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ummnun elner MehIpmlré' welche nuch ulla Kldnenthtnlt
fast villig iberein wit der des ganzen Korns. Es wurde gr.-fmldun:

. Wasser, 10,743
Stickstoff 2,506
Starke 64,475 Fea0s Ca0 MgO KO NaO POs
Asche 1,604, worin 0,852 4,246 14,721 31,898 0,704 49,720 == 102,141,

Dagegen hatte ein Mehl des ganzen Korns, aus welchem 13 Proe. Kleie
abgesondert war, folgende Zusammensetzung :

Wasser, 10,548

Stickstoff 2,518

Stiirke 65,660 Fes0s Ca0 MgO KO NaQ PO

Asche 1,032, worin 1,338 5,085 12,425 31,456 1,878 48,761 == 100,943,

(Aon. Ch, Pharw, 149, 343.)

Ueber die Besiehungen derl:lgemhn&on #u den Atomgewlchten
der Elemente. Von D. Mundde}utf — Ordnet wan Elemente nach
zunehmenden Atomgewichten in verticale Reihen so, dass Horizontal-
rel anal Elemente eothalten, wieder nach sunehmendem Atomge-

80 erhiilt man folgende Zusammenstellung, aus der sich
e Folgerungen ableiten lassen,

T e 60 At wa 90 T e 180
Vbl ND w94 Tk e 182
Cr == b2 Mo v 96 W o 186
Mnse=bd  Rhum104,4 Pte=1674
Fous58  Ruwe 1044  Ire=108
Pd e 106,608 wa 106
AR e 108 HEg == 200
Cd =112
Ur=116  Au==1077
80 == 118
Sh == 122 Bi==2107
Te == 1287
[ J =121
Liw= 7 Nu.—za k ’ C8 == 133 ) e 204
S e §7 Ba = 137« Pb w207

Zusammensetzun,
siure in denselben betrig

ile Korn, so ergiebt sich nach den vorber erwiihnten Procentsiitzen der Mehl

( Dj = 05
T e 76,6 | The=118?

1. Die nach der Grisse des Atomgewichts geordueten Elemente zeigen

edenen Mehle an den wichtigsten Aschenbestandtheilen’,

10,0085/0,0596/0,0457 0,09
10,0629.0,4254/0,349 0,6739)

&
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3 0,00384/0,00525
hs'0,00531 0,0

10,0096,0,06

Attempt at a system of elements based on
therir atomic weight and chemical affinity
in Principles of Chemistry, published in
1870

Dimitri MENDELEJEFF On the Relationships of the Properties

1834-1907 to the Atomic Weights of the Elements
D. Mendelejeff,
Zeitschrift fur Chemie 12,405-406(1869)
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THE PERIODIC TABLE

« Immediately after
Mendeleev published his
Periodic Table, Gallium
(1875), Scandium (1879)
and Germanium (1886)
were discovered In rapid
succession, fitting exactly

in the Table after
Aluminum, Calcium and
Silicon. Ramsay’s
discovery of rare gases
(He, Ne, Kr and Xe),
however, created a

problem for Mendeleev !

» Periodic Table is like a
revelation , sprung from
the minds of the creator,
iInherently beautiful !

> |t is as if the natural order
of the elements was
always there, waiting to
be discovered

> It Is mystical because the
Periodic Table does not
really exist. It is only a
construct of the mind, a
sort of mnemonic that
helps in easy recall



PERIODIC TABLE OF THE ELEMENTS

V Elementary Subatomic Particles
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"It is the function of science
to discover the existence of a
general reign of order in
nature and to find the causes
governing this order. And this
refers in equal measure to the
relations of man - social and
political - and to the entire
universe as a whole."

Dmitri Mendeleev

Some profound questions : How many elements
can a Periodic Table hold ? Is there a limit ? Can we
conceive of a time when the periodicity will be
broken or is the Table an axiom of nature ?



