be

useful as a general guide in solvent selection.

812 = 8p° + 8p° + 81° (3)
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Table 21: Hansen Solubility Parameters (HSP) of solvents used in this study and

experimentally measured maximum degree of swelling (Qmax) Of swollen W,-PDCPD

gels.
) ) ) &

Solvent (MPZ”Z) (MP;UZ) (MPZIIZ) (MP;“Z) Qrmax
toluene 18.0 1.4 2.0 18.2 115
tetrahyfrofuran 16.8 5.7 8.0 19.5 66
chloroform 17.8 3.1 5.7 18.9 50
carbon disulfide 20.2 0.0 0.6 20.2 21
1,3-dichlorobenzene 19.2 5.1 2.7 20.0 19
chlorobenzene 19.0 4.3 2.0 19.6 14
carbon tetrachloride 17.8 0.0 0.6 17.8 16
methylene chloride 17.0 7.3 7.1 19.8 10
benzene 18.4 0.0 2.0 18.5 12
1,3,5-trimethylbenzene 18.0 0.6 0.6 18.0 9
1,4-dimethylbenzene 17.8 1.0 3.1 18.1 7
1,3-dimethylbenzene 18.0 2.3 2.3 18.3 7
1,2-dichlorobenzene 19.2 6.3 3.3 20.5 7
cyclohexane 16.8 0.0 0.2 16.8 5
benzyl chloride 18.8 7.1 2.6 20.3 5
1,4-dioxane 17.5 1.8 9.0 19.8 4
cyclohexanone 17.8 8.4 5.1 20.3 4
water 15.5 16.0 42.3 47.8 1
pentane 145 0.0 0.0 14.5 1
N,N-dimethylformamide 17.4 13.7 11.3 24.9 1
methanol 14.7 12.3 22.3 294 1
dimethylsulfoxide 18.4 16.4 10.2 26.7 1
diethyl ether 14.5 2.9 4.6 15.5 1
acetonitrile 15.3 18.0 6.1 24.4 1
acetone 155 10.4 7.0 19.9 1

From Table 20 along with the plot of gmax vs. the total solubility parameter (5r;
Figure 57) two conclusions can be drawn: (a) W,-PDCPD gels did not swell in

solvents with 8t > 24 MPa'? and (b) W,-PDCPD gels swelled (to a very
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different extent) in solvents with & in the range of 14-24 MPa'?

- although
they did not swell in pentane (8 = 14.5 MPa'?), diethyl ether (51 = 15.5
MPa?) and acetone (8 = 19.9 MPa'?). Since &r is composed of three
individual components, the dependence of swelling on each one of the three
components (p, dp and d4) was also examined by plotting gmax VS. 6p, op and
dy (Figures 58-60). No clear trend was identified for dy (Figure 58); data points
are quite scattered. For 6p (Figure 59) a trend similar to the trend between
Omax and &1 was observed; W,-PDCPD gels did not swell in solvents with p >
10 MPa'2. There are two exceptions among the solvents in which gels did
swell (30 < 10 MPa?): pentane (8 = 0.0 MPa?) and diethyl ether (8p = 2.9
MPaY?). For &p (Figure 60) an analogous trend was observed; W,-PDCPD
gels did not swell in solvents with 5 < 16 MPaY?. There are again two
solvents that did not follow that trend: DMF (8p = 17.4 MPa*?) and DMSO (8p

= 18.4 MPa'?); in those solvents, gels did not swell.

Those results indicate that the P- and D-components, that is dispersion and
dipole-dipole interactions, are the most important parameters that affect the
swelling behavior of W,-PDCPD gels. This conclusion is in agreement with the
chemical composition and structure of PDCPD, which excludes hydrogen
bonding. The fact that in all cases there are two or three solvents that do not
follow the trend reveals the complexity of this matter, and suggests that more
that one parameter have to be taken into account in order to understand the

swelling behavior of W,-PDCPD gels.
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Figure 57: Relation between the maximum volume degree of swelling (Qmax) Of W,-

PDCPD gels and the total solubility parameter (81) of the respective solvents.
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Figure 58: Relation between the maximum volume degree of swelling (Qmax) Of Wo-

PDCPD gels and the Hansen H-component (8y) of the respective solvents.

128



120

100 |

® solvents with 5 < 10 MPa?
i ® solvents with 5 > 10 MPa™?
°
°

°
° ° i
.°o ° o0
° °
e %o i e o o e o
1 1 1 1 1 1 1 1 1 1

Figure 59: Relation

0 2 4 6 8 10 12 14 16 18

1/2

8, (MPa™)

between the maximum volume degree of swelling (Qmax) Of Wo-

PDCPD gels and the Hansen P-component (8p) of the respective solvents.

120

100 f

® solvents with 3,>16 MPa"?

® solvents with §, < 16 MPa"? e

Figure 60: Relation

L]
[ ]
° [ ]
¢ .. * .o
(X} (X ] ° .. ‘ [ ] °
16 18 20
5, (MPa'?)

between the maximum volume degree of swelling (Qmax) of W,-

PDCPD gels and the Hansen D-component (8p) of the respective solvents.

129



The HSP theory can be used to estimate the HSP of a polymer from the
experimental swelling data of that polymer (i.e., Wo-PDCPD). To that end, a
3D plot of the individual solubility parameters for each solvent tested was
drawn using the HSPIP software 5.0.04. A sphere was constructed with all
“good” solvents (in our case “good” solvents are those in which W,-PDCPD
gels swelled) inside the sphere and all “bad” solvents (in our case “bad”
solvents are those in which no swelling was observed) outside the sphere.
There are 2 methods to construct that sphere. According to the 1% method
solvents are categorized as “good” or “bad”. According to the 2™ method
solvents are given scores in the range of 1 to 6: “1” is given to the “best”
solvents and “6” is given to the “worst” solvents. With either method the center
of the sphere represents the HSP of W,-PDCPD. Solvents located closer to
the center of the sphere would be expected to cause more extensive swelling.
The radius of the sphere (R) defines the limits of “happiness”, as stated in the
software website. In the case of crosslinked polymers, such as W,-PDCPD,

“happiness” is defined as “swells significantly”.
1% Method: Inside-Out Solvents

Table 22 shows the HSP of all solvents used in this study, their empirical
classification as score 1 solvents (gels swelled) or score 0 solvents (gels did
not swell) and the corresponding RED (Relative Energy Difference) values.
RED values were calculated using the formula: RED = (distance of solvent
from the center of the sphere) / (radius of the sphere). RED values close to 0
indicate higher, and RED values close to 1 indicate lower affinity of the
solvent with the molecule under study (located at the center of the sphere).

