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TITLE OF INVENTION: PROCESS AND HYDROCARBON SOLUBLE SALINE

HYDRIDE CATALYST FOR HYDROGEN MEDIATED SALINE HYDRIDE

INITIATED ANIONIC CHAIN TRANSFER POLYMERIZATION AND POLYMER

DISTRIBUTION COMPOSITIONS PRODUCED THEREFROM

TECHNICAL FIELD

This invention relates processes for forming hydrogen mediated saline hydride initiated

anionic polymer distributions via novel polymerization conditions in which molecular hydrogen

is a chain transfer agent and a Lithium Aminoalkoxide Complexed Saline Hydride (LOXSH)

forms an anionic polymer chain initiating species by addition of saline hydride to an anionically

polymerizable hydrocarbon monomer; all of which takes place in a very efficient to highly

efficient catalytic cycle where the kinetic chain length distribution is mediated by hydrogen or

otherwise set by the relative feed rate of hydrogen to monomer. This invention further relates

polystyrene compositions having greatly improved microstructures free of co-product polymer

chain distributions. This invention also relates novel hydrocarbon soluble saline hydride catalyst

and reagent compositions useful in conducting the hydrogen mediated saline hydride initiated

polymerizations of this invention. This invention further relates to hydrocarbon soluble lithium

hydride catalysts and reagent compositions formed from dimethylaminoethanol (a.k.a.

dimethylethanolamine), an alkyllithium reagent and molecular hydrogen, it also relates the

catalyst forming processes, the use of the catalyst in hydrogen mediated anionic polymerization

of styrene (HMAPS) and the resulting low molecular weight polystyrene distributions of low

asymmetry and high “head to tail” microstructure.

BACKGROUND OF THE INVENTION

Low molecular weight – Mw << 4000 Daltons – polystyrene compositions are useful in

a variety of applications both in their end use such as polymer slip reagents (see EPO 741147) or

as substrate precursor’s for further synthetic derivatization. Such synthetic derivatizations

entail aromatic electrophilic substitution reactions (see: US 8217120B2

“Functionalized styrene oligomers and polymers”). Anionic chain transfer polymerization of

polystyrene provides an economic benefit due to the cost-effective efficient use of the anionic

chain transfer catalyst when forming low molecular weight polystyrene compositions due to
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substantial reduction in the amounts of organolithium reagents and other alkali earth metal

regents used in forming the chain transfer initiators and catalysts. Accordingly, methyl benzene

compounds (toluene). polymethylbenzene compounds (xylenes, mesitylene, durene, etc.) are

excellent chain transfer agents for forming low molecular weight polystyrene compositions

suitable for further synthetic elaboration. Such methyl benzene chain transfer agents owe in part

their effectiveness to the chemical fact that the pKa of their most acidic carbon hydrogen bond is

at least one order of magnitude lower (i.e. they are more acidic) than that of the conjugate acid of

a poly(styryl) anion. More complex alkyl substituted benzene organic chain transfer agents, in

particular ethylbenzene (EB) which is the simplest, have been reported (EPO 741147) or at least

suggested to be suitable organic chain transfer agents for forming anionic chain transfer styrene

distributions when using a catalyst formed from potassium t-butoxide, sec-butyllithium and

N,N,N’,N’-tetramethylethylenediamine (TMEDA).

Alkyl substituted aromatic hydrocarbon chain transfer reagents in general make up a

relatively large percentage of the molecular weight of said anionic chain transfer compositions

for low molecular weight compositions. For example an anionic chain transfer composition

having Mw = 716 formed from toluene and styrene, on a weight average basis said composition

is comprised of 12.8 % toluene. Similarly for an anionic chain transfer composition having Mw

= 730 formed from ethylbenzene and styrene, on a weight average basis said composition is

comprised of 14.5 % ethylbenzene. It can be desirable to form low molecular weight

polystyrene compositions that are essentially free (comprising less than 2 wt% of the

composition) of such organic chain transfer agents. Furthermore it can be desirable that the

amount of an anionic chain transfer agent – whether organic or inorganic – also comprise less

than 2 wt% of the resulting polystyrene composition. For an anionic chain transfer process each

and every chain incorporates exactly one organic chain transfer initiator monomer added to the

monomer(s) to be polymerized. Alkyl substituted aromatic hydrocarbons have molecular

weights that are ≥92.14 Daltons – the formula weight of toluene.  Thus it is a simple 

mathematical fact that the lowest Mw of an anionic chain transfer distribution comprised of

≥2wt% of toluene is given by Mw ≥ 92.14±0.02 = 4607 Daltons.  All anionic chain transfer 

compositions formed from alkyl substituted aromatic chain transfer agents (e.g. ethylbenzene or

xylenes) of higher molecular weights would have to have a minimum Mw that is greater than

4607 Daltons.
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In theory an anionic chain transfer compositions formed from ethyl benzene and

styrene would have a structure identical to anionically polymerized styrene compositions formed

exclusively from styrene monomer. However quite to the contrary, it has been discovered that

ethylbenzene when used as a chain transfer agent under prior art conditions such as in EP O 741

147, such process conditions provide polystyrene compositions of non-uniform microstructure

with added impurities and impurity distributions (see Figure 12). Such undesired impurities and

impurity distributions arise from chain isomerization and fragmentation processes (see Figures 1

and 2). Consequently the chain length distribution of compositions such as the Examples of EP

O 741 147 are in toto distributions that includes undesired ensembles of isomeric polymer

microstructures – microstructures less desired for aromatic electrophilic substitution reactions.

Such impurities and impurity distributions can be problematic in further derivatization of such

anionic chain transfer compositions. A high level of any discrete impurity – an amount of 1000

ppm or greater– is undesirable in terms of producing a product for market. Thus it is desired to

polymerize styrene to form low molecular weight polystyrene compositions having greatly

reduced or essentially no undesired polymer microstructure features or impurity fragments and

said compositions are desired to be comprised solely (98 wt%) of polymerized styrene

monomer.

The wt% ethylbenzene of the anionic chain transfer styrenic reaction distributions of

EP O 741 147 have been calculated (wt% EB = 106/Mw*100%) and presented in Table I below.

From the experimental details as presented in Table I, it can be seen by comparison of EP 0 741

147 Examples 2-7 that only Example 4 produced a polymeric anionic chain transfer styrenic

reaction distribution (ACTSR distribution) having limited breadth (standard deviation) and small

polydispersity. Minor changes in the relative feed rates or charges or both simultaneously as

reported, resulted in ACTSR distributions having very large standard deviations and having

polydispersity that increase significantly, and in some cases astronomically (e.g. EP O 741 147

Examples 2, 3 and 7). Thus, it can be seen that from such experimental details, a very narrow

and limited process window for producing distributions with narrow breath, i.e., small standard

deviation (n) is provided.

From the experimental details of EP 0 741 147 A1, as presented in Table I below, it can

be seen by comparison of EP 0 741 147 Examples 2-7 and D, that only Example 4 produced an
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anionic chain transfer styrenic reaction distribution (ACTSR distribution) having limited breadth

(standard deviation) and small polydispersity. Minor changes in the relative feed rates or reagent

charges as reported, or both simultaneously, resulted in ACTSR distributions having very large

standard deviations and having polydispersity that increase significantly, and in some Examples,

astronomically. Thus, it can be seen that from such experimental details, a very narrow and

limited process window for producing distributions with narrow breath, i.e., small standard

deviation n is provided. Investigations of this prior art technology reveals that the process

technology suffers from the undesirable formation of a catalyst composition of low or limited

solubility in the hydrocarbon reaction medium. It is desirable to have a catalyst system that has

greatly improved hydrocarbon solubility with improved utilization or efficiency producing lower

molecular weight styrenic distributions of more uniform, if not completely uniform, polymer

chain length distribution microstructure.

Table I: Prior Art EPO 741147 Anionic Chain Transfer Styrene Polymerization w/ Ethylbenzene
as the Chain Transfer Agent

EPO 741147 Example # 1 2 3 4 5 6 7 D

Cyclohexane Diluent (ml) 0 1558 1558 1558 1558 1558 1558 0

g Cyclohexane / g Styrene 0 0.36 0.36 0.96 0.96 0.96 0.36 0

Mole K:Mole Li 1:1 1:1 1:1 1:1 1:1 1;1 1;1 0:1

Mole Styrene / mole
Ethylbenzene

0.44 7.03 7.03 7.09 14.18 14.18 18.86 0.44

Mole Styrene / hr /mole
Ethylbenzene

0.02 0.39 1.17 1.18 2.36 2.36 1.05 0.024

Mole Styrene / hr / mole
Lithium

10.67 10.66 31.98 32.06 64.12 32.06 21.30 10.67

Wt% Ethylbenzene 40.5% 0.5% 0.3% 7.1% 2.2% 2.8% 0.3% 2.2%

Mn 164 876 1212 932 2137 1736 596 2700

Mw 262 19700 41800 1500 4830 3750 33300 4900

Mz NR NR NR NR NR NR NR NR

PD 1.60 22.50 34.50 1.61 2.26 2.16 55.90 1.81

Standard Deviation
n = (MwMn-Mn

2)1/2 127 4060 7013 728 2399 1870 4414 2437
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As noted above in Table I EP 0 741 147 Example D a monometallic lithium based

catalyst system is ineffective, or at best very inefficient, at catalyzing anionic chain transfer

polymerization of styrene with ethylbenzene. What is more is that it is well documented that

monometallic TMEDA butyllithium catalyst forming reagents exhibit poor regioselectivity with

regard to the metalation of ethylbenzene. In a paper authored by Broaddus (Broaddus, C. D., J.

Org. Chem. 1970, 35, 10.) it is reported that the α position hydrogen of ethylbenzene forms the 

benzylic lithium in only 38%, with the ortho-lithiation occurring to the extent of 9%, the meta-

lithiation occurring to the extent of 36% and the para-lithiation occurring to the extent of 17%.

Thus the prior art teaches that monometallic lithium catalyst forming reagents that lithiate

ethylbenzene would produce many different polymer microstructures that are regioisomeric

chain length distributions with regard to the initiating ethylbenzene moiety. Thus it is desirable

to have a highly efficient chain transfer polymerization process of styrene where the pathway

that entails an anionic chain transfer step involving metalation of ethylbenzene (whether

ethylbenzene is added or formed in situ) is reduced if not eliminated and yet still forms the

desired anionic chain transfer distribution chain length microstructure. Such a process once

realized would entail direct one step hydride addition (e.g. a one-step hydrolithiation reaction) to

a styrene or other styrenic or other vinyl aromatic monomer. Such a hydrolithiated monomer

should be capable of efficiently initiating polymerization of more monomer with subseqent chain

transfer from molecular hydrogen. Such a process requires consistently and repeatedly

reforming the hydride catalyst in an active form. Thus such a hydrogen mediated saline hydride

initiated polymerization process should be high yielding of dimer and above and feature catalyst

efficiencies where the amount of catalyst is reduced from 200% to 10,000%.

Investigations of this prior art technology (in connection with the Comparative

Examples 46-48 of WO2010065468A1) have revealed that the process technology suffers from

undesirable formation of a catalyst compositions of low or limited solubility in the hydrocarbon

reaction medium. Thus minor changes in reaction charges can result in drastic changes in

product distributions which arise from decreased catalyst availability. The processes of EP O

741 147 rely on very slow relative feed rates conducted over long feed times (6 to 18 hours) in

order to attempt to equilibrate living and dead polymer chains. A primary problem with

ethylbenzene as a chain transfer agent is that the pKa of ethylbenzene is of the same order of

magnitude if not equal to the approximate value of that of the conjugate acid of a poly(styryl)
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anion. It is desirable to have a new catalyst and anionic chain transfer polymerization conditions

that can provide soluble catalyst compositions such that in turn provide the advantages of: 1)

lower molecular weight polystyrene distributions with Mn < 930 even < 700 Daltons; 2) more

economical use of reagents; and 3) shorter time periods with more efficient use and productivity

of the polymerization reactor. The hydrogen mediated saline hydride initiated process

technology of this invention in fact provides such advantages.

Polymerization of styrene under a hydrogen atmosphere is known for Zeigler Natta

polymerization of styrene (Murahashi, S.; Nozakura, S.; and Utsuhara Y. "Polymerization of

Styrene with the Ziegler-Natta Catalysts in the Presence of Molecular Hydrogen." Bulletin of the

Chemical Society of Japan 1960 33 431). Additionally there is at least one report of for

metallocene polymerization of styrene under a hydrogen atmosphere (Ref. 14: Tomotsu, N.,

Kuramoto, M., Takeuchi, M., & Maezawa, H. (1996). Metallocenes 1996, 96, 211.(i) Chien, JC

W.; in Tomotsu, N., et al. "Syndiospecific Polymerization of Styrene." Journal of Molecular

Catalysis A: Chemical 1998 128.1 167.). In both polymerization chemistries formation of

ethylbenzene, the hydrogenation product of styrene is mentioned. Thus Utsuhara and coworkers

reported that isotactic polystyrenes of the low molecular weight could be obtained in the

presence of hydrogen, although in addition to this there was found another reaction which is

competitive to the polymerization reaction, i. e. hydrogenation of styrene to ethylbenzene. In

both approaches to hydrogen mediation of styrene polymerization – Ziegler Natta and

metallocenes catalysis – ethylbenzene is kinetically inert and represents an unrecoverable yield

loss.