METAL CATALYZED OLEFIN POLYMERIZATION

AUNDESREPURLIE DEUTSCHLAND

ANSGERIN AN
Ed AFRIL 1668

DEUTSCHES PATENTANT

PATENTSCHRIFT

M 973 626
} 3

J-". {CRYSTALLINE HIGH POLYMERS OF a-OLEFINS

1Sir:
No crvstalline polymers of olefinic hydrocarbons
containing asvmmetric carbon atomg in  the
principal chain of the macromolecules have been
reported. Such a lack of crystallinity has been
plained by considering such polymers as copoly-
ers of two types of random distributed monomeric
its, differing only in the configuration of their
18y mmetne group.

€90 0.0.€

541

-

Dr. D e h. Karl Eegler. MilheinRuhr

Vestahron zar Horstelhng von sochmolekulemen Pubyathylnas

._ . B o G.Natta
JACS 77, 1708, 1955
( March 20, 1955 )

DE 973626
Nov 18, 1953




ZIEGLER AND NATTA AWARDED
NOBEL PRIZE IN 1963

Citation

Polyethylene

For their discovery in the field of
chemistry and technology of high
polymers

“Nature synthesises many stereoregular polymers
(cellulose, rubber, biomacromolecules). This ability
has so far been thought to be a monopoly of nature
operating with biocatalysts known as enzymes. But

Professor Natta has broken this monopoly ”

A. Fredga, Nobel Presentations, 1963

Quintessential Chemistry : Formation of Carbon —Carbon Bonds

Since Victor Grignard in 1912 more than ten Noble Prizes in
Chemistry have been awarded to chemists who discovered new
ways to make carbon-carbon bonds, the latest being Suzuki, Negishi and Heck in
2010




POLYOLEFINS via CATALYSIS INVOLVING
METALS AND LIGANDS

CATALYSTS POLYOLEFIN HOMO AND
COPOLYMERS

> iPP/Syndio PP
> Elastic PP
> Plastomers

> Group 4 (Ti-Mg)
» Group 4 metallocenes
Ligands, bis Cp, mono

Cp, bridged Cp, non Cp > EPDM’s
> Group 4 metal complexes » Syndio polystyrene
Bis(salicylaldiimine) > > Ethylene-styrene

interpolymers
» Cyclic olefin copolymers

> In-situ branched PE’ s
without comonomers

> Group 8 Metal complexes
Fe(ll), bis(imino)pyridine
> Group 10 metal complexes

Ni(ii) / Pd(ii) a-diimine (Versipol, CGC)
Neutral nickel > Polar copolymers at
» Group 11 metal complexes ends of branches
Cu(ll) complexes > In chain polar olefin

copolymers




LATE TRANSITION METAL COMPLEXES FOR OLEFIN ~~ IN€&

POLYMERIZATION

= Sterically bulky ortho-substituents reduce
the rate of B-H tranfer and result in high
Mw polyethylene

»] * Chain transfer aluminium alkyl:

Broad/Bimodal MWD

| oligomerization

= C1-symmetric complex

» Simultaneous polymerization and

= Highly crystalline PE

= Oligomerization highly selective with 95 % a-
olefins




LATE TRANSITION METAL COMPLEXES FOR OLEFIN

POLYMERIZATION g\
= Polymerize ethylene and a-olefins
@@ to high molecular weight polymers
a ] = Linear to branched polymers
Ny « Narrow MWD
/N L :
Br Br = Copolymerization of ethylene with
polar monomers

= GAVILAN technology

= Excellent catalyst activity
Ar = o and thermal stability
N ’| = Copolymerization of ethylene
with cyclic olefins, polar
Ph

monomers

Br \Br = Narrow MWD and
composition distribution




____________________________

POLYMERIZATION

*Neutral, single-component binuclear
| catalyst

*Moderately branched PE with broad MWD

=}
g F
\ /
Z
/TN
Q Z
=
NS
Z
/
¥ P

| *Presence of more than one active species
due to interaction between the metal centers

v

= Ultrahigh molecular weight PE (Mw >
2.5 million at 70 °C)

0 0
K% = High thermal stability ; Catalyst
— N . activity retained even at 150°C
\;\Ti—> BAF
/




