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been used as lubricant base oils. PAOs have good flow properties at low temperatures,

relatively high thermal and oxidative stability, low evaporation losses at high

- temperatures, higher viscosity index, good friction behavior, good hydrolytical stability,

and good erosion resistance. PAOs are not toxic and are miscible with mineral oils and

20 esters. Consequently, PAOs are suited for use in engine oils, compressor oils, hydraulic

oils, gear oils, and greases. However, PAOs that have been characterized to date, have

limited oxidative stability, limited biodegradability and limited additive miscibility.

Therefore, it may not be suitable for use as high-performance gear oils and fast

biodegradable oils. Structurally, PAOs often include tertiary hydrogen which is prone to

25  oxidation. Therefore, it would be desirable to minimize the presence of tertiary hydrogen
so as to improve oxidation resistance of synthetic hydrocarbons.

Currently, PAOs are synthesized by a two-step reaction sequence from linear o~

olefins, which are derived from ethylene. The first step is the synthesis of a mixture of

oligomers, which are polymers of relatively low molecular weight. This first step is

30 catalyzed using a boron trifluoride catalyst in conjunction with a protic catalyst such as
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tail molecular structure, wherein the oligomer has a molecular weight of about 10,000 or
less, and is prepared in the presence of a single site catalyst.
In an embodiment of the invention, the olefin monomer is selected from a group
consisting of aliphatic olefins, aromatic olefins, and cyclic olefins. The aliphatic olefin of
20  the present invention may be an a-olefin.
In an embodiment of the invention, the oligomer is substantially free of tertiary
hydrogen formed due to isomerization, i.e., a hydrogen which is attached to a carbon that
is directly attached to three carbons. A
In an embodiment of the invention, the oligomer displays improved oxidative
25  stability and biodegradibility.
In a further embodiment, the oligomer is hydrogenated by reaction with hydrogen
gas in the presence of a catalytic amount (0.1 to 5 wt. %) of a hydrogenation catalyst.
In an embodiment of the invention, the oligomer may be a dimer, a trimer, a

tetramer, a pentamer, a higher oligomer, or a mixture thereof.



In a further enbodi nent, the oligomer is hydrogenated by reaction with
hydrogen gas in the presence of a catalytic amount (0.1 to 5 w. % of a
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Figure 2 shows a high temperature simulated distillation chromatogram for

15  fraction E8-1 described in Example 8 containing 89% dimer, 7% trimer, and 4% higher
oligomers.
Figure 3 shows a high temperature simulated distillation chromatogram for a
commercial polyalphaolefin (Durasyﬁ 162).
DESCRIPTION OF EMBODIMENTS OF THE INVENTION
20 In the following description, all numbers disclosed herein are approximate values,
regardless whether the word “about” or “approximate” is used in connection therewith.
They may vary by up to 1%, 2%, 5%, or, sometimes, 10 to 20%. Whenever a numerical
range with a lower limit, R" and an upper limit, RV, is disclosed, any number R falling
within the range is specifically disclosed: R=R“+k*(RY-R"), wherein k is a variable
25  ranging from 1% to 100% with a 1% increment, i.e., k is 1%, 2%, 3%, 4%, 5%, ....,50%,
51%, 52%,...,95%, 96%, 97%, 97%, 98%, 99%, to 100%. Moreover, any numerical
}ange defined by two R numbers as defined in the above is also specifically disclosed.
Embodiments of the invention provide non-isomerized oligomers comprising
repeating units of olefin monomers organized in a substantially head to tail molecular

30  structure, wherein the oligomer has a molecular weight of about 10,000 or less, and is



within the range is specifically disclosed: RFRL+k*(RU-RL), wherein k is a
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suitable a-olefins are represented by the |l owi ng formula: CH2 = CHR
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oligomerization of o-olefins. Generally, suitable o-olefins are represented by the
following formula: |
CH, = CHR
where R can be any hydrocarbyl group, such as alkyl, aryl, or aralkyl. Some specific
20 examples of preferred a-olefins include, but are not limited to, 1-propene (propylene), 1-
butene, 1-pentene, 1-hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, 1-undecene, 1-
dodecene, 1-tridecene, 1-tetradecene, 1-hexadecene, 1-octadecene, 1-eicosene, 4-methyl-
l-pentene, S-methyl-1-nonene, 3-methyl-1-pentene, 3,5,5-trimethyl-1-hexene and
vinylcyclohexene. Styrene and p-methylstyrene are preferred styrenic olefins. Another
25  preferred class of a-olefins is linear a-olefins. Typically, monomers of the same type are
used in oligomerization reactions, although a mixture of two or more kinds of monomers
may also be used, if desired.
The term "single site" catalyst used herein refers to those catalysts which have
only one catalytic site for each catalyst molecule. This is in contrast to the traditional