Deffieux and coworkers report the hydrogenolysis of poly(styryl)lithium distributions

(50°C H2 1 atm) leading to the in situ formation of lithium hydride capable of a largely

inefficient reinitiation of styrene anionic polymerization at 100°C (Ménoret, S., Deffieux, A., &

Desbois, P. “Initiation of retarded styrene anionic polymerization using complexes of lithium

hydride with organometallic compounds.” Macromolecules, (2003) 36, 5988). Deffieux further

reports that: “However, the slow addition of LiH to styrene with respect to propagation yields

incomplete initiation.” Deffieux reports that with addition of an added organometallic Lewis

acid reagent (n,sec-Bu2Mg, or BuMgOBT or i-Bu3Al) the solubility and reinitiation efficiency of

the LiH is improved but the catalyst efficiency is only between 50 and 150%. Furthermore the
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bimetallic complex formed decreases the rate of termination and the half-life of the active or

living poly(styryl)lithium species is greatly increased from 40 min for uncomplexed

poly(styryl)lithium to 34 hours for the bimetallic complexed poly(styryl)lithium at 50°C in

cyclohexane and 1.1 atm H2. In fact they report that it requires 50 atmospheres (ca. 50 bar) H2 to

restore the half-life of the living poly(styryl)lithium species to 50 minutes. Deffieux and co-

workers teach that soluble lithium hydride is a potential initiator of styrene polymerization:

“Lithium hydride, as long as it remains soluble, is a potential initiator of

styrene anionic polymerization, at least at 100 °C, even in nonpolar solvent. The

efficiency of this initiator is improved by complexation with organometallic

derivatives which first ensure its solubility and then reduce the styrene

propagation rate. When n,sec-Bu2Mg is used as additive, Li-H bonds are not the

real initiating sites, the polymerization proceeding after a ligand exchange

between the two metal atoms.”

“At high temperature, H2 acts as a chain transfer agent in styrene

anionic polymerization. However, to be efficient, its concentration in the medium

should be high in order to shift the equilibrium toward the formation of metal

hydride. This requires high hydrogen working pressures.”

However Deffieux and coworkers require complexation of LiH with Lewis acids such as

dialkylmagnesium reagents, aluminum akyls and/or alkylaluminum hydrides to solubilize the

LiH. Such Lewis acid complexed LiH reagents so formed are not efficiently reduced once used

to initiate styrene polymerization. Consequently such Lewis acid complexed poly(styryl)lithium

chains are not efficiently reduced nor does their reduction effectively regenerate a highly active

or super active form of LiH initiator.

It is documented in the literature that only two highly soluble Group 1 metal hydrides

free of Lewis acid complexing agents are known (see: Stasch, A. and Fohlmeister, L. Aust. J.

Chem. 2015, 68, 1190-1201.; and Liptrot, D. J., Springer Thesis: Group 2 Mediated

Dehydrocoupling, Chapter 2. Group 1-Group 2 Bimetallic Alkyls and Hydrides, Springer

International Publishing, 2016, pp. 41-61). These are: (1) the “super aggregate” [(t-

BuOLi)16(LiH)17] generated photolytic decomposition of a mixture of butyllithium lithium t-

butoxide (Thomas, D. et.al., J. Am. Chem Soc. 1997, 119, 11998; and Thomas, D. et.al., Angew.

Chem. Int. Ed. 1998, 37, 1537); and (2) Stash’s hydrocarbon soluble LiH complex,

[(DipNPPh2)4Li8H4] (Dip, 2,6-iPr2C6H3), prepared by the application of phenylsilane to a
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reactive metal precursor (Stasch, A. Angew. Chem. Int. Ed. 2012, 51, 1930.) However this

hydrocarbon soluble LiH reagent is not reactive or available enough to hydrolithiate the very

active species diphenylacetylene or 1,1-diphenylethylene. Thus one of ordinary skill in the art

would understand that [(DipNPPh2)4Li8H4] would not likely hydrolithiate an even less active

styrenic or other less active vinyl aromatic monomer and consequently would not initiate

polymerization of such monomers. Stash also reports the formation of “initially clear solutions”

of LiH/Li(pz) (pz = 3,5-di-tert-butyl-1H-pyrazole) which turn milky likely due to formation of

colloidal LiH. Such “initially clear solutions” are prepared by treating 3,5-di-tert-butyl-1H-

pyrazole (pzH) with more than one equivalent of n-butyllithium in aromatic or aliphatic solvents,

followed by addition of phenyl- or diphenylsilane to convert the excess alkyllithium groups to

hydrides. Stash has prepared the first soluble NaH complex [(pz)6Na7H] by the same synthetic

strategy as the LiH/Li(pz) methodology again using the sterically demanding pyrazolate ligand

(pz) by the reaction of [Na(pz)], [Na(nBu)] and diphenylsilane in aromatic solvents. The

application of the same synthetic strategy used to produce [(pz)6Na7H] to form a KH hydride

analogue resulted only in the formation and separation of crystalline polymeric [K(pz)]. Thus a

stable aliphatic and/or cycloaliphatic and/or aromatic hydrocarbon soluble monometallic,

bimetallic or polymetallic alkali (Group 1) metal hydride formed directly from molecular

hydrogen, H2, is heretofore unknown.

In their publication (Stasch, A. and Fohlmeister, L. Aust. J. Chem. 2015, 68, 1190-

1201) teach the following:

“Well-defined hydride complexes purely of Group 1 metals are very rare

and are in fact only known for lithium and sodium so far… Most isolated

compounds involving alkali metals and hydridic hydrogen centres are mixed-

element systems and are best described as ‘ate’-type complexes in which the

strongest interaction of the hydride ligand is with the non-alkali metal centre or

metalloid… This makes the majority of these ‘ate’ complexes covalent hydride

complexes. The most prominent examples in this compound class are perhaps

LiAlH4, NaBH4, and other related commercial derivatives such as L-selectride®,

N-selectride®, and K-selectride® (lithium, sodium, potassium tri-sec-

butyl(hydrido)borate), or derivatives with sterically demanding ligands.”

emphasis added.
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Thus it should be clear that the prior art Lewis acid complexed lithium hydride, sodium hydride

and potassium hydride initiators (such as those utilized by Deffieux and co-workers in their

retarded styrene anionic polymerizations) are covalent hydrides and not among the saline hydride

catalyst of this invention.

In contrast to covalent hydrides, saline hydrides (meaning ionic hydrides) are defined

by the presence of hydrogen as a negatively charged ion, H-, in combination with an alkali metal

or alkaline earth metal. With regard to the addition to styrene with concomitant polymerization

of saline hydrides free of complexing Lewis acids, Deffieux and coworkers provide the

following background (ibid):

“To the best of our knowledge, very few papers deal with anionic

polymerization of vinylic monomers initiated by metal hydrides. Williams briefly

mentioned one styrene polymerization experiment initiated by NaH in hexane at

25 °C. However, the initiation efficiency was very low and the conversion reached

only 90% after 3 days.”

Liao and coworkers reported a form of highly active alkali metal hydrides having

nanometric (≈ 20 nm) particle size distributions (Liao, S.; et.al. Journal of Molecular Catalysis,

1993, 84, 211.) In this paper Liao reports formation of highly active saline hydrides (HASH)

from the corresponding alkali metal and hydrogen (1 atm) in THF (40°C) catalyzed by TiCl4 and

naphthalene. Complete conversion to the saline hydride required 2 hours for LiH*, 4 hours

NaH* and 28 hours for KH* (the * denoting highly active or super active hydride). These

nanometric saline hydrides were found to have some utility in the dechlorination and

debromination of certain arylhalides. They were also reported to be active as co-catalyst for the

hydrogenation of olefins such as 1-hexene when used in certain transition metal complexes.

Turnover frequencies in the range of 0.003 to 45.3 s-1 were reported. Thus highly active alkali

metal hydrides (50 – 300 mol) when used in conjunction with a transition metal catalyst (1 mol)

only reduces olefins, no disclosure of polymerization or even dimerization of the olefin is made.

Other applications of nanometric size alkali metal hydrides were later reported by Liao

and coworkers (Liao, S.; et.al. Synth. Comm. 1997, 27 3977.) Such applications include the

reduction of carbonyl carbon to aldehydes and/or alcohols of benzaldehyde, methyl benzoate,

acrolein and the methyl and n-butyl ester of acrylic acid. The reactions were conducted in
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refluxing THF using a stoichiometric excess of highly active saline hydride – either as NaH* or

as KaH* – and reactions times of 0.25 to 15 hours. Of particular interest are the reduction of

acrolein (0.3 hour) and methyl acrylate (0.25 hour) with NaH* to yield allyl alcohol in 97% and

96% yield respectively. In another publication Liao and co-workers report that heat treated

nanometric LiH, NaH and KH complexed with Cp2TiCl2, CP2TiCl2-MH (M = Li, Na or K), can

be used as a catalyst to hydrogenate either styrene (M= Li or Na) or Octene (M = K).

Nanometric KH with Cp2TiCl2 under one atmosphere H2 did not hydrogenate styrene instead

initiated polymerization to form very high molecular weight (MW) polystyrene (Mw = 200,000)

with a wide range of melting points T = 160-180°C. It was further found that nanometric KH

alone polymerized styrene, one of ordinary skill in the art would understand that such high MW

anionic polystyrene (APS) compositions are the result of inefficient initiation and consequently

resulting in formation of only very few living polymer chains which rapidly incorporate the

styrene monomer at the expense of the remaining insoluble nanometric KH.

Zhang and co-workers report highly active catalysts for the hydrogenation of styrene (2

ml) in toluene (9 ml) under hydrogen atmosphere at -17°C to 42°C (Zhang, M.; et.al. Catal Lett

2008, 124, 146.). The highly active catalysts were formed from nanometric sized sodium

hydride (20 mg, 8.7 x 10-4) and 12 different Lewis base free titanocene complexes (0.5 mL of 4 x

10-4 mol/L i.e. 2 x 10-7 mol) – NaH*/Ti = 4350). Uptake of hydrogen was not observed in two

other examples where the titanocene complex contained a coordinating oxygen (ether) or

nitrogen (tertiary amine) species. Despite the large excess of NaH* to the titanocene catalyst, no

report or even mention is made of the polymerization of styrene much less any form of chain

transfer chemistry.

The preparation of super active – extremely finely divided – forms of lithium, sodium

and potassium hydrides were reported by Schleyer and co-workers (Schleyer, P. v. R.; et.al. J.

Org. Chem. 1987. 52, 4299; and Schleyer, P. v. R.; et.al. Angew Chem Int. Ed. Engl. 1986 25

465.) The preparation of these super active saline hydrides (SASH) as a fine suspension entailed

the hydrogenation of the corresponding alkali metal alkyls in the presence of N,N,N’,N’-

tetramethylethylenediamine (TMEDA) in hexanes. Formation of super active LiH* was

conducted between 30° and 35°C, super active NaH* was prepared under cryogenic conditions

(-10°C to -15°C), and super active KH* was reported to be formed at -20° to -25°C. The
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application of the hydrides to organic synthesis was explored by Schleyer and reported in the

above cited open literature papers. Most of the synthetic reactions (metalations, additions and

reductions) were conducted under cryogenic conditions with temperatures as low as -90°C with a

few reactions conducted between room temperature and 50°C. There were also no disclosures in

Schleyer to use the hydrides for polymerization of styrenic or vinyl, much less hydrogen

mediation of such polymerization processes.

Harder and coworkers have reported that styrene can be catalytically hydrogenated

(20°C, 20 atmospheres H2, 15 hours in benzene) with 2.5 mole% of the organocalcium catalyst

[DIPPnacnacCaH∙THF]2 initially formed from phenylsilane (see. Harder, S., Speilman, J., Buch,

F. Angew. Chem. 2008, 120, 9576 also published as Angew. Chem. Int. Ed. 2008, 47, 9434.).

The hydrogenation produced ethylbenzene in 85% yield along with a 15% yield of oligomers

comprised mostly of styrene dimer with traces of styrene trimers and tetramers. Harder further

reports 1,1-diphenylethene is reduced at a low conversion to yield 14% Ph2CHCH3 and 7%

dimer in a catalyst formed from 5 mole % butyllithium/TMEDA complex at 20°C, 20

atmospheres H2, 15 hours in benzene. With regard to this reaction the authors make the

following statement:

“The reaction catalyzed by commercially available nBuLi/TMEDA

proceeded only to low conversion…suggesting that, at lower H2 pressures, the

heavier alkaline-earth metal complexes are the more efficient catalysts.”

Tetrahydrofuran soluble forms of magnesium hydride were produced by Ashby and

coworkers from ortho-substituted (2,6-dimethyl- and 2,6-di-isopropylphenoxides)

aryloxymagnesium reagents and an active form of solid magnesium hydride. Tetrahydrofuran

insoluble forms of magnesium hydride resulted from alkoxymagnesium reagents and the solid

magnesium hydride reagent (see Ashbey, E. C., Goel, A. B., Lin, J. J. Tetrahedron Letters, 1977,

3133.) Ashby also reported the formation of tetrahydrofuran soluble dialkylaminomagnesium

hydrides from a series of bulky dialkyl and bulky alkylsubstituted cycloalkyl secondary amines

by reaction with an active form of solid magnesium hydride. Said active form of magnesium

hydride was prepared by the reduction of dimethylmagnesium with LiAlH4 in diethyl ether.