NON-METALLOCENE EARLY TRANSITION METAL
CATALYSTS FOR OLEFIN POLYMERIZATION

____________________________

« Mono-Cp complexes with covalently linked
ﬁ/ amide donor and a short bridging group
o | . Cp-M-N angle < 115°
NG X

[ Long chain branched PE

N
/\. - Copolymerization of ethylene with a-olefins,
styrene, cyclic olefins etc

Ar * Polymerization of higher a-olefins with
‘ high activities (>105 g poly(hexene) mmol-1

N M/X Ti h-1)
/ \X » Chain transfer to aluminum in presence of
N

‘ MAO
Ar - Living polymerization in presence of
M =Ti, Zr B(C6F5)3

X =Cl, Me, CH2Ph




NON-METALLOCENE EARLY TRANSITION METAL Red ot
CATALYSTS FOR OLEFIN POLYMERIZATION

Very low activities for mono(p-diketiminates)
= |1 °Bis(B-diketiminates) exhibit higher activities
*Higher activities when R = p-CF3C6H3

o *Very high catalyst activities and
- polymer molecular weights
N/\ X 0 R | | *Bulky R” leads to higher Mw
/M\< | -Bulky R group increases catalyst
0 X /N— activity
" K Living polymerization: Block
copolymers




EARLY TRANSITION METAL CATALYSTS

RO

Ry R i
—N X
Ar ( M\\
| ) .
1 \ R Q9 X
* al G{ Y M:’:E
{ M - /
y ‘v\}: a R
1“|1 aR=tBy, R'=H R"=Ph
A bM=2Cr, E=tBu, K"=H
I ¢ M=7r, E=cumyl, ' =Me, B'=Cy
v 3 ¥
Chelating diamide ligands Chelating phenoxide Salicylaldiminato ligands

Active catalyts for
hexene-1 polymerization
in combination with MAO

A = 350 x10° gmmol-! Zr1

h-1bar!, X = Me, Ar = 2,6-

ligands

Active catalysts for
ethylene polymerization
with 500 eqv MAO

A = 1580 gmmol-! Ti-! h-1
bar1

Active catalysts for
ethylene polymerization

3a. A =519 x 103 gmmol-’
Zr1 h1 bar!

3b. A =550 x 102 g mmol-
Zr'1 h'bar'R’’=Ph

McConville, D. H.
Macromolecules, 1996, 29,
5241.

van der Linden, A.;
Schaverien, C. J. J. Am.
Chem. Soc. 1995, 117,
3008.

1 h-1 bar1

3c. A =43x 10° gmmol-' Zr

Fujita, T. J. Am. Chem. Soc.
2001, 123, 6847



MIXED LIGANDS g

Complex 4 is the well kmown constraint
geometry catalyst

Complex 5 is an active catalyst for the
polymerization of propylene resulting in
a PP with 56% isotacticity

McKnight, A. L.; Waymouth, R.
M. Chem. Rev. 1998, 98, 2587.

Fink, G. J. Mol. Catal. A: Chem,
2000, 157, 83.

__________________________________

HI
I L)
o Tl
R
YW
6 7

Zr complex 6 (R= tBu, R’ = Me;) exhibits
an activity of 4260 gmmol-' Zr! h-1 bar-
for the polymerization of ethylene

7/Ph;C*B(Cg4F;), is an active catalyst for
ethylene polymerization; A = 2100
gmmol-! Ti-' h-! bar

Nomura, K. Organometallics, 1998, 17,
2152,

Marks, T. J. Organometallics, 1997, 16,
5958.



NEWER METALS AND LIGANDS FOR ERaL

OLEFIN POLYMERIZATION

____________________________

N N
e
Br/ \Br

Brookhart(1995)

R R
N N
QLY O
~, ..
Cu
a’ g

Exxon Mobil
(2000)

Gibson(1999)

Br/ \Br

2

—N
Ti/
(0]

Cl

/

Cl

Eastman Chemicals
(2000)

Fujita(2002)

Grubbs(2003)

V.C.Gibson and S.K.Spitzmesser; Chem.Rev., 103, 283-315 (2003)



P Fh

h
NS

R
o, JAr Ar=26-(Pr)2CgH3
@] T

aFk'=H E=H
b E'=tBu E=H
cB'=Ph,E=H

d E' = 9-phenanthrenyl, E =H
e B = 9-anthracenyl, R = H L=PFh 3, C5H5I

fR'=H R =0CMe
gR'=H, R =HN0s3

N, O donors

Neutral Ni(ll)
salicyldiminato
complexes produce
poly(ethylene)s with 30-
55 branches/1000 C

Grubbs, R. H.

