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Figure 2.16 Convolution of various components over reaction time in the ATRA of

styrene using FeBr2/PnBu3 catalyst system. Points (experimental data), lines (simulation

with the estimated kinetic parameters).
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Figure 2.17 Convolution of various components over reaction time in the ATRA of

styrene using RuCl2(PPh3)3/AI(0-/Pr)3 catalyst system. Points (experimental data), lines

(simulation with the estimated kinetic parameters).

107



Saly^'^^!!r'''"''
' '""^"^^^'^'-^

^ '''^^ ^^'"MMA Using FcBn/PnBu^

initial guesses estimated paranioters

/>„ />/, />„„
,/.„, ( />/,

(I)

0.5 0.5 0,5 0.5 0.5 5.33E-3 5.86E-4 3.68E-1 5,12E-5 7.14E-4 9.094E-7 1.013E+0

1 1 1 1 1 4.83E+0 6.31E-1 1.51E-3 1.24E-3 1.25E+0 7.651E-7 2.753E+0

5 5 5 5 5 2.69E+1 4.55E+0 4.77E-1 1.58E-3 8.16E+0 5.908E-7 2.661 E+0

0.5 1 5 1 0.5 5.52E-3 6.04E-4 3.65E-1 1.02E-3 1.58E+1 9.132E-7 1.013E+0

1 5 0.5 5 1 3.38E+0 5.65E-1 4.63E-1 1.50E-3 1.86E+0 5.980E-7 2.645E+0

5 0.5 1 0.5 5 6.11E+0 1.01E+0 4,52E-1 1,02E-5 6.28E+0 6.052E-7 2.652E+0

M Mix

0.6

0.5 II

0 5 10 15

Time (h)

M^jiirc 2.18 Convolution of various components over reaction lime in tlie ATRA of

MMA using I'eBrVI'nliUi catalyst system. Points (experimental data), lines (simulation

with the estimated kinetic parameters).

108



initial guesses

ilmct ^„

0.5 0.5 0.5 0.5 0.5

1 1 1 1 1

5 5 5 5 5

0.5 1 5 1 0.5

1 5 0.5 5 1

5 0.5 1 0.5 5

1.38E-2 9.64E-1 2.19E+1 7.94E-4 5.42E-1 1.435E-9 2.975E-1

1.62E-2 1.13E+0 2.15E+1 1.05E-3 3.30E+1 1.426E-9 2.976E-1

8.78E-2 6.30E+0 1.98E+1 1.18E-2 3.19E-1 1.394E-9 3.022E-1

7.76E-1 5.58E+1 1.94E+1 1.03E-3 6.77E-3 1.392E-9 3.038E-1

6.54E+0 7.70E-2 2.14E-1 9.73E-4 4.09E+1 8.494E-6 1.246E+0

O
MM

C3

0)
O
c
o
o

0

L^jvi^ IX

10

Time (h)

15 20

Figure 2.19 Convolution of various components over reaction time in the ATRA of

MMA using RuCl2(PPh3)3/Al(0-/Pr)3 catalyst system. Points (experimental data), lines

(simulation with the estimated kinetic parameters).
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Figure 2.20 First-order kinetic plot of monomer consumption in the ATRP of styrene
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2.S Conclusion

111 lliis work, wc report a now iuoIIkhI lo ovalualc various catalyst systems by

dclcnninii,^. kindic parainolers of polymcri/ation. Wc established the iiuulel reactions of

ATRI' including not only the atom Iransler reacti(Mi and propagation reaction, but also

other po.ssible side reactions such as ternnnalion ivaclion, thermal initiation reaction, anil

chain degradation reactions. Sinuilalions using this model show the good agreements with

the other simulation results by Msher and Matyjaszewski, and also agree well with the

experimental data, liased on this model, we used a nonlmear regression method to get the

important rate constants IVom atom Iransler radical addition reactions. I'rom the test the

parameter estimation algorithm using the fabricated experimental data points that were

generated by using literature rale constants, we found that it is possible to estimate

equilibrium constant of atom transfer reaction. It was also found that llie each value of

activation rate constant and deactivation reaction constant is hard to be delennined

ubii|uiiously because the sensitivities of them are not hi)',h enough and there is a

possibility of being Irappetl in the local minimum before reaching the global minimum.