Thus the bulky dialkyl and bulky alkylsubstituted cycloalkyl secondary amines are reacted with

dimethylmagnesium to form the bis(dialkylmagnesium)magnesium compounds which were in
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turn reacted in THF with the active form of magnesium hydride (see Ashbey, E. C., Goel, A. B.,

Lin, J. J. J. Or. Chem., 1978, 43, 1564. Such aminomagnesium hydrides if they can initiate

polymerization would likely initiate polymerization to some extent via addition of amide to the

monomer and result in an incorporation of an undesired amine functionality in the resulting

polymer distribution.

Michalczyk report the formation in ethereal or hydrocarbon solvents in the presence of

“appropriate ligands” the formation of a precipitated form of magnesium hydride MgH2Lx. Such

appropriate ligands included tetrahydrofuran, ethylene glycol dimethyl ether, and TMEDA. The

reducing agent employed was phenylsilane (see Michalczyk, M. J. Organometallics, 1992, 11,

2307). In a recent review entitled “Molecular Early Main Group Metal Hydrides: Synthetic

Challenge, Structures and Applications” Harder reviews the state of the art of the controlled

synthesis of well-defined Group 1 and Group 2 metal hydrides. In general such hydrides have

been prepared by the methods outlined above which include: photo-degradation; reactions of

active hydrides to form “ate-complexes” such as the aryloxymagnesium hydride as well as the

dialkylaminomagnesium hydrides reported by Ashby; Harder’s [DIPPnacnacCaH∙THF]2 initially

formed from phenylsilane; and Stasch’s soluble lithium hydride complex formed from

phenylsilane. Additionally Harder reviews a host of hydrides formed from the thermal

decomposition of magnesite complexes [(iPr2N)3Mg-] M+ (M+ = Na+, K+). A common feature of

all approaches to forming soluble saline hydride compositions is the use of bulky (usually

isopropylated ligands) to achieve solubility. In all cases except for the poorly catalytic species

formed during the hydrogenation of styrene to ethylbenzene (85% yield) such as the example

using [DIPPnacnacCaH∙THF]2 (which again was initially formed from phenylsilane), the saline

hydride complexes were formed from some other reagent other than molecular hydrogen. Only

Scheyer’s insoluble forms of super active saline hydrides (SASH) are formed directly from

molecular hydrogen as the initial reducing reagent.

Accordingly, the prior art does not disclose the use of a lithium aminoalkoxide

complexed saline hydride (LOXSH) species for anionic chain transfer polymerization of vinyl

aromatic monomers such as a styrenic monomers. In fact the prior art does not even anticipate

the formation of the LOXSH catalysts, especially as hydrocarbon soluble species and particularly

when formed from simple non bulky ligands much less directly from H2. The inventor has
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discovered these hydrides as well as the surprising fact that the use of these novel hydrides can

catalyze hydrogen mediated saline hydride initiated polymerization process. Accordingly, this

invention provides a process for the efficient anionic chain transfer polymerization of vinyl

aromatic monomers under mild temperatures (e.g., about 20°C to less than 100°C) where

hydrogen is the principal or sole chain transfer agent. Said process can be conducted at

relatively low to very low hydrogen partial pressures. Furthermore the inventor has discovered

that the novel polymerization catalysts of this invention provide low molecular weight

anionically polymerized styrene distributions comprised solely of styrene (98wt% styrene) with

unique, uniform and beneficial “Head to Tail” microstructure essentially if not completely free of

quaternary carbons in the polymer microstructure. Thus such polystyrene distributions have less

than 3.0wt%, preferably less than 2.0wt%, and more preferably less than 1.0wt% of the

polystyrene polymer chains with a quaternary carbon in the polymer chain backbone. Thus such

compositions in toto have less than 1000 ppm even less than 200 ppm and even less than 20 ppm

quaternary carbons present. Likewise the polystyrene compositions of this invention have less

than 1.0 %, preferably less 0.5% and most preferably less than 0.1% of polymer chain

distributions or impurities resulting from fragmentation of the desired anionic chain transfer

polystyrene distribution.

DEFINITION OF CHEMICAL ACRONYMS AND NUMERICAL TERMS

PTA is an acronym for a general class of polytertiaryamines used as promotors, the

usage of “•XPTA” where X is a positive number and indicates the number, whole or fractional,

of moles of PTA complexed to a catalyst composition.

TMEDA is an acronym for N,N,N’,N’-tetramethylethylenediamine a PTA, the usage of

“•XTMEDA” where X is a positive number and indicates the number, whole or fractional, of

moles of TMEDA used and/or complexed to a catalyst composition.

PCAH is an acronym for a the general class of polarizing complexing agents used in

forming the catalyst of this invention denoting the polarizing complexing agent as the neutral

alcohol, the usage of [PCA‾] denotes the polarizing complexing agent as the alkoxide having 

given up one proton to a more basic chemical species.  The use of [PCA‾] hereinafter is thus for 

convenience in showing that an alkoxide has been formed from PCAH. The use of in a formula
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such as [PCA‾]xMyHz is to be interpreted as a neutral catalyst complex or aggregate where the

charge of the y-metal atoms is balanced by the charge of x [PCA‾] anions in combination with z 

hydride ions.  It is to be understood that the use of [PCA‾]xMyHz is for the entire catalyst

formulae and in would include any potential “ate’ complex such as:

[[PCA‾]xMyHz-n]n+[ [PCA‾]xMyHz+n]n‾. 

DMEAH is an acronym for N,N-dimethylethanolamine (Synonym: N,N-Dimethyl-2-

hydroxyethylamine, N,N-Dimethylethanolamine) as the neutral aminoalcohol, the usage of

[DMEA‾] represents N,N-dimethylethanolamine as an alkoxide having given up one proton to a

more basic species.

DMAEOEH is an acronym for 2-N,N-dimethylaminoethoxyethanol

(N(CH3)2CH2CH2O-CH2CH2OH) as the neutral amino ether-alcohol, the usage of [DMAEOE‾] 

represents N,N-dimethylaminoethoxyethanol as an alkoxide having given up one proton to a

more basic species.

MEOEH is an acronym for 2-methoxyethanol as the neutral ether-alcohol, the usage of

[MEOE‾] represents 2-methoxyethanol as an alkoxide having given up one proton to a more 

basic species.

The efficiency (EffCT) of an anionic chain transfer process is given by the expression:

EffCT. = Mn Th / Mn exp;

where Mn Th is the theoretical number average molecular weight, and the term Mn exp is the

number average molecular weight obtained in the actual run or process. The percent efficiency

is obtained by multiplication of the efficiency by 100%.

A brief resume of parameters used to describe molecular weight distributions and the

equations that define them are presented in Table II below. (A. Rudin, The Elements of Polymer

Science and Engineering, Academic Press, Orlando, 1982, pp. 54-58). The number average DP

(DPn) is calculated using Mn as 100% polystyrene compositions.
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Table II

Parameter Equation

DPn, Number average degree of

polymerization

DPn = (Mn-2)/104 (for a polystyrene

distribution)

Mn, Number average molecular weight Mn = ( Mini)

Mw, Weight average molecular weight Mw = [( Mi²ni)/Mn]

Mz, z-Average molecular weight Mz = ( Mi³ni)/Mi²ni

PD, Polydispersity Index (also PDI) PD = ( Mini)/ [( Mi²ni)/Mn]

Variance V = (MwMn-Mn²)

Standard Deviation, n n = √(MwMn-Mn²)

Skewness, nU3 nU3 = MzMwMn-3Mn²Mw+2Mn³

Asymmetry, n3 n3= (MzMwMn-3Mn²Mw+2Mn³) /n³

SUMMARY OF THIS INVENTION

The hydrogen mediated saline hydride initiated polymerization (HMSHIP) processes of

this invention features: a) the novel ability of soluble saline hydride species to rapidly add to a

vinyl aromatic monomer to form an initiating species; b) the novel high efficiency in which the

addition of the saline hydride species to monomer takes place and thus allows competition

between the reinitiation step to compete with the propagation reaction step to grow the active

transient living poly(styryl)anion chains thus maintaining a constant or near constant number of

active growing chains; and c) the capacity of chain transfer from hydrogen under the mild and

novel process conditions to terminate such living poly(styryl)anionic species and regenerate the

saline hydride in a form capable of effectively and efficiently reinitiating the polymerization

process. Thus this invention relates to a process of conducting hydrogen mediated saline hydride

initiated polymerizations which features feeding one or more anionically polymerizable

hydrocarbon monomers to a reaction medium containing a soluble saline hydride catalyst under

an atmosphere comprising molecular hydrogen. Without such features the chemical process

would otherwise produce either mainly reduced monomer on one extreme or high molecular

weight polymer at the other. In some embodiments of this invention the forgoing features act in

concert and in balanced competition yielding anionic chain transfer polymer distributions with

high yield, great efficiency and exceptional control of polymer chain length microstructure.
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The present invention also relates to a process for anionic chain transfer polymerization

comprising feeding a vinyl aromatic monomer and/or preferably a styrenic monomer to a

reaction mixture under an atmosphere comprising molecular hydrogen in a reactor vessel,

wherein said reaction mixture was formed from (i) an organolithium compound and/or an

organomagnesium compound; (ii) optionally a polytertiaryamine compound; (iii) a polarizing

complexing agent selected from a tertiary aminoalcohol compound; a tertiary amino ether-

alcohol, an ether-alcohol or combinations thereof; (iv) optionally an alkali metal or metal alloy

and/or a solid saline hydride and/or a saline metal amide; (v) optionally an aromatic hydrocarbon

having at least one C-H covalent bond pKa within the range of 2.75 pKa units above that of the

pKa of toluene to -4.30 pKa units below the pKa of toluene; (vi) optionally a vinylaromatic

monomer; and in (vii) a hydrocarbon solvent with a pKa greater than H2; wherein the aromatic

hydrocarbon and hydrocarbon solvent may be the same or different; (viii) optionally molecular

hydrogen; and wherein the solubility of hydride comprising said catalyst or reagent is at least

about 0.0080 moles per liter.

The present invention also relates to a process for anionic chain transfer polymerization

comprising feeding a vinyl aromatic monomer and/or preferably a styrenic monomer to a

reaction mixture under an atmosphere comprising molecular hydrogen in a reactor vessel having

a hydrogen mediated chain transfer polymerization catalyst of the formulas [DMEA‾]xLiyHz,

wherein said catalyst is formed from the process of contacting: (i) about y equivalents of an

organolithium compound and/or an organomagnesium compound; (ii) optionally TMEDA

compound; (iii) about x equivalents of dimethylamionethanol; (iv) optionally ethylbenzene; (v) a

hydrocarbon solvent with a pKa greater than H2; wherein the aromatic hydrocarbon and

hydrocarbon solvent may be the same or different; and (vi) molecular hydrogen, wherein the

amount of hydride formed z is given by the equation z = y – x and x, y and z are positive real

numbers whole or fractional greater than zero; wherein said formula can further comprise

N,N,N’,N’-tetramethylethylenediamine (TMEDA) ligand complex i.e. [DMEA‾]xLiyHz

•XTMEDA in a molar ratio X of moles TMEDA per mole of catalyst [DMEA‾]xLiyHz wherein

X = 0.0001 to about 8.0.

Thus, the present invention also relates to a process for anionic chain transfer

polymerization comprising: (a) feeding styrene monomer to; and/or (b) co-feeding styrene
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monomer with; a reaction mixture under an atmosphere comprising molecular hydrogen in a

reactor vessel, wherein said reaction mixture was initially formed from (i) about y equivalents of

an organolithium compound; (ii) optionally TMEDA compound; (iii) about x equivalents of

dimethylamionethanol; (iv) optionally ethylbenzene; and (v) a hydrocarbon solvent with a pKa

greater than H2; wherein the aromatic hydrocarbon and hydrocarbon solvent may be the same or

different; (vi) optionally molecular hydrogen; wherein a hydrocarbon soluble lithium hydride of

the formulae [DMEA‾]xLiyHz is formed wherein the amount of hydride formed z is given by the

equation z = y – x and x, y and z are positive real numbers whole or fractional greater than zero;

and wherein the solubility of hydride comprising said catalyst or reagent is at least about 0.0080

moles per liter.

The present invention also relates to highly hydrocarbon soluble bimetallic tertiary

aminoalkoxide and/or tertiary amino ether-alkoxide and/or ether-alkoxide complexed lithium

hydride and/or magnesium hydride catalysts and/or reagents formed from a reaction medium

comprising: (i) molecular hydrogen; (ii) an organolithium compound and/or an

organomagnesium compound; (iii) optionally a polytertiaryamine compound; (iv) a polarizing

complexing agent selected from a tertiary aminoalcohol compound; a tertiary amino ether-

alcohol, an ether-alcohol or combinations thereof; (v) optionally an alkali metal or metal alloy

and/or a solid saline hydride and/or a saline metal amide; (vi) optionally an aromatic

hydrocarbon having at least one C-H covalent bond pKa within the range of 2.75 pKa units above

that of the pKa of toluene to -4.30 pKa units below the pKa of toluene; (vii) optionally a

vinylaromatic monomer; and (viii) a hydrocarbon solvent with a pKa greater than H2; wherein the

aromatic hydrocarbon and hydrocarbon solvent may be the same or different, and wherein the

solubility of hydride comprising said catalyst or reagent is at least about 0.0080 moles per liter.