30  Ziegler-Natta catalyst which has multiple catalytic sites per catalyst molecule for olefin
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aliphatic olefin my be an a-
aliphatic olefins, aromatic olefins, or cyclic olefins. The aliphatic olefin may be an «-
olefin. Suitable «-olefins may include, but are not limited to, propylene, 1-butene, 1-
pentene, 1-hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, 1-undecene, 1-dodecene, 1-
20 tridecene, 1-tetradecene, 1-hexadecene, 1-octadecene or 1-eicosene. In an aspect of the
invention, the oligomer is synthesized using a single species of olefin monomer. In
another aspect of the invention, the oligomer is synthesized using one or more different
species of olefin monomer. '
In an embodiment of the invention, the oligomer is substantially free of tertiary
25  hydrogen formed due to isomerization, i.e., a hydrogen which is attached to a carbon that
is directly attached to three carbons. An oligomer substantially free of tertiary hydrogens
added as a result of the oligomerization process is referred to as a non-isomerized
oligomer herein. In some embodiments of the invention, the oligomer is completely free
of tertiary hydrogen resulting from isomerization. The term “non-isomerized oligomer”

30  does not preclude oligomers made in a process in which isomerization occurs to some



olefin. Suitable a-olefins may include, but are not limted to, propylene,
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where TH is total number of ¢-H in the oligomer, A is the number of #-H in the monomer

and N is the number of repeating units in the oligomer. Therefore, in a dimer N=2; in a

trimer N=3, and so on. For example, if the monomer is decene (C;oHzp), A=0; TH in a

dimer is 1; in a trimer is 2; in a tetramer is 3, and so on. If the monomer is 4-methyl-1-
20  pentene, A=1; TH in a dimer is 3; in a trimer is 5; in a tetramer is 7, and so on.

Using decene oligomers as an illustrative example:
Bis(cyclopentadienyl)zirconium dichloride/methylaluminoxane (Cp,ZrCly/MAO) catalyst
system is used to oligomerize decene. MAO reacts with Cp,ZrCl; to form the
Cp,Zr'CH; active species. Cp,Zr'CHj initiates insertion of decene monomer in between

25  Zr" and CH; leading to the formation of the following species:

iy
szZI‘+CH2 CH3



where TH is total nunber of t-Hin the oligoner, Ais the nunber of t-Hin
the nononer and N is the nunber of repeating units in the oligoner.
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decene ol i gor‘rgbg (2%3 89§ 13 lﬁféet Fﬁ?i‘\?etigx‘g’ﬁﬂi é@gar‘ﬁess of the inserfions 3F' more

Bi s(cycl aRabmer RNt  Lcbe®HstriibA be BéRhé HRhEREN W REsMENOXane (Cp2Zr A 2/ MAO)
catalyst systemis used to oligonerize decene. MAO reacts with Cp2zZrd 2 to
formthe Cp2Zr+CH3 active species. Cp2Zr+CH3 initiates insertion of decene
monomer in between 25 Zr+ and CH3 | eadifng Ao the formation of the follow ng
species: H i Cp2Zr+CH2 CH3 Vgg&&@ﬁo (ﬁg US02/ 27529 7 The CH3 stays
at the end of the chain regard 2 2) rtions of nore nononers.
After a second insertion of decene nonpner¢ it beconmes HH

Cp2Zr +CH2CCH2CCH3 5 (3-elimnation of(HtO term nate chain growh results
in the formati on of the double bond off one end of the oligoner chain.
Therefore, followng chain termnation, a -decene diner will have the
fol | owi ng structure (before hydrogenation): H i CH2 = C - CH2- -CH3
The di ner hasPehignipatian of Hetoeemitatsrehaip owthsesulds i dhq fargation of the

double bond on one end of the oligomer chain. Therefore, following chain termination, a

10

decene dimer will have the following structure (before hydrogenation):

i
CH, = C-CH,—C—CHj;