By applying downhill simplex method as a secoiul minimi/ation algorithm, the parameter

eslimatit)!! algorithm achieves higher propensity to reach global minimum, yet iiol all llie

time. The simulation results using kinetic rate constants determined by parameter

estimation algorithm shows belter agreement with the experimental data than that using

lileralui-e values of rate constants. This is because the current method uses fewer

assumptions than other literature methods in determining rate constants. We also

demonstrated the determination of kinetic constants in the polymeri/ation of slyrene and

MMA using various metal catalysts, and the simulations using these kinetic constants

agree well with the experimental data.



2.6 Experimental

2.6.1 Materials and Characterizations

IR spectra were determined with either a Perkin-Ehner 1600 scries FTIR or a

Jasco FT/IR-410 spectrometer as thin films coated on NaCI plates, 'h and ' V NMR

spectra were measured in CDCI3 unless otherwise noted. Spectra were recorded on either

a Varian 200, Bruker 200, 300, or GE 300 spectrometer, 'h NMR spectra were measured

at 200 or 300 MHz. Proton decoupled '^C NMR spectra were recorded at 75 MHz. 'll

chemical shift (5) were referenced to a selected resonance of residual protons in the

solvent employed. '^C chemical shift (6) were referenced to the carbon resonance of the

solvent employed. Gel permeation chromatography/1 ight scattering (GPC/LS) were

performed using Hewlett-Packard (HP) 1050 series liquid chromatography pump

equipped with a Wyatt Dawn DSP-F laser photometer, a Wyatt/Optilab interferometer

and a Waters 746 data module integrator. Tetrahydrofuran (THE) was used as the mobile

phase. Sample were prepared as 0.5 - 2% (w/v) solution in THE and passed through 0.45

|im filters prior to injection. Residual metal complexes were removed by passing the

polymer solution through active alumina column. Separations were effected by a multiple

series of Polymer laboratory Mixed C columns and 100 A Waters Ultrastyragel columns

in series at a flow rate of 1 mL/min at 25 °C. High performance liquid chromatography

(HPLC) was performed using a Hewlett-Packard (HP) 1050 series liquid chromatography

pump equipped with a HP model 1047 refractive index detector and a Waters 746 data

module integrator. Separations were effected by a reverse phase non-polar Nucleosil C18

column using acetonitrile/water (3/1) mixture as the mobile phase. Residual metal

complexes were removed by passing the polymer solution through active alumina column
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before analysis. Gas chromatography (GC) was performed using eiliier a IIP 5890

equipped with MS detector, or a HP 6890 with a FID detector. Non-polar IlP-5 or

medium polar I IP-INNOWAX capillary column were used for the separation. The sample

was diluted in diethyl ether, TIIl-\ or methylene chloride, and directly injected into GC

without any further purification.

Materials were obtained from commercial suppliers and used without furilier

purincation, unless otherwise noted. Styrene and MMA were dried over Call, overnight,

and distilled twice under reduced pressure from CaH2 prior to use. 1-Phenylethyl bromide

(l-PRBr) and methyl a-bromoi.sobutyrate (Mlii-Br) were purchased from Aldrich

Chemical and distilled twice under reduced pressure prior to use.

2.6.2 Preparation of Model Compounds

2,3-I)iphcnylbutanc (St-Mzb). A solution of sodium aluminum hydride in TIM"

(1.0 M, 12 niL) was added to a solution of niobium chloride (3.24 g, 12 mmol) in

ben/ene-'i lli- (40:1, 60 mi.) at 0 °C under an argon atmosphere. Instantaneously, black

suspension was formed with gas evolution. After 10 min, a solution of 1 -phenyl ethanol

(1.22 g, 10 mmol) in benzene (20 mL) was added dropwise and the resulting mixture was

stirred at 80 °C for 30 min. The mixture was diluted with 120 mL of diethyl cihcr mk\

treated with 3 mL of 15 % sodium hydroxide solution and anhydrous magnesium sulfate.