Figure 61 shows the generated sphere (R = 5.9) and the HSP (in MPa'?) for
W,-PDCPD: 6p = 18.4, ép = 3.3, 4 = 3.8 and &1 = 19.1. The 2D plots (Figure
62) display the boundaries in PDH space and help visualize whether the
solvents tested cover sufficiently the entire range of each solubility parameter
(6p, Op, and dy). It is evident from the data of Figure 62, that the range of op
and dp Is mostly covered. More solvents should have been tested to cover

sufficiently the 6y range, although that seems to be less important for our
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system, because PDCPD is essentially a hydrocarbon, and therefore lacks
the ability to form hydrogen bonds.
Table 22: Hansen Solubility Parameters (HSP) of the solvents used in this study,

scorring acconding to whether they are good solvents (1) or non-solvents (0), and

calculated Reletive Energy Differences (RED).

Solvents OP | 8D | ®H | score RED
m-Xylene 180, 23 23 1 0.335
Chloroform 178 3.1 57 1 0.384
Chlorobenzene 19.00 43 20 1 0.402
m-Dichlorobenzene 19.2] 5.1 27 1 0.446
p-Xylene 178 1.0 3.1 1 0.458
Toluene 18.0f 14 20 1 0.465
o-Dichlorobenzene 19.2] 6.3 33 1 0.580
Benzene 184 0.0f 20 1 0.640
Benzyl Chloride 188 7.1 26 1 0.685
Mesitylene 18.00 0.6/ 0.6/ 1 0.723
Carbon Tetrachloride 178/ 0.0 0.6 1 0.806
Cyclohexanone 178 84 51 1 0.912
1,4-Dioxane 1751 1.8 9.0 1 0.969
Tetrahydrofuran (THF) 168/ 5.7 8.0 1 0.982
Cyclohexane 168/ 0.0 0.2 1 0.990
Carbon Disulfide 20.2[ 0.00 0.6 1 0.991
Methylene Dichloride 1.7, 73 7.1 1 0.997
Diethyl Ether 145 29 46 O 1.330
Pentane 145 0.0 0.0 O 1.573
Acetone 15.5] 104 7.0 O 1.643
Dimethyl Formamide (DMF) | 17.4| 13.7)] 11.3] O 2.197
Dimethyl Sulfoxide (DMSO) | 18.4| 16.4[ 10.2] O 2.469
Acetonitrile 153 180 6.1 O 2.728
Methanol 14,7 12.3[ 22.3] O 3.705
\Water 15.5| 16.0f 42.3] O 6.941
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Figure 61: 3D plot of the individual Hansen Solubility Parameters (HSP) for each
solvent tested. Blue dots represent solvents in which W,-PDCPD gels swelled (“good”
solvents). Red squares represent solvents in which no swelling was observed (“bad”
solvents). The green dot represents W,-PDCPD. The green sphere contains all “good”

solvents; the center of the sphere is a reasonable estimate of the HSP of W,-PDCPD.
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Figure 62: 2D plots of the individual Hansen Solubility Parameters (HSP) for each
solvent tested, as indicated. Blue dots represent solvents in which W,-PDCPD gels
swelled (“good” solvents). Red squares represent solvents in which no swelling was
observed (“bad” solvents). The green dot represents W,-PDCPD. The green circle

contains all “good” solvents.
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2" Method: Score 1-6 Solvents

Table 23 shows the HSP and the molar volume of all solvents used in this
study, their classification as “gels swelled extremely” (score 1), to “gels did not
swell” (score 6) and the calculated RED values. Solvents have been classified
according to the experimental gmax values as follows: “1” for qmax > 100, “2” for
Omax 2 50, “3” for gmax > 10, “4” for gmax = 5-10, “5” for gmax < 5 and “6” for gmax
= 1.

Figure 63 shows the generated sphere (R = 5.9) and the HSP (in MPa*?) for
W,-PDCPD: 6p = 18.4, 6p = 3.3, oy = 3.8 and &1 = 19.1. Those values are
identical with the values calculated via the 1% method.The 2D plots (Figure
64) are also identical with those generated via the 1% method.

The HSP of W,-PDCPD have also been estimated using a theoretical method
that relies on the structure of the repeating unit. Those values, 6p = 16.7, dp =
0.5, 8y = 3.4 and &1 = 17.0 MPaY?, were significantly different from those
calculated from the sphere. The HSP calculated via the the previous methods
are considered more reliable for two reasons: (a) those methods use
experimental data, while the theoretical method relies heavily on assumptions
about the structure of the polymer; and, (b) W,-PDCPD is not a linear
polymer; its structure is complicated by random crosslinking via metathesis as
well as via radical coupling (Scheme 14), thereby neither the repeat unit nor

the molecular mass can be estimated with any measure of confidence.

HSP for DCPD monomer have been calculated using the same software: &p =
17.2, 8p = 2.4, 34 = 3.0 and & = 17.7 MPa"® DCPD is located inside the
sphere (RED = 0.438, Figure 65). We note that the polymer and the monomer
do not change functionality (both are hydrocarbons). Therefore, it is not

surprising that the HSP for those two compounds are very similar.