Organometallics, 1998, 17,

3149

P,O donors

Activity of 5300 gmmol-’
Ni-' h- bar' when R =
COOR, R” = CF;, C,F, or
Ci;F; for oligomerization
of ethylene

Claverie, J. Macromolecules,
2001, 34, 2438.

__________________________________

P,P donors

Activity of 2200
gmmol-! Ni-! h-1
bar! resulting in a
linear high
molecular weight
PE

Wass, D.F
Organometallics, 2001,
20, 4769.



INFLUENCE OF GEOMETRIES OF LIGANDS ON THE
COURSE OF POLYMERIZATION

> Catalyst activity depends
upon the nature of the

]_:.:_ metal and the ligand
environment (steric and
]'_"|~T electronic)
> Bi-dentate ligands have a
{-1f "'a{-1 preference for a specific

0 N geometry which can be
‘ ‘ probed using the concept
of “bite angle”, donor atom
].:I P — metal — donor atom angle
» Examine P-C-N-C-P
E = alkkv]l or axvl  framework: Isolate
electronic effects from
steric effects



LIGAND AND

23 +
(CgHs)2PH + 2HCHO + HCI PhaP:~ CHOH Cl METAL
_— 2
23 24 CHyOH COMPLEX
RT
) | g SYNTHESIS
Ph3P(CH 20H) 201- W » PhgPCH70H + tBu —NTHCI- + CH20
24 J,(ﬁ} ml Tﬂu o I!r v
H
I, phop— NH — r \\
PhoPCH2OH + Et- l—HCl' + CHa0 252 lﬁv} FhgF.  &PPhy
Hi
H g R ff\\B
I\II . }L o 27ar
(1if) (1) . r
J/ \‘L j’Ph i. MeOH, tert-butyl amine (7
Ph) Ph3 NP eqv), 30 min, 25°C
25(b-c) AN ii. MeOH, triethylamine (1.3 eqv),
_ J:ik _ A (v) @ a 15 min stir, 25°C
b= ° a=thu iii. 3,5-dimethyl aniline/2,6-
y 26 (a-c) diisopropyl aniline (0.5 eqv),
| 12 h, reflux
iv. Dry MeOH, NiCIl2, reflux, 24 h,
FN \\ then extraction with
Fhof., #FFhy dichloromethane
27(b-c) HH{\ v. NiBr2.DME, DCM, 25°C, 24 h



BITE ANGLE INFLUENCES SELECTIVITY
Ethylene 1 atm

TOF : 2177
Butene-1 : Hexene-1
91:9 TOF : 3699
Butene-1 : Hexene-1
70: 30




ETHYLENE POLYMERIZATION AT 5 ATM

% A: Mw 190,000; Tm 130 °
"’k . o C; 2 ethyl branches per 1000C
oG - atoms; predominantly linear

& § ~ & B:Mw155,000; Tm 118 ° C
e, \{L 6 ethyl branches per 1000 C

0

P g atoms
. GO C : No Polymerization
C Only Butene-1 : Hexene-1 in
N-2, 6-)a(lisg7ropyl the ratio of 94 :6

Bite Angle : 97.2

A : N-t-Butyl : Lower bite angle and larger steric shielding from both sides

B : N- 3,5-dimethyl phenyl : Larger bite angle and lesser steric shielding
C : N-2,6-di-isopropyl : Total steric shielding of the metal center