The present invention also relates to highly hydrocarbon soluble monometallic tertiary

aminoalkoxide and/or tertiary amino ether-alkoxide and/or ether-alkoxide complexed lithium

hydride or lithium polyhydride (LiHn where n = 1+2x where x is a positive integer) complex

and/or aggregate formed from a reaction medium comprising: (i) molecular hydrogen; (ii) an

organolithium compound; (iii) optionally a polytertiaryamine compound; (iv) a polarizing

complexing agent selected from a tertiary aminoalcohol compound; a tertiary amino ether-

alcohol, an ether-alcohol or combinations thereof; (v) optionally lithium metal or lithium alloy
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and/or a solid lithium hydride and/or a lithium amide; (vi) optionally an aromatic hydrocarbon

having at least one C-H covalent bond pKa within the range of 2.75 pKa units above that of the

pKa of toluene to -4.30 pKa units below the pKa of toluene; (vii) a hydrocarbon solvent with a pKa

greater than H2; wherein the aromatic hydrocarbon and hydrocarbon solvent may be the same or

different, and wherein the solubility of hydride comprising said catalyst or reagent is at least

about 0.0080 moles per liter.

The present invention also relates to highly hydrocarbon soluble lithium tertiary

aminoalkoxide complexed lithium hydride (LiH) or lithium polyhydride (LiHn where n = 1+2x

where x is a positive integer) hydrogen mediated chain transfer polymerization catalyst of the

formulas [DMEA‾]xLiyHz, wherein said catalyst is formed from the process of contacting: (i)

about y equivalents of an organolithium compound and/or an organomagnesium compound; (ii)

optionally TMEDA compound; (iii) about x equivalents of dimethylamionethanol; (iv) optionally

ethylbenzene; (v) a hydrocarbon solvent with a pKa greater than H2; wherein the aromatic

hydrocarbon and hydrocarbon solvent may be the same or different; and (vi) molecular

hydrogen; wherein the amount of hydride formed z is given by the equation z = y – x and x, y

and z are positive real numbers whole or fractional greater than zero; wherein said formula can

further comprise N,N,N’,N’-tetramethylethylenediamine (TMEDA) ligand complex i.e.

[DMEA‾]xLiyHz•XTMEDA in a molar ratio X of moles TMEDA per mole of catalyst

[DMEA‾]xLiyHz wherein X = 0.0001 to about 8.0.

The present invention also relates highly hydrocarbon soluble tertiary aminoalkoxide

and/or tertiary amino ether-alkoxide and/or ether-alkoxide complexed lithium deuteride (Li2H),

or lithium tritide (Li3H) or lithium polydeuteride (Li2Hn where n = 1+2x where x is a positive

integer) or lithium polytritide (Li3Hn where n = 1+2x where x is a positive integer) complex

and/or formed from a reaction medium comprising: (i) isotopically enriched molecular hydrogen;

(ii) an organolithium compound and/or an organomagnesium compound; (iii) optionally a

polytertiaryamine compound; (iv) a polarizing complexing agent selected from a tertiary

aminoalcohol compound; a tertiary amino ether-alcohol, an ether-alcohol or combinations

thereof; (v) optionally an alkali metal or metal alloy and/or a solid saline hydride and/or a saline

metal amide; (vi) optionally an aromatic hydrocarbon having at least one C-H covalent bond pKa

within the range of 2.75 pKa units above that of the pKa of toluene to -4.30 pKa units below the
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pKa of toluene; (vii) optionally a vinylaromatic monomer; and (viii) a hydrocarbon solvent with a

pKa greater than H2; wherein the aromatic hydrocarbon and hydrocarbon solvent may be the

same or different, and wherein the solubility of hydride comprising said catalyst or reagent is at

least about 0.0080 moles per liter.

The present invention further relates to highly hydrocarbon soluble lithium tertiary

aminoalkoxide complexed lithium hydride (LiH) or lithium polyhydride (LiHn where n = 1+2j

where j is a positive integer including zero) complex and/or aggregates formed from a reaction

medium comprising: (i) molecular hydrogen; (ii) about y equivalents of an organolithium

compound; (iii) optionally a TMEDA; (iv) about x equivalents of dimethylaminoethanol; (vi)

optionally ethylbenzene; and (vii) a hydrocarbon solvent with a pKa greater than H2; wherein the

ethylbenzene and hydrocarbon solvent may be the same or different, wherein a hydrocarbon

soluble lithium hydride of the formulae [DMEA‾]xLiyHn is formed wherein the amount of

hydride formed z is given by the equation z = y – x and x, y and z are positive real whole

numbers greater than zero and n = z + 2j ; and wherein the solubility of hydride comprising said

catalyst or reagent is at least about 0.0080 moles per liter.

This invention also relates to hydrogen mediated anionic polymerization of styrene

(HMAPS) processes which features: a) the novel ability of soluble lithium hydride species to

rapidly polymerize styrene; b) the novel high efficiency in which the addition of the lithium

hydride species to styrene monomer takes place and thus allows the reinitiation step to compete

with the propagation reaction step to grow the active transient living poly(styryl)lithium anionic

chains thus maintaining a constant or near constant number of active growing chains; c) the

capacity of chain transfer from hydrogen under mild and novel process conditions to terminate

such living poly(styryl)lithium anionic species and regenerate the soluble lithium hydride in a

form capable of effectively reinitiating the polymerization process; d) eliminates or nearly

eliminates intramolecular chain transfer steps that otherwise lead to undesired quaternary carbon

formation in the anionic polystyrene polymer chains; and f) control of the MWD is accomplished

via high relative monomer to catalyst feed rates, catalyst concentration and hydrogen activity.

Thus the present invention also relates to an HMAPS process for anionic chain transfer

polymerization comprising feeding styrene monomer to a reaction mixture under an atmosphere

comprising H2 in a reactor vessel, wherein said reaction mixture contains a catalyst having the
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chemical formulas [DMEA‾]xLiyHz, wherein said catalyst is formed from the process of

contacting: (i) about y equivalents of an organolithium compound and/or an organomagnesium

compound; (ii) optionally TMEDA compound; (iii) about x equivalents of

dimethylamionethanol; (iv) optionally ethylbenzene; (v) a hydrocarbon solvent with a pKa

greater than H2; wherein the aromatic hydrocarbon and hydrocarbon solvent may be the same or

different; and (vi) optionally molecular hydrogen; wherein the amount of hydride formed z is

given by the equation z = y – x and x, y and z are positive real numbers whole or fractional

greater than zero and wherein the solubility of hydride comprising said catalyst or reagent is at

least about 0.0080 moles per liter.

The present invention also relates to saline hydride initiated anionic polystyrene and

anionic chain transfer polystyrene distributions in which the polystyrene chain length distribution

of individual or discrete polymer chain constituents have the general formula:

Ph Ph

CH3 Ph

n

1

wherein n is the number of repeating styrene monomer units covalently bonded between the

initiating styrene monomer and the terminating styrene monomer; wherein the chain length

distribution of the general formula above comprises at least about 97.0 wt.%, preferably at least

about 98.0 wt.%, more preferably at least about 99.0% and most preferably comprises at least

about 99.2 wt% of the total weight of the polystyrene composition; and wherein the balance of

the chain length distribution is comprised of not more than 3.0 wt.%. or more preferably not

more than 2.0 wt.%, more preferably not more than 1.0%, and most preferably comprises not

more than 0.8 wt% combined of: 1) distributions of polymer chains that are isomeric of 1; and/or

2) distributions formed from a chain fragmentation process step and thus are thereby essentially

free of discrete chain length compositions with structural formula weight (FWi) given by the

equation: FWi = FWi polystyrene ± 14 Daltons.
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The present invention further relates to lithium hydride initiated anionic polystyrene

and anionic chain transfer polystyrene distributions in which the polystyrene chain length

distribution of individual or discrete polymer chain constituents have the general formula 1:

wherein n is the number of repeating styrene monomer units covalently bonded between the

initiating styrene monomer and the terminating styrene monomer; wherein the chain length

distribution of the general formula above comprises at least about 99.0% and preferably

comprises at least about 99.2 wt% of the total weight of the polystyrene composition; and

wherein the balance of the chain length distribution is comprised of not more than 1.0 wt.%. or

more preferably not more than 0.8 wt% combined of: 1) distributions of polymer chains that are

isomeric of formula 1; and 2) are essentially free of chain length distributions formed from a

chain fragmentation process step and thus have discrete chain length structural formula weight

(FWi) where FWi = FWi polystyrene ± 14 Daltons below a detection limit of about 0.02% by the GC

Oligomer Test.

DETAILED DESCRIPTION OF THE INVENTION

Glossary

It is to be understood and appreciated that the term “polymer” as used anywhere herein,

including the claims, refers to the term “polymer” as defined in the context of the OECD

definition of “polymer”, which is as follows:

“A chemical substance consisting of molecules characterized by the

sequence of one or more types of monomer units and comprising a simple weight

majority of molecules containing at least three monomer units which are

covalently bound to at least one other monomer unit or other reactant and which

consists of less than a simple weight majority of molecules of the same molecular

weight. Such molecules must be distributed over a range of molecular weights

wherein differences in the molecular weight are primarily attributable to

differences in the number of monomer units.”

Saline Hydrides (meaning ionic hydrides) are defined by the presence of hydrogen as a

negatively charged ion, H‾, in combination with an alkali metal or alkaline earth metal: said 

alkali metals include lithium, sodium, potassium, rubidium, and cesium; and said alkaline earth

metals include magnesium and calcium.
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Saline metal amide are metallic amides or diamides formed from ammonia and/or a

primary amine and/or a secondary amine wherein the metal ion in combination with the amide is

an alkali metal selected from lithium, sodium, potassium, rubidium, and cesium; and in

combination with the diamide is an alkaline earth and includes magnesium and calcium.

“Polymer microstructure” as used here refers to a discrete polymer chain’s (or chain

length distribution of such chains) configuration in terms of its composition, sequence

distribution, steric configuration, geometric and substitutional isomerism.

The term “head to tail” polymer microstructure is the description of the microstructure

exhibited by the styrene polymer structure (1) presented above. A head to tail microstructure

exist when the head (being formed from the vinyl carbon bearing the phenyl substituent) of each

styrenic monomer unit is covalently bonded to the tail (being formed from the vinylidene carbon)

of one and only one other styrenic monomer unit.

The term “tail to tail” microstructure exists when the tail of a styrenic monomer unit is

covalently bonded to the tail of another styrenic monomer unit. Such tail to tail microstructure is

common as part of the microstructure of anionic polymerizations of styrenic monomers initiated

by electron transfer mechanisms.

The term “tail to head to tail” microstructure means a polymer backbone linkage where

the head of one styrenic monomer is covalently bonded to the tail of two other styrenic

monomers. This microstructure produces an irregularity in the polymer backbone and

incorporates an undesired chemically labile (easily cleaved under certain reaction conditions)

quaternary carbon in the polymer chain.

The terms “organolithium (active) alkyl”, “active” lithium and “active organolithium

alkyl” (abbreviated as Li active) and the terms “organomagnesium (active) alkyl” and “active

organomagnesium alkyl” means the total amount of either of these organometallic compounds as

the metal alkyl charged above the amount of organolithium and/or organomagnesium compound

needed to titrate any protic reagent as well as any protic impurity species such as water, and/or

alcohol and/or a primary or secondary amine. Though we wish not to be bound by theory it is

considered to be that the molar amount of active organolithium is equal to the molar amount of

saline hydride formed on a 1:1 basis. It is also considered to be that one mole equivalent of
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active organomagnesium compound forms up to 2 equivalent moles of a saline hydride. For this

purpose the “active metal alkyl” represents lithium and/or magnesium covalently bonded alkyl

radicals wherein the bonded alkyl radical can be an aliphatic, cycloaliphatic, aromatic, allylic,

benzylic or vinylic hydrocarbon radical.

Protic when in combination with the term species, or reagent, or solvent or impurity

means a chemical species having a covalently bonded proton (H+) with a pKa below that of H2

under the conditions of the chemical processes of this invention (see Buncel, E., Menon, B J.

Am. Chem. Soc., 1977, 99, 4457: “Carbanion mechanisms. 6. Metalation of Arylmethanes by

Potassium Hydride/18-Crown-6 Ether in Tetrahydrofuran and the Acidity of Hydrogen”).

“LOXSH” means a lithium aminoalkoxide or a lithium amine-ether-alkoxide or a

lithium ether-alkoxide complexed saline hydride formed from: (i) molecular hydrogen; (ii) an

organolithium compound with or without an organomagnesium compound; (iii) optionally a

polytertiaryamine compound; (iv) a tertiary amino alcohol and/or a tertiary amino ether-alcohol

and/or a ether-alcohol; (v) an optional solid alkali or alkaline earth metal hydride or an alkali

metal or alkali metal alloy (vi) optionally an aromatic hydrocarbon having at least one C-H

covalent bond pKa within the range of 2.75 pKa units above that of the pKa of toluene to -4.30

pKa units below the pKa of toluene; and in (vii) a hydrocarbon solvent with a pKa greater than H2;

wherein the aromatic hydrocarbon and hydrocarbon solvent may be the same or different (see:

Daasbjerg, K, Acta Chemica Scandinavica, 1995, 49, 878: “Estimation of the pKa for some

Hydrocarbons and Aldehydes and Solvantion Energies of the Corresponding Anions”).