133



Table 23: Hansen Solubility Parameters (HSP) of the solvents used in this study,
scorring acconding to their swelling capacity from 1 (maximum swelling observed) to 6

(no swelling observed), and calculated Reletive Energy Differences (RED).

Solvents o | &p | Oy | score RED
m-Xylene 18.00 23 23 4 0.335
Chloroform 17.8{ 3.1} 5.7 2 0.384
Chlorobenzene 19.00 43 20 3 0.402
m-Dichlorobenzene 19.2] 5.1 27 3 0.446
p-Xylene 17.8) 1.0 3.1 4 0.458
Toluene 18.00 1.4 20 1 0.465
0-Dichlorobenzene 19.2( 6.3 3.3 4 0.580
Benzene 18.4) 0.0, 2.0f 3 0.640
Benzyl Chloride 18.8) 7.1 26 4 0.685
Mesitylene 18.0f 0.6/ 0.6 4 0.723
Carbon Tetrachloride 17.8) 0.0, 0.6[ 3 0.806
Cyclohexanone 17.8] 84 51 5 0.912
1,4-Dioxane 1751 1.8 9.0 5 0.969
Tetrahydrofuran (THF) 16.8( 5.7/ 8.0 2 0.982
Cyclohexane 16.8) 0.0 0.2 5 0.990
Carbon Disulfide 20.2[ 0.0f 0.6 3 0.991
Methylene Dichloride 1.7 73 7.1 4 0.997
Diethyl Ether 145 29 46 6 1.330
Pentane 145( 0.0 0.0 6 1.573
Acetone 15.5| 104, 7.0 6 1.643
Dimethyl Formamide (DMF) 17.4) 13.7| 11.3[ 6 2.197
Dimethyl Sulfoxide (DMSO) 18.4] 16.4f 10.2[ 6 2.469
Acetonitrile 15.3( 18.00 6.1 6 2.728
Methanol 14.7) 12.3] 22.3[ 6 3.705
\Water 15.5| 16.0| 42.3[ 6 6.941

134



p

In= 17 Out= 8 Total= 25

T D= 18.40 P=3.32 H=3.79

Tot = 19.07

R=5.9

Fit= 1.000

1 Core=+£[0.25, 0.55, 0.65]
Wrong In=0

J Wrong Out=0

f

f

b.

T

Figure 63: 3D plot of the individual Hansen Solubility Parameters (HSP) for each
solvent tested. Blue dots represent solvents in which W,-PDCPD gels swelled (“good”
solvents). Red squares represent solvents in which no swelling was observed (“bad”
solvents). The green dot represents W,-PDCPD. The green sphere contains all “good”

solvents; the center of the sphere is a reasonable estimate the HSP of W,-PDCPD.
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Figure 64: 2D plots of the individual Hansen Solubility Parameters (HSP) for each

275 275

solvent tested, as indicated. Blue dots represent solvents in which W,-PDCPD gels
swelled (“good” solvents). Red squares represent solvents in which no swelling was
observed (“bad” solvents). The green dot represents W,-PDCPD. The green circle

contains all “good” solvents.
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Figure 65: Same as Figure 63 showing also the location of DCPD (orange dot).

According to those results, toluene, for which we have observed the highest
volume degree of swelling (gmax = 115), is not the solvent closest to the center
of the sphere (RED = 0.465); m- and p-xylenes, chlorobenzene, m-
dichlorobenzene (gmax = 7-19; Table 20) and chloroform (gmax = 50) are closer
to the center of the sphere than toluene, thereby are predicted to be “better”
solvents than toluene, i.e., W,-PDCPD gels would have been expected to
swell more in those solvents than in toluene. That inconsistency between the
HSP theory and experiment may be attributed to the fact that in all the “better”
solvents gels disintegrated while they were still swelling, and therefore they
did not reach maximum (equilibrium) volumes. Another notable inconsistency
is THF. The RED value for THF is equal to 0.982, meaning that THF is
located close to the surface of the sphere, while from the experimental qmax
value (66) we would expect that THF would be located close to the center of
the sphere. At the moment we cannot account for this result. After all, as was
stated above, this method is only a guideline for solvent selection.
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Another useful parameter than can be calculated is the HSP distance
between a solvent and the polymer, conventionally referred to as Ra. Ra is a
measure of how alike the two molecules are and can be calculated using
equation (4), where in our case 1 refers to the W,-PDCPD and 2 refers to the
solvent. The smaller the Ra value the more likely for the two molecules to be
compatible. Ra values for W,-PDCPD gels are shown on Table 24. The
results are in general agreement with our previous findings; however, with this
method a new clear trend can be observed: W,-PDCPD gels swell in solvents
with Ra < 6, and do not swell at all in solvents with Ra > 8 (7.9). Nevertheless,
a guantitative correlation of swelling to the Ra values is risky and was not

attempted, because in most solvents gels did not reach equilibrium-swelling.

Ra’® = 4(8p1 - 8p2)° + (8p1 - Sp2)” + (Sur - Br2)” (4)
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Table 24: Hansen Solubility Parameters (HSP) of solvents used in this study,
experimentally measured maximum normalized volumes (Vpormmax) Of swollen W,-

PDCPD gels and calculated Ra values.