POLYMERIZATION OF NORBORNENE

ROMP -+ =

VR ol
Q cationic or radll:al
=

Norbornene
(Bicyclo[2.2.1]hept-2-ene) \ "iﬂl'l}’l tFPE
Nickel Complexes n

Not easy to polymerize ; requires open coordination
sites on metal centers




POLYMERIZATION OF NORBORNENE

( co-catalyst : Tris (pentafluorophenyl) borane

« A : Poly(norbornene) , 40 % conversion; Mw : 770,000
« B : Poly(norbornene), 70 % conversion, Mw 500,000
« C : No polymerization
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N; 3,5-dimethyl, X; Cl, M : Pd
40 % conversion; polymer insoluble
in common solvents




POLYMERIZATION OF ETHYLENE USING
ansa - 15 - MONOFLUORENYL COMPLEXES
OF GROUP 4 METALS

A. Rajesh and S. Sivaram, Polymer Bulletin, 2011



SYNTHESIS GROUP 4 METAL COMPLEXES OF TRANS-2-
[9-(H) FLUORENYL] CYCLOHEXANOL

O.‘ (a)n-BuLi, EpO, -200C
(b)&‘: EtoO; -200C -300C

(c) aq.NH4Cl
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(a) n-BuLi, THF, -78C
(b) MCly (thf)2, THF, -78°Q
reflux, 6h

> Metal - oxygen bond on v
reactivity

> Axial-equatorial geometry

> Fluxtional properties of the
cyclohexane ring

» Open structure; easy
access of monomer to metal
center 3b M =2Zr




POLYMERIZATION OF ETHYLENE AT 5 BAR:
NATURE OF METAL
Toluene(30 mL); MAO; Al/M: 2000; PC2H4: 5 bar; time: 1 h

Complex | Complex | Tp Yield Activity [n]° Mw M,/ Tm
(wmol) (°C) (9) g PE dL/g | (x10%) M, (°C
mmo'M.h-

3a (Ti) 19.0 25 0.20 10 5.2 n.d n.d 142
3b(Zr) 17.6 25 1.0 57 5.1 n.d n.d 134
3c(Hf) 15.5 25 0.04 2.6 2.8 n.d n.d 133
3a(Ti) 19.0 80 0.30 16 2.5 n.d n.d 140
3b(Zr) 17.6 80 3.7 210 0.9 12.2 BM 122
3c(Hf) 15.5 80 0.07 4.5 2.0 n.d n.d 134

b measured in decahydronaphthalene at

»Lower catalyst activity of hafnium complex 3¢ when compared to 3a and
3b can be attributed to stronger Hf-C bond which slows down monomer
insertion and chain propagation

»Titanium and zirconium complexes produce poly(ethylene)s in the ultra
high molecular weight range

»Titanium complex 3a resulted in poly(ethylene)s with exceptionally high
crystalline melting point




ANALYSIS OF FRACTION A

Tp (°C) [n] dL/g Mw (x10%) Mw/Mn Tm (°C)
25 5.1 n.d n.d 132
40 4.7 n.d n.d 130
60 1.04 n.d n.d 125
80 0.93 12.2 Bimodal 121
100 0.59 7.7 Bimodal 123

> Progressive decrease in crystalline melting point (Tm) with

increasing temperature indicates increase in degree of

branching

»Bimodal molecular weight distribution implies the presence
of more than one active center




NATURE OF BRANCHING AND BRANCHING
DISTRIBUTION OF FRACTION A OBTAINED USING 3b/ MAO

Temp. | Total branching/1000 C Branching with respect to total
Methyl (%) Long chain (%)
25 0 0 0
40 0 0 0
60 0.7 0 100
80 1.4 0 100
100 2.6 60 40

» Formation of methyl branches in addition to long chain

branches at 100°C




MECHANISM FOR THE FORMATION OF METHYL BRANCHES

[Zr]—CHz-CHz-CHz- ------- CH3 28 ellmln’atlc[)zr;]] —H + Cli:O_'I—G_Q—"G_B

2,1-insertion

> Methyl branches result from 3-H elimination followed by 2,1-
insertion of the a-olefin into the [Zr — H] species (Regio-errors)

> 2,1-insertion favored at higher temperatures



SUMMARY

> Titanium complex 3a at 25° C produce ultra high

molecular weight poly(ethylene)s with unusually high
crystalline melting point. This indicates that the PE is
defect free and linear with methyl terminal chain ends