LOXLiH is a term denoting the monometallic form of LOXSH where the

catalyst/reagent is formed with lithium reagents as the only metal reagents. LOXKH is term

denoting a bimetallic catalyst comprised of lithium and potassium wherein a portion of the active

saline hydride is potassium hydride. LOXMgH2 is term denoting a bimetallic catalyst comprised

of lithium and magnesium wherein a portion of the active saline hydride is a magnesium hydride.

 [DMEA‾]xLiyHz represents chemical formulae for catalyst or reagent component 

compositions of hydrocarbon soluble lithium aminoalkoxide complexed lithium hydride formed

from: (i) molecular hydrogen; (ii) about y equivalents organolithium compound; (iii) optionally

TMEDA; (iv) about x equivalents of dimethylaminoethanol; (v) optionally ethylbenzene; and in
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(vii) a hydrocarbon solvent with a pKa greater than H2; wherein the hydrocarbon solvent may be

ethylbenzene or different (see: Daasbjerg, K, Acta Chemica Scandinavica, 1995, 49, 878:

“Estimation of the pKa for some Hydrocarbons and Aldehydes and Solvantion Energies of the

Corresponding Anions”); wherein the index values x, y and z are positive real numbers where the

equivalents of hydride formed is z, wherein z = y – x and wherein for the stoichiometric ratio

x:y:z; a) y is in the range of about 2 to about 6;: b) x is in the range of about 1 to about 5; and

thus z is in the range of about 5 to about 1.  A preferred compositions of [DMEA‾]xLiyHz is a 

catalyst composition where the stoichiometric ratio x:y:z is 2:3:1 [DMEA‾]2Li3H or where

[DMEA‾]4Li6H2 or [DMEA‾]6Li9H3 or any higher number multiple of x = 2, y = 3 and z = 1.

The term “molecular hydrogen” means H2 as 1H2 but can also include the isotopes of

hydrogen 2H2 or 3H2 either as mixtures of the isotopes or enriched in a particular isotope whether

in the gas state in the vapor space or dissolved in the condensed phase.

The term “alkali metal alloy” means a metal alloy of at least two metals wherein at least

one of which is an alkali metal however such an alkali metal alloy can be comprised of two alkali

metals such as NaK or NaK2 and may have such alkali metals dissolved or in some physical

combination with the alloy.

The term “and/or” means singular or a combination. For example, “A and/or B” means

“A” alone, “B” alone, or a combination of A and B.

The term “with or without” means singular or in combination. For example A with or

without B means “A” alone or a combination of A and B.

The terms “about x equivalents”, “about y equivalents” “about z equivalents” and the

like mean ± 50%, or ± 30% or ±20%, or ±10%, or ± 5% from stoichiometric equivalents with the

stipulation that the amount x is always less than the total amount of active y (i.e. “active

organolithium reagent, a.k.a. active lithium) and thereby the amount z is a positive real number

greater than but not equal to zero.

The term “organolithium compound” means an organic group bonded to a lithium

atom. Non-limiting examples of organic groups may be aliphatic (e.g., an alkyl group),
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cycloaliphatic (e.g., cycloalkyl), vinyl group, allylic group, benzylic group, an aromatic group

(e.g., phenyl) or a poly(styryl)lithium.

The term “organomagnesium compound” means an organic group bonded to a

magnesium atom. Non-limiting examples of organic groups may be aliphatic (e.g., an alkyl

group), cycloaliphatic (e.g., cycloalkyl), vinyl group, allylic group, benzylic group, an aromatic

group (e.g., phenyl) or a poly(styryl)magnesium. Preferred organomagnesium compounds are

organomagnesium compounds with two organic groups.

The “term polytertiaryamine (PTA) promotor” means a compound containing at least

two tertiary amine groups that promotes or activates the formation of the hydride catalyst during

the HMSHIP process. Non-limiting generic formulae would include:

R' N R"

R3

N

R4

R5N

R1

R2

n

N N R2R1

n
R' N R4

R3

N

R1

R2

2 3 4

where R’ and R” are independently organic groups capable of forming bonds with two or more

amines and R1, R2 , R3 , R4 , and R5 are independently organic groups which may also be further

substituted by other tertiary amines, and the index value n is independently a whole number

equal to or greater than 0 (i.e. n = 0, 1, 2, 3…). It should be understood that when n = 0 than the

group within the parentheses does not exist and the structure is intended to mean that the

chemical bond is between the two groups that intersect the two sides of the parentheses. Thus

polyteriary amine structure 2 becomes structure 4 when n = 0.

The term “polarizing complexing agent” is a general term for the neutral alcohol used

in forming the catalyst of this invention such as a tertiary amino alcohol, a tertiary amino ether-

alcohol or a ether-alcohol.

The terms “alkali or alkaline earth aminoalkoxide”, “alkali or alkaline earth amino

ether-alkoxide” and “alkali or alkaline earth ether-alkoxide” are alkoxides formed from the

tertiary amino alcohol or a tertiary amino ether-alcohol or a ether-alcohol, respectively and an
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alkali metal, and/or alkali or alkaline earth metal hydride, and/or alkali or alkaline earth metal

amide or and/or alkali or alkaline earth metal alkyl. The tertiary amino alcohols or tertiary

amino ether-alcohols or a ether-alcohols can be represented by, but not limited to, the following

generic structures:

R OHR
1

R OHROH

OH

R R R
1

R
1

5 6 7



OH

n



N

R

OH n



R
1

OH

OH



R
1

8 9 10 11

where R is an organic group capable of forming bonds with one or more tertiary amines and one

hydroxyl, R1 is independently an organic group which may also be further substituted by other

tertiary amines, can include: i) O or NR1 for 5, 6, 7, 8, 9 and 10; and ii) O or NR1 or CH2 for

11; and the index value n is independently a whole number equal to or greater than 0 (i.e. n = 0,

1, 2, 3…). It should be understood that when n = 0 than the group within the parentheses does

not exist and the structure is intended to mean that the chemical bond is between the two groups

or atoms that interconnect the two sides of the parentheses. Preferred aminoalcohols included

dimethylaminoethanol, diethylaminoethanol, 3-Dimethylamino-1-propanol, N-methyl-

deiethanolamine. tri-ethanolamine, 2-[2-(dimethylamino)ethoxy]ethanol, 1-(2-

hydroxyethyl)piperidine, 1-(2-hydroxyethyl)morpholine, 1-(2-hydroxyethyl)pyrolidine, 1-

methyl-2-pyrolidinemethanol and the like.

It is preferred that the tertiary amino alcohols or tertiary amino ether-alcohols or ether-

alcohols do not undergo additional metalation reactions other than the reaction to form the

alkoxide. Thus not all tertiary amino alcohols or tertiary amino ether-alcohols or ether-alcohols
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are suitable for use in forming some catalyst compositions, especially compositions formed with

an excess amount of certain organolithium compounds – in particular alkyllithium reagents. An

excess amount means a molar quantity greater than the molar quantity of the alcohol moiety of

the tertiary amino alcohols or tertiary amino ether-alcohols or a ether-alcohols used to form the

catalyst. Additionally the tertiary amino alkoxide or tertiary amino ether-alkoxide or ether-

alkoxide should serve as solubilizing spectator ligand. That means that other than to function as

activating polarizing complexing agent that imparts solubility to the saline hydride of the catalyst

composition and contributes to the activation and formation of the saline hydride during the

HMSHIP process. Thus the polarizing ligand is otherwise inert and does not participate in the

polymerization process nor participate in catalyst degradation reactions. It is undesirable to

incorporate the tertiary amino alcohols or tertiary amino ether-alcohols or ether-alcohols

degradation products of such ligands or in the polymer structure or product distribution.

BRIEF DESCRIPTION OF THE DRAWINGS

1. Figure 1 is drawing explaining the chemical reaction pathway leading to isomerization

and further polymerization of a living (meaning ionized) anionic styrene trimer or styrene trimer

equivalent (i.e. ethylbenzene combined with two styrene monomers) to form and undesired

quaternary “tail to head to tail” microstructure.

2. Figure 2 is a drawing explaining the chemical reaction pathway that entails fragmentation

of an isomerized living (meaning ionized or as the poly(styryl) anion or alkyl) anionic styrene

trimer or styrene trimer equivalent with subsequent polymerization to form polymer chains

having formula weights given by the equations: FWi = [i(104) + 2 – 14] Daltons as well as a

discrete oligomer with FWi = [i(104) + 2 + 14] Daltons.

3. Figure 3 is a gas chromatogram with structural assignments of the desired high purity

“head to tail” styrene oligomers obtained from a of polystyrene composition of this invention

formed from a LOXLiH catalyst of this invention employing a hydrogen mediated saline hydride

initiated polymerization process of this invention.

4. Figure 4 is a gas chromatogram of styrene oligomers obtained from a polystyrene

composition of this invention formed from another LOXLiH catalyst of this invention employing

a hydrogen mediated saline hydride initiated polymerization process of this invention.
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5. Figure 5 is a gas chromatogram with structural assignments of styrene oligomers obtained

from a polystyrene composition formed from a HASH catalyst employing a hydrogen mediated

saline hydride initiated polymerization process of this invention.

6. Figure 6 is a gas chromatogram with structural assignments of styrene oligomers obtained

from a polystyrene composition formed from a LOXKH catalyst employing a hydrogen mediated

saline hydride initiated polymerization process of this invention.

7. Figure 7 is a gas chromatogram with structural assignments of styrene oligomers obtained

from a polystyrene composition formed from a SASH catalyst employing a hydrogen mediated

saline hydride initiated polymerization process of this invention.

8. Figure 8 is a gas chromatogram with structural assignments of the trace quantities of

“head to tail” styrene oligomers initiated by unreduced butylmagnesium as well as the high

purity “head to tail” styrene oligomers obtained from a of polystyrene composition of this

invention formed from a LOXMgH2 catalyst of this invention employing a hydrogen mediated

saline hydride initiated polymerization process of this invention.

9. Figure 9 is a gas chromatogram with structural assignments of a comparative ACTVAP

composition of WO2008154453 formed from n-propylbenzene and styrene under a nitrogen

atmosphere provided as a standard for comparison.

10. Figure 10 is a gas chromatogram with structural assignments of a comparative ACTSP

composition of WO2008154453 formed from toluene and styrene under a nitrogen atmosphere

provided as a standard for comparison to identify the FWi = [i(104) + 2 - 14] (where i = 2-6)

Daltons that form from the undesired fragmentation polymerization process.

11. Figure 11 is a gas chromatogram with structural assignments of a comparative mono-

adduct of -methylstyrene to ethylbenzene provided as a standard for comparison to identify the

FWi = [i(104) + 2 + 14] (where i = 2) Daltons that form from the undesired fragmentation

polymerization process that results in the in situ formation subsequent incorporation of-

methylstyrene.

12. Figure 12 is a gas chromatogram of oligomers obtained from the ethylbenzene chain

transfer polymerization of styrene process technology of EPO 741147 demonstrating the

undesired levels of polymer microstructures arising from isomerization and fragmentation

polymerization reactions characteristic of the catalyst and processes of that technology.
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13. Figure 13 is a gas chromatogram of oligomers obtained from the ethylbenzene (2 mole

parts) chain transfer polymerization of styrene (1 mole part) process technology of

WO2008154453 demonstrating the undesired levels of polymer microstructures arising from

isomerization and fragmentation polymerization reactions characteristic of the catalyst and

processes of that technology when ethylbenzene is the chain transfer agent.

14. Figure 14 is a gas chromatogram of oligomers obtained from the ethylbenzene (1 mole

part) chain transfer polymerization of styrene (2 mole parts) process technology of

WO2008154453 demonstrating the undesired levels of polymer microstructures arising from

isomerization and fragmentation polymerization reactions characteristic of the catalyst and

processes of that technology when ethylbenzene is the chain transfer agent.

15. Figure 15 is a gas chromatogram of styrene oligomers obtained from a polystyrene

composition of this invention formed from another LOXLiH catalyst

[DMEA‾]xLiyHz•2TMEDA (wherein x:y:z is about 3:2:1) of this invention employing a 

Hydrogen Mediated Anionic Styrene Polymerization (HMAPS) process of this invention

conductd at about 80°C demonstrating 99.94% Head to Tail microstructure.

16. Figure 16 is a gas chromatogram of styrene oligomers obtained from a polystyrene

composition of this invention formed from another LOXLiH catalyst [DMEA‾]xLiyHz (wherein 

x:y:z is about 3:2:1) of this invention employing a Hydrogen Mediated Anionic Styrene

Polymerization (HMAPS) process of this invention conducted at about 80°C demonstrating

99.97% Head to Tail microstructure.

17. Figure 17 is a gas chromatogram of styrene oligomers obtained from a polystyrene

composition of this invention formed from another LOXLiH catalyst [DMEA‾]xLiyHz (wherein 

x:y:z is about 3:2:1) of this invention employing a Hydrogen Mediated Anionic Styrene

Polymerization (HMAPS) process of this invention conducted at about 90°C demonstrating

99.93% Head to Tail microstructure.