Solvent (MSZUZ) (MSZ”Z) (Mggm) q_. | Ra®
toluene 18.0 1.4 2.0 115 2.7
tetrahyfrofuran 16.8 5.7 8.0 66 5.8
chloroform 17.8 3.1 5.7 50 2.3
carbon disulfide 20.2 0.0 0.6 21 5.8
1,3-dichlorobenzene 19.2 5.1 2.7 19 2.6
chlorobenzene 19.0 4.3 2.0 14 2.4
carbon tetrachloride 17.8 0.0 0.6 16 4.8
methylene chloride 17.0 7.3 7.1 10 5.9
benzene 18.4 0.0 2.0 12 3.8
1,3,5-trimethylbenzene 18.0 0.6 0.6 9 4.3
1,4-dimethylbenzene 17.8 1.0 3.1 7 2.7
1,3-dimethylbenzene 18.0 2.3 2.3 7 2.0
1,2-dichlorobenzene 19.2 6.3 3.3 7 3.4
cyclohexane 16.8 0.0 0.2 5 5.8
benzyl chloride 18.8 7.1 2.6 5 4.1
1,4-dioxane 175 1.8 9.0 4 5.7
cyclohexanone 17.8 8.4 5.1 4 54
water 15.5 16.0 42.3 1 41.0
pentane 14.5 0.0 0.0 1 9.3
N,N-dimethylformamide 17.4 13.7 11.3 1 13.0
methanol 14.7 12.3 22.3 1 21.9
dimethylsulfoxide 18.4 16.4 10.2 1 14.6
diethyl ether 14.5 2.9 4.6 1 7.9
acetonitrile 15.3 18.0 6.1 1 16.1
acetone 15.5 10.4 7.0 1 9.7

& Calculated from equation (4) using HSP for W,-PDCPD: &, = 18.4, 8p = 3.3, 5, = 3.8.
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9.4 Separation of organic solvents from water

With an eye on environmental remediation, the swelling studies above
suggest that W,-PDCPD gels should be evaluated for their ability to uptake

and separate chlorinated solvents from water.

The presence of organic pollutants in water is a serious threat for human
health. Chlorinated solvents, in particular, can cause various problems in

humans, with dichloromethane having been found toxic for the liver and

kidneys as well as harmful to the nervous and reproductive system,**%

! and responsible for liver damage®?* and

chloroform being carcinogenic*?
carbon tetrachloride causing damage to several tissues.'?*% Furthermore,
when chlorinated solvents reach groundwater, their low solubility can give
them a long life span, while they can still increase their concentration above
the regulatory levels for drinking water.?® Given the above, the importance of
removing said pollutants from water becomes evident. Although in recent
years the focus is mainly given on destructive ways of chlorinated solvents
removal, non-destructive physicochemical methods are still employed

because they are reliable and give the possibility to recycle the pollutants.*?’

8 0

Activated carbons,*®® carbon nanotubes,'* graphene®®

1

and sol-gel silica
substrates’®! are some of the materials that have been used to absorb

solvents.

Figures 66-70 show the relevant experiments and Table 25 summarizes the
results of that study. W,-PDCPD gels showed the highest absorption
capability for CHCI3 (14 g of solvent/g of gel), followed by 1,3-dichlorobenzene
(12 g of solvent per g of dry-gel), CH,CI, (10 g of solvent per g of dry-gel),
chlorobenzene (8 g of solvent per g of dry-gel) and benzyl chloride (7 g of

solvent per g of dry-gel).

The uptake of CHCIl; by W,-PDCPD gels is almost equal to the uptake by
conjugated  microporous  (co)polymers  synthesized from  1,3,5-
triethynylbenzene or 1,3,5-triethynylbenzene and 1,4-diethynylbenzene.*?
W,-PDCPD gels exhibited remarkably higher uptakes (~ 12x higher for CHCls,
and ~ 4x higher for CH,Cl,) than those reported for disulfide-linked polymeric

139



networks based on trimethylolpropane tris(3-mercaptopropionate), or on

pentaerythritol tetrakis(3-mercaptopropionate).'

Although a number of synthetic organic polymers have been used to absorb

132-136 134,137-141 yhare have been no

organic solvents or separate oil from water,
reported examples regarding separations of chlorinated solvents from water

with those materials.

0 days 2 days 3 days 6 days 9 days 12 days

Figure 66: Separation of CH,CI, (dyed with Sudan blue) from water.

0 days 2days 3days 6 days 9 days 12 days

Figure 67: Separation of CHCI; (dyed with Sudan blue) from water.

0 days 2 days 5 days 10 days 20 days

Figure 68: Separation of chlorobenzene (dyed with Sudan blue) from water.
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0 days 2 days 5 days 10 days 20 days

Figure 69: Separation of 1,3-dichlorobenzene (dyed with Sudan blue) from water.

0 days 2 days 7 days 10 days 24 days

Figure 70: Separation of benzyl chloride (dyed with Sudan blue) from water.

Table 25: Uptake for each solvent when separated from a 1:1 v/v mixture with water.

Mixture Solvent uptake
(50 % v/v in H20) (g of solvent / g of gel)
methylene chloride 10
chloroform 14
chlorobenzene 8
1,3-dichlorobenzene 12
benzyl chloride 7

9.5 Conclusions

W,-PDCPD gels, synthesized using the catalytic system {W,}/PA, swelled in

various organic solvents, mainly aromatic and chlorinated ones. A correlation

can be made between the swelling behavior of the gels in each solvent and
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the solvents’ Hansen Solubility Parameters (HSP), leading to an estimation of
the HSP of mostly cis PDCPD. Based on those findings, these gels were used
to separate organic solvents from water, exhibiting remarkably higher solvent
uptakes than other polymers reported in literature.
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CONCLUSIONS

Controlled Radical Polymerization (CRP) reactions: The catalytic activity of a
number Co" and Mn" triphenylamido-amine complexes has been studied. Our
results show that [K(THF)g][(L?)C0"]*1.5THF (Co-2), [K(THF),(L®)C0"],, (Co-3),
[Ka(L%)2C0"5]n  (Co-4),  {[Ko(DMA)s(L*9),Co",]+0.5Et,0}, (Co-5) and
[K(NCMe)s(L**)Co"-NCMe] (Co-6) can induce the CRP of styrene (St) and
methyl methacrylate (MMA). Some compounds (Co-3-5) provided good yields
(60-90%; Co-3 was active only in St polymerization), whereas others (Co-2
and Co-6) had better control over the polymerization reactions, albeit with
lower yields (12-16% for poly(styrene) (PS) and 30-45% for poly(methyl
methacrylate) (PMMA)). Although a firm correlation between the reactivity and
the structure or the redox potential cannot be made at this point, the steric
factor seems to play an essential role, since compounds that feature a less
hindered fifth coordination site showed the highest reactivity and better control

over the polymerization reaction.