»Zirconium complex 3b at 25° C also produce ultra
high molecular weight poly(ethylene)s; however, the
crystalline melting points are lower, similar to
conventional HDPE

»>Zr complex 3b exhibits activity even at 100°C. The
thermal stability of the catalyst system can be attributed
to the metal-oxygen bond in the complex



SUMMARY

»>The solid poly(ethylene)s consists of exclusively long chain
branches (> 6 carbons) at 60 and 80°C, whereas, at 100°C, methyl
branches are also observed in addition to long chain branches

» Long chain branches are formed as a result of 3-H transfer
reaction followed by reincorporation of the resulting long chain a-
olefin (macromonomers of ethylene )into the growing polymer
chains

»Methyl branches result from 3-H elimination followed by 2,1-
insertion of the a-olefin into the [Zr]-H centers , ( Regio- errors). This
reaction is favored at 100° C

»Bimodal MWD observed at higher temperatures indicate the
presence of at least two active centers, one capable of selective
oligomerization and the other capable of either homo-polymerization
or copolymerization of ethylene with higher a-olefins



SUMMARY

> First example of a single zirconium complex that
exhibits such diverse polymerization behavior producing a
range of poly(ethylene) s from linear high molecular weight
to lower molecular weight polymers with short and long
chain branching as well as single site as well dual site
behavior

» This behavior can be tuned only with one variable,
namely, temperature of polymerization

»The Cp - Zr — O bite angle increases with temperature
due to the increased conformational mobility of the
cyclohexane at higher temperatures, resulting in B-H
elimination, reinsertion and 2,1- insertion.



SILANOLYTIC CHAIN TRANSFER IN ETHYLENE
POLYMERIZATION USING BIS[N(3-TERT-BUTYL
SALICYLIDENE) 2,3,4,5,6-
PENTAFLUOROANILINATO] Ti (IV) DICHLORIDE

Amrita Chaki , to be published
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Organolanthanide catalyzed Formation of silyl-capped
olefin hydrosilylation poly(olefin)s
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EI\T ;S ] BIS(PHENOXYIMINE)
cp—H <N F TITANIUM (IV) COMPLEX
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# Exhibit high activity (A = 34000 gmmol-' Ti'' h-! bar!) for the homo-
polymerization of ethylene

# A linear relationship between Mn and polymerization time ; exhibits
some characteristics of “living” behavior

Objective

Examine the feasibility of organo- titanium mediated chain
transfer to silanes



SYNTHESIS OF BIS [N(3-TERT BUTYL SALICYLIDENE)2,3,4,5,6-
PENTAFLUOROANILINATO] TI (1V) DICHLORIDE (38):
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MePhSiH, as chain transfer agent

Entry

1
2
3
4

S

MePhSiH,  Yield (g) PActivity ‘Mnx106 Mwx10¢ °PDI

M X 103
0 0.240 9.6
0.075 0.160 6.4
0.15 0.175 7.0
0.20 0.255 10.2
0.30 0.073 2.9

0.60
0.57
0.54
0.52
0.47

1.10 1.8
1.08 1.9
0.97 1.8
0.93 1.8
0.87 1.8

a2 Conditions: PC,H, = 1.013 bar, time = 3 min, [Ti] = 0.5 pmol, AI/Ti = 2500, » gPE mmol-! Ti-! h-! bar! ¢GPC

studies in trichlorobenzene at 135°C

Activity vs [MePhSiH,]
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COMPARISON OF CHAIN TRANSFER CONSTANT VALUES

Catalyst Silane Temp (°C) Cs

38 PhSiH, 25 102

38 PhSiH, 0 54

38 PhSiH, -10 45

38 MePhSiH, 0 59
a[Me,Si(Me,C.)'BuN]TiMe*B(C4,F;)  PhSiH, 25 35
MeZSi(Me405):SmCH(SiMe3)2 PhSiH, 25 130

2 propylene polymerization

Silanes are effective chain transfer agents with open
framework Titanium catalysts
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