The mixture was filtered through Celite 521 and remaining solid was washed repeatedly

with diethyl ether. The llltrate and washings were mixed and washed with 1 N l lCl, brine,

and water. Purillcation by column chromatography using hexane as an eluent afforded
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2,3-diphenylbutane in 60 % yield, 'h NMR (CDCI3): 5 (ppm) 7.05-7.40 (m, 1011), 2.66-

2.97 (m,2H), 1.02 (d, 6H); MS (El): m/z210(M'), 178, 115, 105,91,77.

l-Bromo-l,3-diphenylbutane (St-MjX). ZnBr, (6.67 g) was dissolved in 8 ml

of diethyl ether. This solution was then diluted with 60 ml of methlyene chloride at -78

°C. To this solution a solution of 1-phenylethyl bromide (7.40 g, 40 mmol) in 20 mL of

methylene chloride and a solution of styrene (4.17 g, 40 mmol) in 20 mL of methylene

chloride were added. The mixture was allowed to warm to 0 °C and after 10 h washed

with aqueous ammonia. The organic layer was dried with magnesium sulfate, filtered, and

evaporated to remove methylene chloride. Distillation under reduced pressure afforded 1-

bromo-l,3-diphenylbutane. 'H NMR (CDCI3): 5 ppm. MS (El): m/z 289 (M"), 115, 105,

91, 77.

Dimethyl tetramethylsuccinate (MMA-Mzb). To 5 g (28.7 mmol) of

dimethylketene methyl trimethyl silyl acetal dissolved in a 28.7 mL of methylene

chloride, 28.7 mL of I M solution of titanium tetrachloride in methylene chloride was

added dropwise at room temperature. The mixture was stirred for 1 h at room

temperature, and the resulting dark brown solution was poured into ice-water. The

organic layer was separated, washed with water, dried over magnesium sulfate, and

distilled under reduced pressure (56-59 °CI lOOmTorr) to afford 1.3 g (45 %) of dimethyl

tetramethylsuccinate. IR (neat): 1727 cm"'; 'H NMR (CDCI3): 6 (ppm) 3.89 (m, 6H),

1.47 (s, I2H); MS (El): m/z 202 (M'), 187.
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2,4,4-Trimethylpentanedioic acid dimethyl ester. A 250 mL of 3-neck round

bottom flask equipped with reflux condenser and Ar gas flow was charged with 75 mL

(660 mmoi) of methyl isobutyrate, 7.1 mL (66 mmol) of methyl methacrylate, 1.1884 g

(22 mmol) of sodium methoxide, and 30 mL of isopropyl alcohol. The mixture was

refluxed for 4 h under a steady flow of Ar, and cooled to room temperature. To this

solution was added 13.1 N HCI. The organic layer was then extracted with methylene

chloride, and dried over magnesium sulfate. After removing solvent by rotavap,

distillation under reduced pressure afforded ~4 g of 2,4,4-trimethylpentanedioic acid

dimethyl ester as a brown oil. The product was characterized and found to be not

completely pure, but it was used in the next step without further purification. IR (neat):

1740, 1450, 1300, 1255, 1190, 1160, 1140 cm '. 'H NMR (CDCI3): 5 (ppm) 3.62 (s, 6H),

2.48(ddq, IH), 2.07 (dd, IH), 1.63 (dd, IH), 1.18 (s, 3H), 1.15 (s, 3H), 1.14 (s, 3H); MS

(EI): m/z 203 (M"), 171, 143.

2-Bronio-2,4,4-trimethylpentanedioic acid dimethyl ester (MMA-M2X). A 100

mL of round-bottomed flask equipped with a magnetic stirr bar was charged with a

heterogeneous mixture of 4 g of crude 2,4,4-trimethylpentanedioic acid dimethyl ester, 4

g of N-bromosuccinimide, 0.2 g of benzoyl peroxide, and 32 mL of carbon tetrachloride.