The polymers obtained were predominately syndiotactic, consistent with
radical polymerization, with two exceptions that exhibited unusually high ratios
of isotactic triads. In many cases bimodal distributions were observed,
although the molecular weight distributions were not very broad (1.40-2.00),
and this strongly indicates that two parallel mechanisms are in operation.
Among the three predominant mechanisms (Atom Transfer Radical
Polymerization (ATRP); Organometallic Mediated Radical Polymerization,
(OMRP) and Catalytic Chain Transfer polymerization (CCTP)) that have been
established for cobalt-mediated CRP reactions, the first two seem to be more

likely for our systems. A detailed mechanistic study is under way.

The Mn" complexes [Ka(DMA)s(LY2Mn'";] (Mn-1), [K(THF)[(L)Mn"-THF]
(Mn-2), [K(NCMe)][(L>)Mn"-NCMe]*MeCN (Mn-3), [K(DMA)][(L})Mn"-DMA]
(Mn-4), [K(LHMN"],  (Mn-5), [Ka(THF)s{(L*)MNn"},]*2THF (Mn-6) and
[K(THF)3][(L®)Mn"=THF] (Mn-7) were far less reactive towards the CRP of St
and MMA and the control over the polymerization was not good. Polymers

with broad molecular weight distributions were obtained in low yields.
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Molecular weight distributions were bimodal, indicating two mechanisms
operating in parallel. Because of the low yields and the bad control over the

polymerization the reactions were not further investigated.

Copolymerization of norbornene (NBE) and norbornadiene (NBD) via Ring
Opening Metathesis Polymerization (ROMP): Statistical poly(norbornene)/
poly(norbornadiene) (PNBE/PNBD) copolymers have been synthesized via
ROMP of norbornene (NBE) and norbornadiene (NBD) using the ditungsten
compound Na[W,(u-Cl)sCls(THF),]-(THF)s ({W2}) as initiator. The composition
of the polymeric chain was estimated, although not quantitatively, by solid
state NMR data and it was found that the ratio of NBE/NBD units was relative
to the monomer molar ratio in the reaction mixture. The morphology of the
copolymers differed, according to the composition of the polymeric chain.
Solid-state *C CPMAS NMR spectroscopy of PNBD homopolymer revealed
that the only crosslinking mechanism in operation was the metathetic one (no
radical coupling). The thermal properties of all copolymers were similar,
resembled the properties of PNBD homopolymer and indicated a high degree
of crosslinking for both PNBD homopolymer and the copolymers. Glass
transition (Tg) temperatures were lower for the copolymers than for the
homopolymers, which is a strong indication that those materials are star-

copolymers.

Expanding and improving the catalytic activity of Na[Wa(u-
Cl)3Cl4(THF),]-(THF)s: In order to improve the catalytic activity of Na[W,(u-
Cl)sCl4(THF),](THF); ({W2}), we have utilized phenylacetylene (PA) as co-
initiator and examined the reactivity of {W,}/PA towards a number of
cycloolefins. {W,}/PA promoted the ROMP of NBE and 5-vinyl-2-norbornene
(VNBE) efficiently, providing high molecular weight polymers in high yields
and with high stereoselectivity (86% cis for PNBE). It should be noted that
less strained double bonds (—-CH=CH,) remained unaffected. NBD and
dicyclopentadiene (DCPD) were also activated fast and quantitatively giving

insoluble, highly crosslinked polymers.

Compared to {W,}, {W,}/PA was in general more active towards the ROMP of
all monomers studied, in all solvents, as well as in bulk. The molecular
144



weights of the polymers obtained were higher (with very few exceptions),
while the molecular weight distributions were either retained or improved. The

cis-specificity of PNBE was the same (86% cis) with either system.

In situ monitoring of the reaction ({W,}/PA/NBE) by *H NMR spectroscopy
revealed the formation of active alkylidenes of the propagating chains, in
agreement with previous studies on the W,-based catalytic system, but a

detailed mechanistic study of the catalytic system is underway.

Synthesis and structural characterization of poly(dicyclopentadiene) (PDCPD)
gels: PDCPD gels were prepared via ROMP of DCPD using two W-based
catalytic systems; the first one was based on the ditungsten complex {W,}
{W2}/PA), and the second one on the mononuclear WClg complex (W/PA).
Dry-gels were highly crosslinked, as corroborated by their high thermal
stability. Solid-state 3C CPMAS NMR spectroscopy revealed the operation of
two mechanisms for crosslinking (one metathetic and one radical), with
metathesis being the major pathway (~ 70-80%) in all cases. Most
importantly, solid-state *3C NMR along with vibrational spectroscopy (FTIR-
ATR and FT-Raman) revealed differences in the cis/trans ratio of the double
bonds of the polymeric chains. Results were compared also with aerogels Ru-
I-PDCPD and Ru-lI-PDCPD, which were synthesized using the 1% and 2™
generation Grubbs’ catalysts (Ru-I and Ru-Il, respectively). Spectroscopic
data showed that the configuration of the polymeric chain was predominantly
cis for W-catalyzed systems and predominantly trans for Ru-catalyzed
systems. The most extreme cases were Ru-I-PDCPD, which consisted of
high-trans PDCPD, and W,-PDCPD dry-gels, which consisted of high-cis
PDCPD. The different cis content played a major role in the swelling behavior
of the corresponding dry-gels in toluene. In toluene, W,-PDCPD dry-gels
swelled and increased their volume by more than 100 times. Such extreme
swelling phenomena are rare and may be useful in environmental
remediation, shape memory applications, actuators, chemical delivery
systems etc. By comparison of W,-PDCPD with W-PDCPD dry-gels, as well
as with Ru-1I-PDCPD and Ru-I-PDCPD aerogels, it is evident that swelling

strongly depends on the configuration of the polymeric chain and increases
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together with the content of the cis configuration. Similar behavior was
observed in many other organic solvents (e.g., THF, chlorinated
hydrocarbons, etc.), although with slower rates and to a different extent.
Therefore, it is concluded that the ditungsten catalytic system considered in
this study shows unique advantages in terms of stereochemistry and
properties of PDCPD gels over the mononuclear W- and Ru-based catalytic

systems.