DESCRIPTION

The present invention relates a process of conducting hydrogen mediated saline hydride

initiated polymerizations (HMSHIP) of anionically polymerizable hydrocarbon monomers,

catalyst compositions for conducting such a process and under certain preferred conditions the

formation of novel and beneficial low molecular weight anionic chain transfer polymer

distributions of very pure “head to tail” microstructure. The process features feeding at least one
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anionically polymerizable hydrocarbon monomer to a suitable solvent containing an active and

generally soluble saline hydride catalyst under an atmosphere comprising molecular hydrogen

wherein chain transfer from molecular hydrogen is a significant component of the mechanism

that determines the kinetic chain length () distribution and hence the number average molecular

weight (Mn) of the resulting product distribution.

One embodiment of the present invention relates to a process for hydrogen mediated anionic

polymerization of vinyl aromatic monomers such as styrenic monomers such as styrene using a

hydrocarbon soluble LOXSH catalyst. The hydrocarbon soluble LOXSH catalyst is formed from

a reaction medium comprising (i) an organolithium compound with or without an

organomagnesium compound; (ii) an optional polytertiaryamine promotor compound; (iii) a

polarizing complexing agent selected from a tertiary amino alcohol, a tertiary amino ether-

alcohol an ether-alcohol or combinations thereof; (iv) optionally an aromatic hydrocarbon having

at least one C-H covalent bond pKa within the range of 2.75 pKa units above that of the pKa of

toluene to -4.30 pKa units below the pKa of toluene; (v) an optional solid alkali or alkaline earth

metal hydride or an alkali metal or alkali metal alloy or a alkali or alkaline earth amide; (vi) a

hydrocarbon solvent having a pKa greater than H2 wherein the aromatic hydrocarbon and

hydrocarbon solvent may be the same or different; and (vii) molecular hydrogen. The product

distribution formed from such a process when the monomer is solely styrene hereinafter

designated LOXSH PS distribution. More specifically when the catalyst is a monometallic

catalyst comprised solely of lithium as the metal, that catalyst is designated as LOXLiH and the

resulting anionic chain transfer styrene polymer distribution is a LOXLiH PS. However when

the catalyst is bimetallic catalyst comprised of lithium and potassium that catalyst is designated

as LOXKH and the resulting anionic chain transfer styrene polymer distribution is a LOXKH PS.

Likewise when the catalyst is bimetallic catalyst comprised of lithium and magnesium that

catalyst is designated as LOXMgH2 and the resulting anionic chain transfer styrene polymer

distribution is a LOXMgH2 PS.

In the practice of the invention the LOXSH catalyst can be optionally formed in a

variety of methods which are not limited by but include:

A. forming a well-mixed and reacted solution or suspension comprised of (i), optionally (ii),

(iii), optionally (iv) and optionally (v) in (vi) under an inert atmosphere and then
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converted to LOXSH by: 1) feeding a portion of the monomer to the thus formed “ate”

complex; and then 2) replacing or otherwise displacing the inert atmosphere with H2; or

B. forming a well-mixed and reacted solution or suspension comprised of (i), optionally (ii),

(iii), optionally (iv) and optionally (v) in (vi) under an inert atmosphere to form a

precursor “ate” complex which is then converted to LOXSH by replacing or otherwise

displacing the inert atmosphere with hydrogen; or

C. forming a well-mixed and reacted solution or suspension comprised of a portion of (i)

with optionally (ii), (iii), the desired amount of (iv) and optionally (v) in (vi) in an

external reactor, transferring said solution to the polymerization reactor under hydrogen

and then charging the balance of (i); or

D. forming a well-mixed and reacted solution or suspension comprised of optionally (ii),

(iii), optionally (iv) and optionally (v) in (vi) under a hydrogen atmosphere; feeding a

portion of the monomer then feeding (i) all at once; or

E. forming a well-mixed and reacted solution or suspension comprised of optionally (ii),

(iii), optionally (iv) and optionally (v) in (vi) under a hydrogen atmosphere then feeding

(i) over a period greater than about 3 minutes then optionally or when necessary feeding

monomer; or

F. forming a well-mixed and reacted solution or suspension comprised of (iii), optionally

(iv) and optionally (v) in (vi) under a hydrogen atmosphere then feeding (i) over a period

greater than about 3 minutes followed by the addition of desired amount of (ii) then

optionally or when necessary feeding monomer.

It has been found that the LOXLiH and LOXMgH2 catalyst/reagent is conveniently

prepared in a very active and soluble form according to methods E and F under a hydrogen

atmosphere of 1.0 to 2.0 atmospheres H2 pressure though higher or lower H2 pressures can be

employed. However the LOXMgH2 catalyst was not reduced to the hydride or at least was not

completely reduced to the hydride by hydrogen until the monomer styrene was introduced.

Introduction of styrene forms a poly(styryl)magnesium reagent that is completely reduced to the

hydride during the hydrogen mediated chain transfer polymerization. Thus for the LOXMgH2

may require the presence of a vinyl aromatic monomer in order to completely form the catalyst

in such cases feeding monomer is necessary and not optional.
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The initial temperatures of about -5°C to about 40°C have been employed as set forth in

the Examples below in forming the LOXLiH and LOXMgH2 catalysts and or reagents of this

invention. Lower or higher initial temperatures can be used to form the catalyst especially when

using an aminoalkoxide. Thus the organolithium (n-butyllithium) and or the organomagnesium

(di-n-butylmagnesisum) compound (i) is then fed slowly to the well stirred reaction mixture

comprising dissolved H2, (ii), (iii), in (vi) using a modest backpressure across a metering needle

valve. Initially a heat kick ensues and the reactor pressure will rise if the organolithium and/or

organomagnesium compounds produce light hydrocarbons such as butane during the catalyst

forming process. Subsequently the temperature has been observed to continue to rise however

the reactor pressure will generally drop below the initial pressure or remain constant as hydrogen

is consumed in the catalyst forming process. When the initial pressure is 0 PSIG then a negative

pressure or slight vacuum is or can be created in the reactor. In most cases, under the conditions

set forth in the Examples the H2 pressure will usually drop during the feed of the organolithium

reagent. However in some Examples when temperatures below 15°C and or when an

organomagnesium reagent is used, the reactor pressure does not appear to drop during the

introduction of the organometallic reagent. Instead reduction to the hydride occurs while

warming the reaction mixture to the desired reaction temperature. In the case of LOXMgH2

catalyst, hydrogen uptake did not appear to be significant until the monomer styrene was

introduced at the reaction temperature of 70°C or above. Mass Spec analyses of the lowest

molecular weight oligomers obtained from a LOXMgH2 run demonstrated the presence of trace

levels of oligomers that had been initiated with a butyl group; this has not been observed in any

of the other catalyst systems free of magnesium. To facilitate reduction of the LOXSH catalyst

upon forming the catalyst reaction mixture hydrogen is further charged to the reactor such that

the reactor pressure will be from 40 to 70 PSIG once the reaction mixture has warmed to the

desired initial polymerization reaction temperature, though higher pressures can and have been

employed.

In forming the catalyst compositions of this invention: LOXSH; LOXLiH; LOXMgH2;

or reagent producible by this invention hydrogen pressures from 0.1 bar to greater than 300 bar

can be used. The preferred H2 pressure is in the range of from 0.25 bar to 10.00 bar and a more

preferred range is from 0.5 bar to 7.0 bar and the most preferred range is from 0.75 bar to about

5.0 bar. It has not escaped our attention that pressures as high as 100 G Pascals could in theory
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and perhaps in fact produce polyhydride compositions from the catalyst and reagents of this

invention and hence the application of such pressures and formation of such products are within

the scope of this invention.

It is to be noted that commercially available organomagnesium compounds may contain

about 0.12 to 0.25 wt% triethylaluminum (TEA) as an additive to the reagent which is usually

supplied in heptanes. Because such organoaluminum reagents can have a retarding effect on

anionic polymerization reactions, it is desired that the ratio of lithium metal to aluminum metal

be greater than 50.0:1.0 and preferably greater than 101.0:1.0. As is depicted in Figure 8 there

was no evidence of initiation by or participation of TEA in the HMSHIP process of the

LOXMgH2 runs made. Thus by analogy other organometallic reagents such as organoaluminum,

and or organoberyllium, and or organoboron agents can be present in the reaction mixture so

long as the added reagent does not retard the HMSHIP process to the point that hydride addition

to monomer is inhibited and/or that hydrogen chain transfer to the growing polymer chain is

arrested or otherwise substantially interfered with and consequently form a distribution of

undesired molecular weight parameters.

Non-limiting preferred examples of organolithium compounds suitable for forming the

LOXSH catalysts are n-butyllithium, sec-butyllithium, t-butyllithium, allyllithium, vinyllithium,

phenyllithium, 1-hexyl-1-phenyllithium, 1-hexyl-1,1-diphenyllithium, cyclohexyllithium, and

poly(styryl)lithium compounds which can be added or generated in situ.

Non-limiting preferred examples of organomagnesium compounds suitable for forming

LOXMgH2 catalysts are butylethylmagnesium (BEM), di-n-butylmagnesium (DBM), n-butyl-n-

octylmagnesium, di-n-octylmagnesium, di-cyclohexylmagnesium, and poly(styryl)magnesium

compounds. A comprehensive list of potential organomagnesium compounds is provided in US

Patent 3,817,955.

In forming a LOXMgH2 catalyst it is possible to pre-form an “ate” complex having the

stioichiometry R3MgLi or R4MgLi2 where the group R is independently an alkyl, vinyl,

cycloalkyl, poly(styry), phenyl selected from but not limited by any combination of the

organolithium with an organomagnesium recited above.
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Non-limiting alkali or alkaline earth aminoalkoxide, alkali or alkaline earth amino

ether-alkoxide and alkali or alkaline earth ether-alkoxide (designated as [PCA-]M+ or as

[PCA-]2M2+ for alkali and alkaline earth alkoxides respectively) formed in the process of forming

a LOXSH catalysts are formed from the generic structures of suitable polarizing complexing

agents [PCAH] hereinabove. It should be clear that the [PCA-]M+ and/or as [PCA-]2M2+ formed

can be formed in situ when forming the LOXSH catalysts and/or they can be formed well in

advance and charged to the catalyst forming reactor as the alkali or alkaline earth aminoalkoxide,

alkali or alkaline earth amino ether-alkoxide and alkali or alkaline earth ether-alkoxide. Thus

any alkali or alkaline earth reagent capable of forming either [PCA-]M+ and/or as [PCA-]2M2+

from a PCAH and/or a [PCA-] precursor (e.g. an appropriate N,N-dialkylaminoacid suitably

reduced) can be employed in the practice of this invention and accordingly is within the scope of

this invention. As is demonstrated in Examples 25-27 the [PCA-] component of a catalyst

composition can be formed in advance and subsequently charged during the catalyst forming

reaction. Thus reagents such as solid alkali and alkali metal hydrides, alkali metal and alkali

metal alloys, alkali metal and alkaline earth alkyls, alkali metal and/or alkaline earth amides

(saline metal amides) can be used in the practice of this invention to react with a PCAH and/or a

[PCA-] precursor to form the [PCA-] that comprises the catalysts and reagents of this invention.

Said formation of the [PCA-]M+ and/or as [PCA-]2M2+ can be conducted either; (a) in situ in the

catalyst forming reactor well in advance of catalyst formation and/or during catalyst formation;

and/or (b) in an external reactor associated with the catalyst forming reactor or completely

separate from the catalyst forming reactor. It should be noted however that use of a saline metal

amide could potentially result in the incorporation of an amine functionality in the polymer

compositions of this invention and in some applications is not desired. Additionally, the use of a

complexed metal hydride such as LiAH4 to form a [PCA-]Li+ could require separation of the

[PCA-]Li+ thus formed from the aluminum co-product of such a reaction.

Examples 28 and 29 hereinafter demonstrate that the amino ether-alkoxides can under

certain conditions degrade or decompose when formed or during the course of a LOXLiH

catalyzed HMSHIP process. Example 30 demonstrates that under certain process conditions the

LOXLiH catalyst formed from an ether-alkoxide formed from 2-methoxyethanol and an

organolithium compound does not sufficiently activate the hydrogen chain transfer process.

Thus the preferred polarizing complexing agents especially for a LOXLiH process are the
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aminoalkoxides. It is to be understood however that the amino ether-alkoxides may be well

suited for LOXSH bimetallic catalyst low in LiH activity. Likewise conditions or processes

where the LOXLiH catalyst formed from 2-methoxyethanol is more suitable or more active can

likely be found by through the practice of this invention.

There are many chiral tertiary aminoalcohols available that can be synthesized by

reduction and further synthetic elaboration of chiral amino acids for example so a list of suitable

aminoalcohols can be endless. Any advantage that the use of such chiral tertiary amino alcohols

may provide in terms of selectivity, tacticity or stereo regularity is well within the scope of this

invention. Nonetheless, the less complex tertiary aminoalcohols which may be prepared by the

simple reaction of an amine with reactive cyclic ethers such as ethylene oxide or other epoxides

are preferred. Non-limiting examples of such tertiary aminoalcohols that are readily available

include: dimethylaminoethanol, diethylaminoethanol, N-methyl-diethanolamine, 3-

dimethylamino-1-propanol, 2-[2-(dimethylamino)ethoxy]ethanol, 1-(2-hydroxyethyl)piperidine,

1-(2-hydroxyethyl)morpholine, 1-(2-hydroxyethyl)pyrolidine, 1-methyl-2-pyrolidinemethanol

and the like.