The mixture was irradiated with UV light at 30 °C for 4 h. After reaction, the mixture was

filtered, and evaporated under reduced pressure to give a sticky solid. This product was

recrystallized several times from ethyl alcohol to afforded 2-bromo-2,4,4-

trimethylpentane-dioic acid dimethyl ester. IR (neat): 1730 cm"'. 'H NMR (CDCI3): 5
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(ppm) 3.78 (s, 3H), 3.68 (s, 3H), 2.78 (s, 2H), 1 .90 (s, 3HX 1 .23 (s, 3H), 1 .08 (s, 3H); MS

(EI): m/z286 (M*),284, 254,251,226, 224, 204, 172, 144, 112. 103.

2.6.3 Kinetic study

2.6.3.1 ATRA ofstyrene

Iron(II) bromide / tri-/,-butyl phospliine (FeBrz / PnBuj) catalyst system. To a

25 mL Schlenk flask equipped with a magnetic stir bar was charged with 0.37 g ofl-

PEBr (0.5 M), 0.21 g of styrene (0.5 M), 43 mg of FeBr, (0.05 M), 0.15 mL of PnBu3

(O.I 5 M), 29 mg of decane (0.05 M), 3.4 mg of diphenylether (5 x 10'' M), and 3.3 mL of

toluene under inert atmosphere. A small portion of the mixture was diluted with THF in a

scintillation vial. After removed from the drybox, the reaction flask was put in an oil bath

thermostated at 1 10 °C. Just before heating a portion of the initial mixture in the vial was

directly injected to GC to measure the concentration of each component. At appropriate

time intervals, small aliquots were removed from the reaction mixture, and placed in

liquid nitrogen to stop the reaction. The quenched THF solution was characterized with

GC without further purification. The peaks were identified using model compounds in

separate runs. The concentrations of styrene and 1-PEBr were calculated using decane as

an internal standard, and the concentration of Mab and M2X were calculated using

diphenylether as an internal standard.

Tris(triphenylphosphine)ruthenium(Il) dichloride / aluminum tri(isopropo-

xidc) (RuCl2(PPh3)3 / .\1(0-/Pr)3) catalyst system. A 25 mL Schlenk flask equipped

with magnetic stir bar was charged with 0.37 g of 1-PEBr (3.3 x 10'' M), 0.21 g of

1 16



styrene(3.3x I0-" M), 192 mg of RuCUPPh3)3 (3.3x10-^ M), 163 mg of AKO-ZP,)., ( 1

J

X 10-' M), 50 mg of decane (3.3 x lo" M), 10 mg of diphenylether (3.3 x 10^ M), and

5.5 mL of toluene under inert atmosphere. A small portion of the mixture was diluted

with TIIF in a scintillation vial. After removed from the drybox, and ihc reaction llask

was put in an oil bath thermostated at HOT. Just before healing a portion of the initial

mixture in the vial was directly injected to GC to measure the concentration of each

component. At appropriate time intervals, small aliquots were removed from the reaction

mixture, and placed in liquid nitrogen to stop the reaction. The quenched TIIF .solution

was characterized with GC without further puriHcation. The concentrations of styrenc and

1-PliBr were calculated using decane as an internal standard, and the concentration of

M2b and M2X were calculated using diphenylether as an inlernal standard.