Hansen Solubility Parameters (HSP) and potential applications of
poly(dicyclopentadiene) (PDCPD) gels: W,-PDCPD gels synthesized by using
the {W,}/PA catalytic system swelled in various organic solvents, mainly
aromatic and chlorinated ones. A correlation can be made between the
swelling behavior of the gels in each solvent and the Hansen Solubility
Parameters (HSP) of the solvents, leading to an estimation of the HSP of
mostly-cis PDCPD. Based on those findings, W,-PDCPD gels were used to
separate organic solvents from water, exhibiting remarkably higher solvent
uptakes than other synthetic organic polymers reported in literature.
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2YMMNEPAZMATA

Avridpdoeic EAeyxouevou Pilikou [MoAuuepiouyot (CRP): MeAetBnke n
KATAAUTIKH) OPACTIKOTNTA MIAG OE€IPAG TPIQAIVUAOUIDO-AMIVIKWY CUUTTAOKWY
Tou Co" kai Tou Mn'. Ta amoteAéopatd pag Seixvouv OTI Ta CUUTTAOKA
[K(THR)EI[(L)C0"+1.5THF (Co-2), [K(THF)2(L}C0"], (Co-3), [Ka(L%)2Co"2ln
(Co-4), {[K2(DMA)3(L*),C0";]0.5Et,0}, (Co-5) kai [K(NCMe)s(L'*)Co'"-
NCMe] (Co-6) mTpowBouv TOV eAeyxopevo pIQikd TToAupepiopd (CRP) Tou
otupeviou (St) kai Tou pEBAKpPUAIKOU peBuAeoTépa (MMA). Opiouéva
oupTtrAoka (Co-3-5) Trapeixav KaAég amodooelg (60-90%, To Co-3 Atav evepyod
MOVO OTOV TTOAUMEPIOUO TOu St), evw GAAa (Co-2 kai Co-6) gixav KaAUTEPO
€AEYXO TTAVW OTOV TTOAUMEPIONO, av Kal PE XauNAOTEPES atrodooelg (12-16%
yia PS kai 30-45% yia PMMA). Av kai dev UTTopEi va yivel cuoxETion avaueoa
otn OpacTIKOTNTA Kal T doul 1 10 Ouvauikd o&eIdwavaywyng, o
OTEPEOXNMIKOG TTapdyovTag Ocixvel va Traifel ouolaoTIKO POAO, KaBwg Ta
OUPTTAOKQ TTOU gixav AIYOTEPO TTAPEUTTOBIOUEVN TNV TTEUTTTN BEON CUUTTAEENS
gixav Tn MeyaAuTepn OpaOTIKOTNTA KAl KOAUTEPO €EAgyXOo TIAvw OTOV

TTOAUMEPIOWO.

Ta TToAUpEP TTOU EAAPONCAV ATAV KUPIWG CUVOIOTOKTIKA, OTTWG CUVBWG
oupBaivel oTo PICIKO TTOAUUEPIONO, ME OUO €CaIpEOEIC TTOU  €TTEDEICAV
aouVvABIOTa UWPNAEC avaAOyYieC I00TAKTIKWY TPIAOWYV. €& TTOANEG TTEPITITWOEIC
TTapatneErRdnkav OIUOPIOKES KATAVOMUEG MOPIOKWY Bapwy, av Kal autég Oev
nTav TOAU eupeieg (1.40-2.00), kd&m TTOU QTTOTEAEI 1oYXUPN EvOeIEn OTi
AeIToupynoav dUo TTapAAANAoI Pnxaviopoi. AVAUEca OTOUG TPEIG KUPIaPXOUG
pnxaviopoug (ATRP, OMRP kai CCTP) yia KOTOAUOUEVEG HECW CUPTTAOKWV
Tou KoPaAtiou avtidpdoeic CRP, o1 dUo TrpwTtol €ivalr 1o Tmlavoi yia Ta

OUCTAMATA PAG.

Ta oUutrhoka Tou Mn'" [Ka(DMA)s(L)Mn";] (Mn-1), [K(THF)[(L>)Mn"-THF]
(Mn-2), [K(NCMe)][(L>)Mn"-NCMe]*MeCN (Mn-3), [K(DMA)][(L®)Mn"-DMA]
(Mn-4), [KLHMN"],  (Mn-5), [Ko(THF)s{(L*)Mn"},]*2THF  (Mn-6) kai
[K(THF)3][(L®)Mn"=THF] (Mn-7) Atav oAU Aiyoétepo SpacTikd otn CRP Tou

St kal Tou MMA Kal 0 €AeyX0G TOU TTOAUPEPIOUOU dev ATaV KAAOGGS. EAA@Bnoav
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0€ XOUNAEG aTTOOOO0EIG TTOAUMEP UE EUPEIEC aTAVOUEG Poplakwy Bapwv. Ol
KATOVOMPEG MOPIOKWY Bapwv ATav dIPOPIOKES, UTTOBEIKVUOVTAG TN AEITOUpYia
QU0 TTAPAAANAWY pNxaviopwy. Adyw TwV XaunAwWvY atTod00EWV Kal TOU KAKOU

€EAEYXOU OTOV TTOAUUEPIONO, OI AvTIOPAOEIG O JEAETABNKAV TTEPAITEPW.