Non-limiting examples of poly(tertiary amine) promotors useful in LOXSH catalysts

include di(tertiary amine) ligands derived from propylene diamine, di(tertiary amine) ligands

derived from ethylene diamine or from polyethylene imine. Preferred examples include

N,N,N’,N’-tetramethylethylenediamine (TMEDA), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA), sparteine, isosparteine, and 1,4-methylpiperazine wherein TMEDA is most

preferred. The most preferred poly(tertiary amine) promotor ligands are the most volatile and/or

the most water and/or acid soluble compounds thus TMEDA is preferred. The presence of the

polytertiaryamine promotor compound appears to facilitate formation of the LOXSH

catalyst/reagent. A LOXSH process can be conducted in the absence of the polytertiaryamine

promotor however the presence of the polytertiaryamine promotor in some Examples provided

LOXSH PS distributions of lower asymmetry and in increased yields at reduced monomer feed

rates and at reduced hydrogen pressure.

The preferred aromatic hydrocarbon which may be used is any aromatic hydrocarbon

having a pKa relative to toluene ± 2.75 pKa units however it is conceivable that an aromatic

hydrocarbon such as diphenylmethane with a pKa of 4.32 units less than toluene can be
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employed so long as: 1) the incorporation of diphenylmethane moiety in the polymer

microstructure does not affect the ultimate end use; and/or 2) the pKa of such hydrocarbons are

sufficiently above that of H2 under the reaction conditions so as to not interfere with the

hydrogen mediated chain transfer mechanism. Non-limiting examples of aromatic hydrocarbons

that may be used are benzene, toluene, mesitylene, ethylbenzene, n-propylbenzene, n-

butylbenzene, iso-butylbenzne, amylbenzene, 1,2-diarylethanes, 1,3-diarylpropanes, cumene, t-

butylbenzene, a 1-alkyl naphthalene, 2-alylnaphthalene or a styrene dimer or low molecular

weight oligomer distribution (styrene dimers, trimers, tetramers and pentamers). Though the use

of such aromatic hydrocarbons is optional, their use is preferred in that it is believed their

presence diminishes or preempts or otherwise mitigates the undesired attack of the organolithium

more specifically an alkyllithium reagent on the polytertiaryamine promotor. LOXSH catalysts

can mitigate or inhibit the attack of the organolithium reagent on the alkali or alkaline earth

aminoalkoxide, alkali or alkaline earth amino ether-alkoxide and “alkali or alkaline earth ether-

alkoxide comprising the said catalyst. Hydrocarbons that are easily removed from the product

distribution by distillation or by polymer precipitation are preferred. The most preferred

aromatic hydrocarbon for HMSHIP process utilizing styrene is ethylbenzene.

The hydrocarbon solvent which may be used in any hydrocarbon having a pKa greater

than molecular hydrogen (H2) under the reaction conditions. Non-limiting examples of such

preferred solvents are cyclohexane, methyl cyclohexane, and the aromatic hydrocarbons listed

above. Other hydrocarbon solvents can be used as long as their use does not affect the solubility

of the saline hydride catalyst, reactive intermediates, transient living polymer chains and the

polymer chain distribution product.

The aromatic hydrocarbon and the aromatic solvent may be the same or different. This

means that the aromatic hydrocarbon can act as both the aromatic hydrocarbon and the solvent.

For example, ethylbenzene is a preferred component in the polymerization of styrene and can be

used as both the aromatic hydrocarbon and the solvent. In this case, for a LOXSH process

components (iv) and (vi) would merge into one component (or limitation) and be the same.

Likewise, they can be different. For example, the aromatic hydrocarbon may be ethylbenzene

and the hydrocarbon may be cyclohexane. Thus components (iv) and (vi) would be different.
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Furthermore, component (iv) may be optional if no aromatic hydrocarbon is used and, for

example, cyclohexane is used as component (vi).

The partial pressure of hydrogen in the above LOXSH catalysts forming process is

maintained at pressures between about 0.001 to about 10.0 Bar, or about 0.3 to about 6.8 Bar, or

about 0.5 to about 5.2 Bar or about 1.0 to about 4.2 Bar.

In forming a monometallic LOXLiH catalyst from a tertiaryaminoalcohol and an

organolithium compound the ratio of tertiaryaminoalcohol to organolithium can vary widely. It

should be understood however, in order to form a lithium hydride species, a molar excess of the

organolithium compound over the molar equivalent amount of tertiaryaminoalcohol must be

used such that a lithium-carbon bond is available for reduction to the lithium hydride species. It

is conceivable to employ charge ratios of 40 moles of tertiaryaminoalcohol per 41 moles of

organolithium reagent; however such charge ratios are a waste of expensive reagents. Preferred

charge ratios (tertiaryaminoalcohol:organolithium) is in the range of from (1.00:1.05) to about

(1:6), a more preferred range is from (1.00:1.10) to about (1:5); an even more preferred range is

from (1.0:1.2) to about (1:4); and the most preferred range is from (1.00:1.40) to about (1:3).

Though we wish not to be bound by theory the results set forth in the Examples 33 and

34 below indicate that a (1:1.5) – i.e. (2:3) charge ratio of N,N-dimethylaminoethanol (DMEAH)

to n-butyllithium with concurrent or subsequent reduction with hydrogen to form the hydride

provides a di-hydride catalyst with the formula [DMEA‾]4Li6H2 where only one of the two

hydrides initiate polymerization of styrene under a cyclohexane atmosphere. Similarly the

Examples 35 and 36 indicate that a 1:2 ratio of DMEAH to n-butyllithium provides tetra-hydride

catalyst with the formula [DMEA‾]4Li8H4 where only one of the four hydrides initiate

polymerization of styrene under a hydrogen atmosphere. Likewise a (1:3) charge ratio as used in

Example 37) produced a soluble hydride catalyst with the formula [DMEA‾]2Li6H4 where only

approximately 1 in 9 hydrides initiated polymerization of styrene in a cyclohexane atmosphere.

thus this preferred catalyst composition in theory includes a mixture of aggregates having the

empirical formulae [DMEA‾]4Li12H8 in combination with [DMEA‾]5Li15H10 wherein both

catalyst only one hydride is available for initiation of styrene polymerization in the absence of

additional molecular hydrogen., A Most preferred catalyst composition is comprised of catalyst

aggregates having the overall empirical formula: (a) [DMEA‾]5Li12H7; and/or (b)
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[DMEA‾]2Li5H3 where the ratio of (tertiaryaminoalcohol:organolithium) is in the range of from

(1:2.4) to (1:2.5). The same preferred ranges apply in forming soluble lithium hydride

complexes, catalyst and reagents from tertiary amino ether-alcohols and/or ether-alcohols.

It should be noted that it is believed that the LOXLiH catalyst when formed under

hydrogen exist as aggregates which under certain stoichiometry exist as well defined species of a

fixed molecular weight while other stoichiometry or charge ratios provide catalyst that are not

well defined but exists as mixtures of non-uniform aggregates. It is further believed that the

presence of a polytertiaryamine promotor can additionally either stabilize certain aggregates or

help to break up other less uniform mixtures of larger aggregates into smaller more active

aggregates. Thus the activity of a catalyst system can vary greatly, but as a whole this class of

catalyst is relatively poor at initiation of living anionic polymerization. That is to say as

initiators the LOXLiH reagents in a H2 free atmosphere are relatively inefficient with regard to

the availability of the hydride for initiation (EffCT < 1.0 and is in the range of EffCT = 0.1 to EffCT

= 0.67). Thus it remains extraordinarily surprising that these same catalyst so efficiently initiate

and catalyze the hydrogen mediated anionic chain transfer polymerizations of the present

inventions with the %EffCT = 1000% to 16000% with the lower values – values closer to 1000%

– only resulting from intentional limiting use of the monomer.

The hydrocarbon soluble LOXSH catalyst may have the following empirical chemical

formulas:  a) [PCA‾]4Li6H2; b) [PCA‾]4Li8H4; c) [PCA‾]2Li6H4; d) [PCA‾]4Li12H8; e)

[PCA‾]5Li15H10; f) [PCA‾]5Li12H7; g) [PCA‾]2Li5H3; h) [PCA‾]4Li4MgH2; i) [PCA‾]4Li4Mg2H4; j)

[PCA‾]2Li4MgH4; k) [PCA‾]4Li6Mg3H8; l) [PCA‾]5Li9Mg3H10; m) [PCA‾]5Li6Mg3H7; n)

[PCA‾]2Li3MgH3; o) [PCA‾]4Li5KH2 ; p) [PCA‾]4Li7KH4; and q) [PCA‾]2Li5KH4, and wherein

said empirical formula can optionally further comprise a PTA promoter ligand complex in a

molar ratio of total alkali and alkali earth metal to PTA from about 10,000 to 1.0 to about 1.0 to

about 8.0.  The preferred [PCA‾] are [DMEA‾], [DMAEOE‾] or [MEOE‾].    

In forming the bimetallic Group I alkali metal LOXSH catalyst the ratio of

tertiaryaminoalcohol to total alkali metal (tertiaryaminoalcohol:alkali) is in the range of range of

from (1.00:1.05) to about (1:6), a more preferred range is from (1.00:1.10) to about (1:5); an

even more preferred range is from (1.0:1.2) to about (1:4); and the most preferred range is from

(1.00:1.40) to about (1:3). And the ratio of lithium to alkali metal excluding lithium (Li:Na
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and/or Li:K and/or Li:Cs etc.) is from (10,000:1) to (1:2), the preferred ratio are in the range of

(34:1) to (2:1), and most preferred are (17:1) to (3:1). It is to be understood that in this

connection a charge ratio of (10,000:1) can represent the unintended presence of alkali metal,

potassium in particular, in even trace quantities due to an amount left in the reactor or charge

lines or tanks from previous runs where the alkali metal was intentionally charged. Potassium

and other alkali metal based bimetallic lithium catalysts have a tendency to deposit trace levels

of catalyst or catalyst by-products on reactor walls such trace levels have been found to

negatively impact the otherwise highly selective microstructure delivered by a pure LOXLiH

catalyst system during the hydrogen mediated saline hydride initiate polymerization of styrene.

Bimetallic lithium with sodium and/or with potassium and/or with cesium bimetallic

complex LOXSH catalyst with the empirical chemical formulae: a) [DMEA‾]4Na4Li4H4; b)

[DMEA‾]6Na4Li4H2); c) [DMEA‾]6Na4Li6H4; d) [DMEA‾]4K4Li4H4; e) [DMEA‾]6K4Li4H2); f)

[DMEA‾]6K4Li6H4 ; g) [DMEA‾]4Cs4Li4H4; h) [DMEA‾]6Cs4Li4H2); and i) [DMEA‾]6Cs4Li6H4

are producible from this invention. Additionally such bimetallic LOXSH catalyst formulations

in combination with the monometallic LOXLiH catalyst formulations from above are within the

scope of the invention.

In forming the magnesium hydride based bimetallic Group II alkaline earth complex

with lithium, the LOXMgH2 catalyst, the ratio of (tertiaryaminoalcohol:total-metal-equivalents)

where lithium provides one equivalent and magnesium provides 2, is in the range from

(1.00:1.05) to about (1:6), a more preferred range is from (1.00:1.10) to about (1:5); an even

more preferred range is from (1.0:1.2) to about (1:4); and the most preferred range is from

(1.00:1.40) to about (1:3). Thus a catalyst composition with the empirical formula

[DMEA‾]4Li4MgH2 (4 moles DMEAH to 5 total moles of metal is thus (4:6 or 1.0:1.5

DMEAH:total-metal-equivalents) and is preferred. Likewise catalysts with the empirical

formulae: a) [DMEA‾]4Li4Mg2H4 (1:2 DMEAH:total-metal-equivalents); b) [DMEA‾]6Li4Mg2H2

(1.00:1.33 DMEAH:total-metal-equivalents); and c) [DMEA‾]6Li4Mg3H4 (1.00:1.67

DMEAH:total-metal-equivalents); alone or in combination with a LOXLiH or LOXSH catalyst

formulation from above are within the scope of the invention. The same preferred ranges in

forming soluble bimetallic lithium magnesium hydride complexes, catalyst and reagents from

tertiary amino ether-alcohols and/or ether-alcohols can be used. The same preferred ranges can
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be applied to form soluble bimetallic lithium calcium hydride complexes, catalyst and reagents

from tertiaryaminoalcohols and/or tertiary amino ether-alcohols and/or ether-alcohols.

The invention further relates to a hydrocarbon soluble catalyst or reagent composition

formed from reagents comprising a solid alkali hydride, an alkali metal and/or an alkali metal

alloy wherein the ratio of polarizing complexing agent to total alkali metal is in the range of

range of from about 1:1.05 to about 1:6; and the molar ratio of organolithium compound to alkali

metal is from 10,000:1 to 1:2.