2.6.3.2 A I RA ofMMA

Iion(II) bromide / tri-//-bu(yl pliospliine (I eBi-2 / PnBu.,) catalyst sy.stem. A

25 mL Schlenk llask equipped with magnetic stir bar was charged with 0.36 g of MIB-Br

(0.5 M), 0.2 g of MMA (0.5 M), 43 mg of FeBrj (0.05 M), 0. 1 5 mL of PnBu3 (0. 1 5 M),

29 mg of decane (0.05 M), 3.4 mg of diphenylether (5 x 10"^ M), and 3.3 mL of toluene

under inert atmosphere. A small portion of the mixture was diluted with Till' in a

scintillation vial. After removed from the drybox, and the reaction flask was put in an oil

bath thermostated at 1 10 °C. Just before heating a portion of the initial mixture in the vial

was directly injected to GC to measure the concentration of each component. At

appropriate time intervals, small aliquots were removed from the reaction mixture, and

placed in liquid nitrogen to slop the reaction. The quenched fill' solution was
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characterized with GC without further purification. The peaks were identified using

model compounds in separate runs. However, peaks corresponding M^b and M^X

overlapped and appeared with unidentified broad peak so that the calculation of their

concentration was impossible. Therefore, only the concentrations of MMA and MIB-Br

were used for the estimation of kinetic parameters in ATRP of MMA. The concentrations

ofMMA and MIB-Br were calculated using decane as an internal standard.

Tris(triphenylphosphine)ruthenium(II) dichloride / aluminum tri(isopropo-

xide) (RuCl2(PPh3)3 / Al(0-/Pr)3) catalyst system. A 25 niL Schlenk fiask equipped

with magnetic stir bar was charged with 0.36 g of MIB-Br (3.3 x 10"' M), 0.2 g of MMA

(3.3 X 10 ' M), 192 mgof RuCl2(PPh3)3 (3.3 x lO"' M), 163 mg of Al(0-/Pr)3 (1.3 x 10"'

M), 50 mg of decane (3.3 x 10"^ M), 10 mg of diphenylether (3.3 x 10'^ M), and 5.5 mL

of toluene under inert atmosphere. A small portion of the mixture was diluted with THF

in a scintillation vial. After removed from the drybox, and the reaction fiask was put in an

oil bath thermostated at 1 10 °C. Just before heating a portion of the initial mixture in the

vial was directly injected to GC to measure the concentration of each component. At

appropriate time intervals, small aliquots were removed from the reaction mixture, and

placed in liquid nitrogen to stop the reaction. The quenched THF solution was

characterized with GC without further purification. The concentrations of MMA and

MIB-Br were calculated using decane as an internal standard.
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CHAPTER 3

TITANIUM COMPLEXES: A POSSIBILITY AS

CATALYST FOR CONTROLLED RADICAL POLYMERIZATION
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3.1 Introduction

Titanium complexes have been widely used as catalysts for a range of

polymerizations. In coordination polymerizations, cocalalysts such as Group 1-111 metal

alkyl or hydride compounds are usually used with titanium complexes to reduce them to

lower oxidation states and to generate the active Ti-alkyl cations. The Lewis acid

character of titanium complexes also makes it possible for them to act as calionic

initiators.

Titanium halides such as titanium(Ill) trichloride (TiCh) and titanium(lV)

tetrachloride (TiCU) have been used as initiators for cationic polymerizations. Under the

right conditions and at low temperature, the high molecular weight polymers are

produced in high yield. General initiation by Lewis acids requires either a proton donor

such as water, alcohol, hydrogen halide, carboxylic acid (eq 1) or a carbocation precursor

such as ^butyl chloride or triphenylmethyl chloride (eq 2)

TiCU + ROH H^(TiCl4(0R))"

H^(TiCl4(0R))- + CH2=CHR CH3C^HR(TiCl4(OR))"

TiCU + (CH3)3CCI (CH3)3C^(TiCl5)-

(CH3)3C"(TiCl5)- + CH2=CHR (CH3)3CCH2C'HR(TiCl5;

(la)

(lb)

(2a)

(2b)

Some Lewis acids with higher acid strengths such as TiCU can initiate polymerization hy

a self-ionization process in addition to the coinitiation process (eq 3)
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2 TiCU - TiCls^iCIs)-
(3a)

TiCl3^(TiCl5)-
. CH2=CHR . TiClsCH^C^HRdiCls)"

^3^)

An alternate self-ionization mechanism is tlie direct addition of initiator to monomer (eq

4).