2uptroAuuepiouos vopBopveviou (NBE) kar vopBopvadieviou (NBD) péow
MeraBetikoUu TNoAuuepiouou pe Aiavoién Aaktudiou (ROMP): ZTamioTiKa
ouuTroAupepr)  TToAuvopRopveviou/TToAuvopBopvadieviou (PNBE/PNBD)
ouveTéOnoav péow ROMP pe xprion tou dITupnVvikou cupttAdkou Na[Wo(u-
CD3Cly(THF)2](THF)s ({W2}) wg evepyotrointr). H ouoTtaon TnG TTOAUPEPIKNAG
aAucidag ekTINABNKE, av Kal OXI e akpieia, ye @acuatookoTtria NMR oTepedg
Karaotaong kKol Bp€ébnke 6T n avaloyia Twv povadwv NBE/NBD Artav
avaAoyn TG avaloyiag mol Twv povouepwy oTo Miypa Tng avrtidpaong. H
Hop@oAoYia TwV CUUTTOAUUEPWY DIAPOPOTTOIEiTAI, AVvAAOya UE T OUCTOON TNG
TTOAUPEPIKAC aluoidag. H ¢aoparookotia *C CPMAS NMR oTepedc
KataoTaong €0€1EE OTI 0 HOVOG UNXAVIOUOG OIKTUWONG ATAV O JETABETIKOG (deV
AauBavel xwpa oAe@ivikr) ouleuén). O1 BepUIKES 1I01OTNTEG TWV CUUTTOAUNEPWOV
gival TTapoépoIeS, Kal TTpocouolalouy ekeiveg Tou ouoTToAupgpous PNBD. Ol
Bepuakpaacieg uaAwdoug petdmtwong (Tg) PpéBnkav va gival XaunAdTEPES yia
TO OUMTTOAUMEPR) OTTO OTI yIa TA OMOTTOAUMEPN Kal auTtd aTTOTEAEI 10XUPA

€voeltn OTI Ta UNIKG auTd gival aoTePOEIdr) CUPTTOAUMEPH.

Emexreivovrac kai BeAtiwvovrag tnv KataAutikn) opacTtikotnra tou Na[Wa(u-
C)3Cla(THF)2]-(THF)3: Mg okotrd Tn BEATiwWoN TNG KATAAUTIKAG OPACTIKOTNTOG
Tou Na[Wy(u-Cl)3Cly(THF)2]-(THF)s ({W2}) xpnoiyoTroitnke @aivuAaKETUAEVIO
(PA) wg ouykataAutng Kal HeAETHONKe N dpacTIKOTNTA Tou {W>}/PA w¢ TTpog
O1G@opec KUKAOOAeives. To kataAuTikd auotnua {W,}PA Bpébnke OTI
kataAuel atmroteAeopaTikd Tn ROMP tou vopBopveviou (NBE) kai Tou 5-BivuAo-
2-vopBopveviou (VNBE), divovrag tmoAupepry uwnAou popiakoU BApoug o€
UWNAEG aTTOOO0EIC Kl JE UYNAR OTEPEOEKAEKTIKOTNTA (86% cis yia To PNBE).
AtiCel va onueiwBer 611 o1 BivuAdikoi ditTAoi deopoi (—CH=CH,) mrapéueivav
avetrnpéacTol. To vopBopvadiévio (NBD) kai 1o dikukAotrevradiévio (DCPD)
€TTiONG evepyoTroINOnkav ypryopa Kal TToooTIKA divovTag adidAuTa TTOAUUEPH

ME UWNAG BaBuo dlakAGdwong.
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2e oxéon pe 10 {W3}, 10 KataAutikd cuotnua {W2}/PA Atav yevikd TTIO
0pacTikd w¢ TPog T ROMP SAwv Twv POVOUEPWY TTOU PEAETABNKaAV, O€
OAoug Toug OIOAUTEG KABwWG Kal atroucia OIaAUTN. Ta poplokd Bépn Twv
TTOAUPEPWY TTOU €AN@Bnoav Atav uwnAdtepa (Me Aiyeg €CalpEOEIS), v Ol
KATOVOMPEG Twv popIlakwy Bapwyv diarnprnénkav r PBeAtiwdnkav. H cis-

eKAekTIKOTNTA TOU PNBE riTav idia (86% cis) kal ye Ta dUO CUCTHUATA.

In situ TTapakoAouBnon Tng avtidpaonc ({W,}/PAINBE) pe paopatookoTria *H
NMR €0€1Ee 10 oXnUATIONO €evEPYWV OAKUANIQEVIWV TWV  ETTEKTEIVOUEVWV
aAuCidwV, O€ OUPQWVIA ME TIPONYOUMPEVEG MEAETEG, OANG  AETTTOMEPNG

MNXQVIOTIKI JEAETN TOU KATAAUTIKOU GUCTHPATOG €ival o€ eEENIEN.