Another embodiment is a hydrocarbon soluble monometallic LOXLiH catalyst or

reagent composition formed from molecular hydrogen and either:

a. a polarizing complexing agent reacted to a lithium alkoxide and an organolithium

compound wherein the molar ratio of polarizing complexing agent to total alkali metal is

in the range of from about 1:1.05 to about 1:6; or

b. a polarizing complexing agent and an organolithium compound wherein the molar ratio

of polarizing complexing agent to total alkali metal is in the range of from about 1:1.05 to

about 1:6; or

c. a polarizing complexing agent; at least one of solid lithium hydride and/or lithium metal;

and an organolithium compound wherein the molar ratio of polarizing complexing agent

to total lithium is in the range of range of from about 1:1.05 to about 1:6.

Another embodiment is a hydrocarbon soluble catalyst or reagent composition

comprising a magnesium hydride alkaline earth metal LOXMgH2 catalyst or reagent formed

from molecular hydrogen and either:

a. a polarizing complexing agent reacted to form a lithium and/or magnesium alkoxide; an

organolithium compound and/or an organomagnesium compound; wherein the molar

ratio of polarizing complexing agent to total-metal-equivalents is in the range of from
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about 1:1.05 to about 1:6, where lithium provides one equivalent and magnesium

provides 2 equivalents; or

b. a polarizing complexing agent; an organolithium compound; and an organomagnesium

compound; wherein the molar ratio of polarizing complexing agent to total-metal-

equivalents is in the range of from about 1:1.05 to about 1:6, where lithium provides one

equivalent and magnesium provides 2 equivalents; or

c. a polarizing complexing agent; at least one of solid lithium hydride, metallic lithium,

solid magnesium hydride; at least one of an organolithium compound and/or an

organomagnesium compound; wherein the molar ratio of polarizing complexing agent to

total-metal-equivalents is in the range of from about 1:1.05 to about 1:6, where lithium

provides one equivalent and magnesium provides 2 equivalents; or

d. a polarizing complexing agent; at least one of solid lithium hydride and/or metallic

lithium; and organomagnesium compound; wherein the molar ratio of polarizing

complexing agent to total-metal-equivalents is in the range of from about 1:1.05 to about

1:6, where lithium provides one equivalent and magnesium provides 2 equivalents;

e. a polarizing complexing agent; solid magnesium hydride; and an organolithium

compound; wherein the molar ratio of polarizing complexing agent to total-metal-

equivalents is in the range of from about 1:1.05 to about 1:6, where lithium provides one

equivalent and magnesium provides 2 equivalents.

f. and wherein the molar ratio of lithium to magnesium in the catalyst composition is from

10,000:1 to 1:6.

Another embodiment is a process for forming a hydrocarbon soluble catalyst or reagent

composition formed from: (i) molecular hydrogen; (ii) an organolithium compound and/or an

organomagnesium compound; (iii) optionally a polytertiaryamine compound; (iv) a polarizing
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complexing agent selected from a tertiary aminoalcohol compound; a tertiary amino ether-

alcohol, an ether-alcohol or combinations thereof; (v) optionally an alkali metal or metal alloy

and/or a solid saline hydride and/or a alkali amide; (vi) optionally an aromatic hydrocarbon

having at least one C-H covalent bond pKa within the range of 2.75 pKa units above that of the

pKa of toluene to -4.30 pKa units below the pKa of toluene; and in (vii) a hydrocarbon solvent

with a pKa greater than H2; wherein the aromatic hydrocarbon and hydrocarbon solvent may be

the same or different.

In the above process, the hydrogen partial pressure used in forming the catalyst or

reagent is in the range of from about 0.1 bar to about 300 bar. In addition, the temperature used

in forming the catalyst or reagent is in the range of from about -96°C to about 130°C.

Furthermore, the molar equivalent charge ratios of the polarizing complexing agent to the

organolithium compound and/or an organomagnesium is in the range of from about 1:1.05 to

about 1:6 moles of polarizing complexing agent per mole of metal-alkyl equivalents where

lithium provides one equivalent and magnesium provides 2 equivalents. When PTA is used to

form the catalyst or reagent, the molar ratios of the PTA to total metal (magnesium and lithium)

is from about 10,000:1.0 to about 1:8.

One embodiment for forming the hydrocarbon soluble catalyst or reagent composition

involves the steps of:

A. the polarizing complexing agent is first contacted with at least one alkoxide forming

reagent of: a) solid lithium hydride; b) lithium metal; c) magnesium hydride; d) lithium

amide; e) magnesium amide; f) organolithium compound; g) organomagnesium

compound thereby forming a reaction mixture wherein the stoichiometric molar

equivalent ratio of polarizing complexing agent to alkoxide forming reagent is from about

1:1 to less than 1:1 where lithium provides one equivalent and magnesium provides 2

equivalents;

B. wherein the organolithium compound and/or organomagnesium compound is further

added;
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C. wherein the ratio of polarizing complexing agent to total metal equivalents is in the range

of from about 1:1.05 to about 1:6 where lithium provides one equivalent and magnesium

provides 2 equivalents;

D. wherein either the molar ratio of lithium to magnesium is in the range of from about

10,000:1 to about 1.0:6.0;

E. and wherein the formed reaction product is further reduced with hydrogen to form the

hydrocarbon soluble saline hydride catalyst or reagent.

Another embodiment for forming the hydrocarbon soluble catalyst or reagent

composition involves the steps of:

A. the polarizing complexing agent is first contacted with an alkali alkoxide forming reagent

thereby forming a reaction mixture wherein the stoichiometric molar equivalent ratio of

polarizing complexing agent to alkoxide forming reagent is from about 1:1 to less than

1:1;

B. wherein said alkoxide forming reagent is at least one of a) a solid alkali hydride; b) an

alkali metal; c) an alkali metal alloy; d) and alkali amide; e) magnesium amide; f)

organolithium compound; g) organomagnesium compound;

C. wherein the organolithium and/or organomagnesium compound is further added;

D. wherein the ratio of polarizing complexing agent to total alkali metal is in the range of

from about 1:1.05 to about 1:6;

E. wherein either the molar ratio of lithium to non-lithium alkali metal is in the range of

range of from 1:2 to about 10,000:1 or the alkali metal of the catalyst composition is

exclusively lithium;
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F. and wherein the formed reaction product is further reduced with hydrogen to form the

hydrocarbon soluble saline hydride catalyst or reagent.

In the above process and steps for forming the hydrocarbon soluble catalyst or reagent

composition, the process may further comprises feeding styrenic monomer to form a

poly(styryl)magnesium and/or a poly(styryl)lithium compound prior to reduction by contacting

with molecular hydrogen to form the soluble saline hydride wherein the molar ratio of styrenic

monomer to total metal is from about 1:10 to about 20:1. In another embodiment, the process

may further comprises feeding styrenic monomer to form a transient 1-phenyl-hexylmagneisium

compound and/or poly(styryl)magnesium compound which is further reduced by molecular

hydrogen to the soluble saline hydride wherein the molar ratio of styrenic monomer to

magnesium is from about 1:5 to about 20:1 The preferred styrenic monomer is styrene.

In another embodiment of the present invention, a hydrocarbon soluble catalyst or

reagent composition formed from: (i) molecular hydrogen; (ii) an organolithium compound

and/or an organomagnesium compound; (iii) optionally a polytertiaryamine compound; (iv) a

polarizing complexing agent selected from a tertiary aminoalcohol compound; a tertiary amino

ether-alcohol, an ether-alcohol or combinations thereof; (v) optionally an alkali metal or metal

alloy and/or a solid saline hydride and/or a alkali amide; (vi) optionally an aromatic hydrocarbon

having at least one C-H covalent bond pKa within the range of 2.75 pKa units above that of the

pKa of toluene to -4.30 pKa units below the pKa of toluene; (vii) a vinylaromatic monomer; and in

(viii) a hydrocarbon solvent with a pKa greater than H2; wherein the aromatic hydrocarbon and

hydrocarbon solvent may be the same or different, and wherein the solubility of hydride

comprising said catalyst or reagent is at least about 0.0080 moles per liter.

Another embodiment of the present invention is a catalyst or reagent composition

formed from: (i) molecular hydrogen; (ii) an organolithium compound and/or an

organomagnesium compound; (iii) optionally a polytertiaryamine compound; (iv) a tertiary

aminoalcohol compound and/or a tertiary amino ether-alcohol and/or a ether-alcohol; (v)

optionally an alkali metal or metal alloy and/or a solid saline hydride (vi) optionally an aromatic

hydrocarbon having at least one C-H covalent bond pKa within the range of 2.75 pKa units above

that of the pKa of toluene to -4.30 pKa units below the pKa of toluene; and in (vii) a hydrocarbon
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CLAIMS

[Claim 1]

A brominated polystyrene composition comprising a bromination product of a

hydrogen mediated anionic polymerization of styrene (HMAPS) polystyrene, wherein the HMAPS

polystyrene has a polymer microstructure that is greater than 97 wt% head to tail microstructure

as depicted by the following polymeric structure:

CH3

n

and having a polymer chain length distributions wherein less than 3.0% of the polymer

chains have one or more quaternary carbons in the polymer microstructure and coproduct

distribution(s) arising from a fragmentation polymerization processes, wherein the microstructure

and purity of the chain length distribution is determined vide infra from gas chromatographic

analyses of the lowest molecular weight chains obtained from the HMAPS distributions, where n

= 0 to n= 2.

[Claim 2]

The brominated polystyrene of Claim 1, wherein the polymer microstructure is

greater than 98 wt% head to tail, and polymer chain length distributions is less than 2.0 wt% of the

polymer chains have one or more quaternary carbons in the polymer microstructure and coproduct

distribution(s) arising from a fragmentation polymerization processes.

[Claim 3]

The brominated polystyrene composition of Claim 1, wherein the HMAPS

polystyrene has a molecular weight distribution as measured by GPC (UV detector) analysis of the

chain length distribution characterized by having Mn in the range of from 315 to 934 Daltons; a

Mw in the range of from 392 to 1705 Daltons; and a Mz is in the range of 512 to 2930 Daltons; a

PDn is in the range of 1.24 to 1.82; with a standard deviation in the range of 156 to 849 Daltons

and the asymmetry is in the range of 1.40 to 3.00.
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[Claim 4]

The brominated polystyrene composition of Claim 1, wherein the HMAPS

polystyrene has a molecular weight distribution as measured by GPC (UV detector) analysis of the

chain length distribution characterized by having Mn is in the range of from 400 to 800 Daltons;

Mw in the range of from 600 to 1200 Daltons; a PDn in the range of 1.35 to 1.75; a standard

deviation in the range of 270 to 550 Daltons and Mw 10% High of less than 3300 Daltons.

[Claim 5]

The brominated polystyrene composition of Claim 1, wherein the HMAPS

polystyrene has a molecular weight distribution as measured by GPC (UV detector) analysis of the

chain length distribution characterized by having Mn in the range of from 400 to 800 Daltons; Mw

in the range of from 600 to 1200 Daltons; Mz in the range of 750 to 1500 Daltons; PDn in the range

of 1.35 to 1.75; standard deviation in the range of 270 to 550 Daltons; the asymmetry is in the

range of 1.60 to 2.2; and Mw 10% High of less than 2400 Daltons.

[Claim 6]

The brominated polystyrene composition of Claim 1, wherein the brominated

polystyrene has one or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claim 7]

The brominated polystyrene composition of Claim 1, wherein the brominated

polystyrene has two or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.
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[Claim 8]

The brominated polystyrene composition of Claim 1, wherein the brominated

polystyrene has (i) a bromine content in the range of 73 wt% to 77 wt% based on the total weight

of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection limit of 50 ppm

and no more than 1000 ppm based upon the total weight of the the brominated polystyrene; (iii) a

thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater than 355°C to

375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claim 9]

The brominated polystyrene composition of Claim 3, wherein the brominated

polystyrene has one or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claim 10]

The brominated polystyrene composition of Claim 3, wherein the brominated

polystyrene has two or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claim 11]

The brominated polystyrene composition of Claim 3, wherein the brominated

polystyrene has (i) a bromine content in the range of 73 wt% to 77 wt% based on the total weight

of brominated polystyrene; (ii) a thermal HBr value at 300°C below the detection limit of 50 ppm

and no more than 1000 ppm based upon the total weight of the brominated polystyrene; (iii) a
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thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater than 355°C to

375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claim 12]

The brominated polystyrene composition of Claim 2, wherein the HMAPS

polystyrene has a molecular weight distribution as measured by GPC (UV detector) analysis of the

chain length distribution characterized by having Mn in the range of from 315 to 934 Daltons; a

Mw in the range of from 392 to 1705 Daltons; and a Mz is in the range of 512 to 2930 Daltons; a

PDn is in the range of 1.24 to 1.82; with a standard deviation in the range of 156 to 849 Daltons

and the asymmetry is in the range of 1.40 to 3.00;

[Claim 13]

The brominated polystyrene composition of Claim 12, wherein the brominated

polystyrene has one or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.

[Claims 14]

The brominated polystyrene composition of Claim 12, wherein the brominated

polystyrene has two or more of (i) a bromine content in the range of 73 wt% to 77 wt% based on

the total weight of brominated polystyrene; (ii) , a thermal HBr value at 300°C below the detection

limit of 50 ppm and no more than 1000 ppm based upon the total weight of the brominated

polystyrene; (iii) a thermogravimetric (TGA) weight loss of 5% occurring at a temperature greater

than 355°C to 375°C; and (iv) a glass transition temperature in the range of 110°C to 155°C.