TICU + CH2=CHR TiCl3CH2C^HRCr

Hasebe, et al. found that living cationic polymerization of styrene could be

achieved by modulating the Lewis acidity of titanium(IV) complex.' They tested various

titanium(IV) complexes (TiCU-pXn) modified by the number and nature of the

substituents (X = 0/Pr, OPh, Cp) in the polymerization of styrene in conjunction with 1-

phenylethyl chloride (1-PECl) as an initiator. Among them, when TiCl3(0/Pr) was used

m the polymerization, the prepared polystyrene had number average molecular weight

that increased in direct proportion to monomer conversion and agreed well with the

calculated values, assuming that one polymer chain is generated per molecules of 1-PECl.

The molecular weight distributions were also narrow throughout the reactions (PDI - 1.1).

In contrast, a weaker Lewis acid, CpTiCb, was not effective in the styrene

polymerizations, and induced slow polymerization in CH2CI2 at -15 °C to give high

molecular weight polymers.

Titanium complexes have been also used in coordination polymerizations since

Ziegler-Natta discovered the catalyst system composed of aluminuni alkyi and titanium
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haiide for .he preparation of polyethylene and stereoregular polypropylene. This work

was recognised by the join, award of the Nobel Prize in Chemistry to them in 1963. An

ever-increasing number of the Ziegler-Natta type catalyst systems have been developed

that show high activity, high stereospecifity, and good econontical performances. In the

search of high activity, supported Ziegler-Natta catalysts have been developed ,n which

the transition metal is either bonded to or occupies lattice sites in a support material.

Catalysts with both high activity and high stereospecifity can be obtained from TiCI,

ball-milled with MgCh in the presence of aromatic esters. Most Ziegler-Natta catalysts

are heterogeneous systems. Some early homogeneous systems have been reported but

their use is limited because they usually do not show high activities or high

Stereochemical control.

Titanocene dichloride was used in combination with aluminum alkyi chlorides as

catalysts as early as 1957. These are soluble and chemically better-detined systems, and

hence, better act as models of the TiCb-based heterogeneous polymerization catalysts."

One of the key advantages of homogeneous polymerization catalysts over heterogeneous

ones is their well-defined active sites, which provide polymers with specific

microstructures and more narrow molecular weight distributions. However, the early

catalysts based on Cp.MtXjJMRCh or AIR3 (Cp = cyclopentadienyl, Mt = metal, R =

alky! group) show quite low activity toward ethylene polymerization and failed to

homopolymerize 1 -olefins altogether. These early studies on titanocene or zirconocene

dichloride met with only limited success, until the serendipitous discovery of the

activating effect of small amounts of water^ on the system Cp2MtX2/AIMe3 (X = CI or
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alkyi group)/ The subsequent controlled synthesis of methylalumoxanc (MAO) by the

group of Sinn and Kaminsky' provided organometallic and polymer chemists with a

potent cocatalyst able to activate group IV metallocenes toward the polymerization of

virtually any 1-olefms as well as several cyclic olefins/' However, the activity of

Cp2MtX2/MAO catalysts, although impressive toward the homo- and copolymerization of

ethylene, was moderate with propylene and, more important, did not produce

stereoregular polymers. Very low molecular weight, atactic oils were obtained in all

cases. Between 1984 and 1986, two key discoveries were made: the effect that different

alkyl-substituted Cp ligands can improve metallocene performances in olefin

polymerization (the ligand effect),' and the discovery that stereorigid, chiral metallocene

catalysts can induce enantioselectivity in 1-olefin insertion.'^ Since then impressive

progress has been made both in practice and in mechanistic understanding.

The development of other classes of coordination polymerization catalysts have

renewed interest in olefin polymerization because of each catalyst's own unique

reactivity and our nascent understanding of ligand/metal effects on catalyst behavior.