20vBeon Kal OOUIKOS XAPAKTNPIOUOS TTNKTWUATWY TTOAUSIKUKAOTTEVTAdIEVIOU
(PDCPD): Tlnktwuata PDCPD Ttapaockeudotnkav péow ROMP  ToU
dikukAotrevtadieviou (DCPD) xpnoipotroiwvTtag U0 KATOAUTIKA OUuCTAuATA
Baoiouéva oto BoAppduio. To TpwTo PacioTnke O0TO dITTUPNVIKO CUPTTAOKO
Na[Wy(u-Cl)sCla(THF)2]-(THF)3 ({W2}/PA), kal To deUTEPO OTO POVOTTUPNVIKO
ouptrAoko WClg (WCIe/PA). Ta TikTwuaTta gixav uwnAo Babud diakAddwong,
OTTWG QAvNKe atmd TNV uywnAr Bepuikr Toug oTaBepdTnTa. H pacuartookoTria
13C CPMAS NMR oTepedc koT@oTAONS @Qavépwoe Tn Aeimoupyia 800
MNXOVICPWY BIKTUWONG (EVOG HETOBETIKOU Kal VOGS PICIKOU), JE TN METABEON va
gival n Kupla 0d0¢ (~ 70-80%) oe OAeg TIG TrepITTTwoelg. Emmiong, n
gacpatookotia C NMR oTepedc KOTEOTAONS KABWC Kol N SovnTIKA
@aopatookomia (FTIR-ATR kai FT-Raman) ¢avépwaoav d1a@opég oTnv
avaAoyia cis/trans Twv OITTAWV OeOPWV TNG TTOAUMEPIKAG aAucidag. Ta
atmmoTeAéopaTa ouykpiOnkav pe Ta agpotmnkTtwuata Ru-I-PDCPD kai Ru-ll-
PDCPD, tou ouvetédnoav pe xprion Twv KataAutwyv Grubbs’ TpwTtng Kai
0euTepNG veviag, avrtiotoixa. Pacuatookotika Oedopéva €0€iEav 0TI N
SlaudépPwaon TNG TTOAUPEPIKAG aAuaidag ATaV KUPiIWG CIs yia Ta CUCTIUATA TOU
W kai Kupiwg trans yia ouoTrjpara tou Ru. H dia@opd OTo Cis TTEPIEXOUEVO
Emaife kUplo poAo oTn OI0YKwOoN TwV QVTIOTOIXWV TINKTWUATWY  OTO
ToAouoAio. Ta mnkTwpaTta Wo-PDCPD al&énoav Tov OyKO TOUG TTEPICCOTEPO
atrd 100 @opég. Tooo akpaia @aivépeva dIOYKwaong ival oTTavia Kal JTTopouV

va e€ival xpAolga o€ TTEPIBAANOVTIKEG EQAPPOYEG K.O. ZUyKpivovtag Ta
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mnKTwuata W,-PDCPD pe 1a W-PDCPD, KaBwg Kal YE Ta AgPOTTNKTWHATA
Ru-1I-PDCPD kai Ru-I-PDCPD, cival gu@avég o1 n OIOyKwon egaptaTal
IOXUPQ atrd Tn dIauoOPPWOon TNG TTOAUMPEPIKNG aAUCidag Kal audveTal PE TO
TTO00O0TO TNG Cis dlaudppwong. MNapduoia cupTTEPIPOPd TTaPATNPRONKE OF
TTOAMOUG  GAAoug  opyavikoug  dloAuteg  (T1.X., THF,  XAwpiwuévol
udpOoyovAVOPOKEG, KTA.), av Kal PE TTIO apyous puBuoUGg Kal o€ dIAPOPETIKA
éktaon. Emopévwg, cuptrepaiveral 0TI TO KATAAUTIKO ouoTtnpa {W,}/PA 1TOU
MEAETABNKE €TTIOEIKVUEI POVODIKA TTAEOVEKTAUATA OTN OTEPEOXNMEID KAl TIG
1I010TNTEG TWV TTNKTWUATWY PDCPD 0¢ Ooxéon PE POVOTINPUVIKA KATAAUTIKA

ouoThuara Baoiopéva oto W Kai 1o Ru.

lMapauerpor diaAutornrac Hansen (HSP) kar milavéS eQapuoyES TTNKTWUATWY
moAudikukAorrevradieviou (PDCPD): Ta tinktwuata W,-PDCPD 110U
ouveTEBNOAvV PE XPron Tou KataAuTikoU cuoTApaTtog {Wo}/PA Kal €xouv
uWpnAG TT0000TO Cis TTOAUPEPOUG dloyKwvovTal ot OlIAPOPOUSG OPYavIKOUG
OIaAUTEG, KUPIWG apWHATIKOUG Kal XAwpIwpEéVoug. ‘Eyive cuoxETion METAEU TNG
OI0YKWONG TWV TINKTWHUATWY o€ KABe OIaAUTR KOl TwV  TTAPAUETPWY
dlaAutdtnTag Hansen (HSP) twv diaAuTwy Kal yéow auTAg KatéaoTtn duvaTh n
EKTINNON TWV TTAPAPETPWY BIOAUTOTNTAG TOU dIKTUWMEVOU Wo-PDCPD. Adyw
NG 1I010TNTAG TOUG VA DIOYKWVOVTAI O€ OPYAVIKOUG BIOAUTEG, TA OUYKEKPIYEVA
TINKTWPATA XPNOIMOTTOINONKAV yia To OIaXWPEICHO XAWPIWUEVWY OPYAVIKWYV
Olo0AUTWY atrd vePO, ETTIOEIKVUOVTAG afloonueiwTa PeyaAuTtepn TTpOoAnwn

OI0AUTN atmmd GAAO OUVOETIKA oOpyavikd TTOAUMEPH TTOU ava@EépovTal OTn

BiBAloypaepia.
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ABBREVIATIONS-ACRONYMS

ATRA Atom Transfer Radical Addition

ATRP Atom Transfer Radical Polymerization
CCTP Catalytic Chain Transfer Polymerization
CMRP Cobalt Mediated Radical Polymerization
CPMAS Cross Polarization Magic Angle Spinning
CRP Controlled Radical Polymerization
DCPD Dicyclopentadiene

DSC Differential Scanning Calorimetry
HETCOR Heteronuclear Correlation

HSP Hansen Solubility Parameters

MMA Methyl Methacrylate

NBD Norbornadiene

NBE Norbornene

NMR Nuclear Magnetic Resonance

OMRP Organometallic Mediated Radical Polymerization
PA Phenylacetylene

PDCPD Poly(dicyclopentadiene)

PMMA Poly(methyl methacrylate)

PNBD Poly(norbornadiene)

PNBE Poly(norbornene)

PS Poly(styrene)

PVNBE Poly(5-vinyl-2-norbornene)

ROMP Ring Opening Metathesis Polymerization
SEC Size Exclusion Chromatography

SEM Scanning Electron Microscope

St Styrene

TGA Thermogravimetric Analysis

VNBE 5-Vinyl-2-norbornene
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