Metallocene analogues that have received much commercial attention are the ansa-

monocyclopentadienyl-amido or the constrained geometry catalysts (CGC) developed

concurrently by Dow and Exxon. These catalysts are based on a ligand design first

introduced by Bercaw' for organoscandium olefin polymerization catalysts. Okuda's

report in 1990 of the synthesis of a titanium CGC complex'" and reports soon after in the

patent literature"'''''^
'''

indicated that researchers at Dow and Exxon had begun what

continues to be vigorous investigations into the olefin polymerization activity of these
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CGC catalysts. One of the key features of these catalysts is the open nature of the catalyst

active site that allows them to incorporate other olefins into polyethylene. There are a

number of reports in the patent literature which detail the copolymerization of ethylene

with linear a-olefms such as hexene and octene'^''^''^''^-'^-'^.'^ and with cyclic monomers

such as norbornene.''''''''''^'2o These are also among the few classes of catalysts which

efficiently incorporate styrene into polyethylene.'-^ '^'^'
Additionally, when compared to

bis-cyclopentadienyl metallocenes, CGC catalysts have increased stability toward MAO,

are remarkably stable up to reaction temperatures of 160 °C, and generally give higher

molecular weight polymers.^^

Titanium complexes have also been used to polymerize different types of vinyl

monomers including styrene and vinyl chloride. " As an example, syndiotactic

polystyrenes can be prepared using titanium complexes. Among the various alkoxy, Cp,

and alkyl-substituted Cp complexes of titanium, zirconium, and hafnium investigated,

e.g., by Ishihara,-"* Zambelli,"^^ Chien,'*^ Grassi,'^ Soga,"^ and McCamley," the highest

activity are achieved with mono-Cp titanocenes of the type CpTiCf^, IndTiCf, (Ind =

indenyl), and substituted IndTiCb with MAO as a cocatalyst. Zirconium complexes are

less active than titanium compounds and show both lower syndiotacticities and molecular

weight for the polymers produced.

The use of titanium compounds in radical polymerization is relatively rare.

Herman, et al. used a phenyl Grignard-tilanate mixture to polymerize styrene in

benzene.^" While the intermediate was not isolated, the existence of the titanium-carbon
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bond in this mixture was advocated, and the thermal or photonic decomposition gave tree

phenyl radicals and titanium products (eq 5).

PhMgBr + {RO)^J\ ^ PhTi(0R)3 + ROMgBr

PhTi(0R)3 Ph. + Ti(ORK

Nesmeyanov, et al. have reported that in the presence of oxygen, the oxidation of

titanium compound, Ti(0R)3, produced additional free radicals, yet the nature of the free

radicals produced was not determined (eq 6).^'

2Ti(OR)3 +02^ 20Ti(OR)3 + radical (6)

There also have been reports using RM-MX binary catalyst systems that can induce

polymerizations of vinyl monomers. Examples include Et4Pb/TiCl3 and EtBBi/TiCU for

the homopolymerization of methyl methacrylate (MMA), and Et2Zn/TiCl4 for the

copolymerization of MMA with styrene." The radical nature of the polymerization using

these catalyst systems was supported by the polymers possessing the same copolymer

composition as the ordinary radical produced polymers, and by the fact that the solvent

polarity played no prominent role in the composition of the copolymers formed. The

Ziegler system, AlEt3/TiCl4, can also initiate a 'radical' type of copolymer. The radical

mechanism occurs when the monomer is added to one catalyst component before adding

the other catalyst component. The formation of radical from the reduction of titanium

complexes by aluminum alkyi compounds proceeds following eq 7.
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AIR
TiCI ^ RTiCU TiCU + R.

(7)

In recent years, a large number of transition metal complexes have been used as

catalysts for free radical polymerization, either as conventional redox initiators or in atom

transfer radical polymerization (ATRP). Most of the metals are middle or late transition

metals with a few exceptions. In ATRP, there have been no reports of using early

transition metal complexes. Examples of metals used as ATRP catalysts include not only

the first reported Cu" and Ru,^'' but also Fe,^^ Ni,^^ Pd,^' Rh,^^ Re,^*^ and Mo^" (Figure 1 ).

IIIB IVB VB VI

B

VIIB VIII VIII VIII IB IIB

Sc Ti V Cr Mn Fe Co Ni Cu Zn

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

La Hf Ta W Re Os Ir Ft Au Hg

Metals whose complexes have been effective in ATRP

Figure 3.1 Transition metals of which complexes have been used as ATRP catalysts.

Early transition metal complexes show high catalytic activities in many organic

reactions and polymerizations, but they have limitations when used with polar functional

groups in some applications. This is due to their highly oxophilic nature, which leads to

deactivation by coordination with hard Lewis bases like oxygen. However, the

cyclovoltametric analysis reported in Chapter 1 revealed that the Ti(III)/Ti(lV) pair has a

very low half-wave potential. Therefore, this redox pair should be capable of modulating

the equilibrium in an atom transfer reaction, and hence, can be a candidate as a very

active catalyst system for ATRP.
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3.2 Controlled Polymerization of Styrene Using Titanium(IV) Complexes

Through a rather comprehensive screening of catalyst systems for ATRP, we

surprisingly found that bis(cyclopentadienyl)titanium dichloride (Cp2TiCl2) and

pentamethylcyclo-pentadienyltitanium trichloride (Cp*TiCl3) gave polystyrenes having

controlled molecular weight and fairly low polydispersity without the aid of Group 1-111

cocatalysts. Styrene was polymerized in the presence of these titanium complexes using

1-PECI at 130 °C. The titanium complexes were completely soluble in styrene monomer,

and the polymerization was performed in a homogeneous fashion. The polymerization

was slow, and it took 25 h to solidify. The polymerization conditions were quite different

from normally used for cationic or coordination polymerization. Cationic

polymerizations, especially those initiated by Lewis acids, usually proceed at very low

temperature. In coordination polymerizations, cocatalysts such as Group 1-111

organometallic compounds are usually used with the titanium complexes to generate Ti-

alkyl complexes. We show the effect of each component on the polymerization in our

system in Table 3.1.

It turned out all the components are essential to produce polystyrene having

controlled molecular weight and narrow molecular weight distribution. The absence of 1-

PECl (Run 2) or the titanium complex (Run 3), results in a large increase in the molecular

weight and the molecular weight distribution became broader. In comparison with a

normal radical polymerization using benzoyl peroxide (BPO) as a radical initiator, or the

thermal polymerization of styrene, the rate of polymerization was slower, but molecular
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weight of the resulting polystyrene was low, and molecular weight distribution was

narrow,

Table 3.1 Polymerization of Styrene Under Various Conditions at 1 30 °C

Run Time(h) Conv(%) Mn PDI

1 'Mt/1-PECI/St 2 17 8,300 1.57

2 Mt/St 2 25 89,300 1.72

3 1-PECI/St 2 16 133,300 1.78

4 BPO/St 1.5 high 46,100 1.87

5 St 7.5 high 263,000 1.66

Mt, Cp2TiCl2; 1-PECl, 1-phenyiethyl chloride, St, styrene, BPO, benzoyl peroxide,

3.2.1 Kinetics of Polymerization

To investigate the characteristics of the polymerization in detail, we performed

kinetic studies of the styrene polymerization using several different titanium(lV)

complexes. Three commercially available titanium complexes were used, Cp2TiCl2,

Cp*TiCl3, and bis(pentamethylcyclopentadienyl)titanium dichloride (Cp*2TiCl2). Figure

3.2 shows the first order kinetic plots of monomer conversion as a function of time for

the polymerization of styrene. After an initial nonlinear increase in conversion, the plot

shows a linear relationship between ln([M]o/[M]) and polymerization time for all three

titanium complexes, indicating approximately constant number of active species during

the reaction. Number average molecular weight and PDI of the resulting polymers were

lower than those of polymers prepared thermally, indicating that polymerizations were

under a higher degree of control (Figure 3.3), However, molecular weight of the product
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