10
The dimer has one t-H.
A decene trimer has a structure like:
i
CH2 =C- CHZ_ —CHz—C"CH:;
15
The trimer has two t-H’s.
When a monomer itself contains t-H’s, such as in 4-methyl-1-pentene, TH should
be the sum of A*N (contribution of t-H’s in the side chain of the oligomer) and N-1.
20 When an additional hydrogenation step is applied to the oligomer, the double

bond at the chain end becomes saturated and the structure of a dimer becomes



HH CH2 = C- CH2- -CH2- CGCH3 15 The trinmer has two t-H s. Wen a
nmononer itself contains t-Hs, such as in 4-nethyl-I|-pentene, TH should be
t he sum oWwoOABM2@sent ri bution oft-H s in the side chain of Pdrasobeeser) and
N-1. 20 When an additional hydrogenation step is applied to the oligoner,
the double bond at the chain end becgres saturated and the structure of a
di mer becomes WO 03/ 020856 PCT/ US02/ 2(71,2‘239 8 H H CH36CH2LCH3 and the
formul a for hydrogenated ol i goner bec TH=A*N+N 5 When hydrogen is
used during the oligonerization rea@HgéE)@HzéﬁHﬁ ormula is: THEA*N+N In the
presence of hydrogen in the oligonerizati step, nost of the oligoner
products are saturated even before an @ddi§ional hydrogenation step is
applied to process the oligoners. a-e}imhpation becones much | ess
significant. Theref ore a dinmer forned' 10 under this condition has the
following structure; HH CH36CH2LCH3 The diner has two t-H s. 15 The
trimer hardthe dormua for dydrogenated Qliggmerpegemescrp - CHp- G CH3  The tri mer
has three t-Hs. 20 In an enbodi niqPL KOk Nhe invention, the ol i gomer
di spl ays i nproved oxidative stability and blodegradlblllty

5 When hydrogen is used during the oligomerization reaction, the formula is:

TH=A*N+N
In the presence of hydrogen in the oligomerization step, most of the oligomer
products are saturated even before an additional hydrogenation step is applied to process
the oligomers. B-elimination becomes much less significant. Therefore, a dimer formed

10 under this condition has the following structure:

H H
CH,CCH,CCH,
The dimer has two t-H’s.
15 The trimer has a structure like:
H H H

I | I
CH;C- CH,— C— CH,- C—CH;

The trimer has three t-H’s.
20 In an embodiment of the invention, the oligomer displays improved oxidative
stability and biodegradibility.
In a further embodiment, the oligomer is hydrogenated by reaction with hydrogen
gas in the presence of a catalytic amount (0.1 to 5 wt. %) of a hydrogenation catalyst.

Examples of suitable hydrogenation catalysts are metals of Group VIII of the Periodic



In a further enbodi nent, the oligomer is hydrogenated by reaction with
hydrogen gas in the presence of a catalytic amount (0.1 to 5 w. % of a
hydr ogenawioas/oeasal yst. Exanpl es of suitabl e hydrogenati eaTaspabkisees are
nmetals of Group VIII of the Periodic WO 03/020856 PCT/ US02/27529 9 Table
such as iron, cobalt, ni ckel rhodi umg pal I adi um and pl ati num These

cat al yst be d I I gel , t ed
car bom iﬁabﬁﬁéqc@rqsé@%ﬁé’%h Rkl hodm pudlumiznd PR, TFseaRSHAY o ckel
are prefgrgedgidiadd aqhﬂm R sﬁ&h'gwo%ncaatﬁm &fbn A ;crlsféhe@renibb@mnwhr are

especially preferred. In an enbodiment of the invention, the 5 synthesized
oI i gorrer OR ﬁ@SGSWdYSISLSBﬂadlam awd. nl%éan@rm@fmmbtﬂaﬂadlum cmaqtmmieﬂ yaitbanapé f or m

Vi nyl.i 0 I n anot nt of the in
oynt hes) YEE i Beiitr are eGPy eafiorReLir ab sBiboaFers B Pk BRelgH, we
ol i gogrer synﬂlegfxzea BREIAEhad Sordb uHRSEh G TR ungdwxg@@fers prﬂﬂﬁllytm tlfc faub@equent ly
hydrogenated to produce a saturated ol%%oner I n an enbodi nent of the

i nvent i ovinylideae groupsmdn apeiiehembodimgelrof the invepon thg synthepiged ahigamergs
t h h
P e R g kSR T e BB A R QA 5P e e

absence @ligontyr dindgen sulsseqmugmygmgenatecatolmaduoeacshtu@at&d okgwene. TH = A tinmes N
+ (N1 vvhere THis total nunber of te{1 ry hydro%gns in the oligoner, A
i s the nunberImotn e@bpdigept ]¥ dhsoyvgation, {hg RESORGOMAY Bend dMNets 2t FEIKuAber of
repeggi nﬁtrﬂx‘ﬂe} S ggnt'éllﬁgr qf h%ﬂgplbh dlled 2F aohﬁ%&cﬁleileg)fm Imxgra‘gﬁ&@ of LRE nunber
of tertiary rogens i'n tire orrer is calculated as TH tinmes N.
In an errtmelmtml;ltth@folﬂgbmer mvayntompriset HEHU ntsatauy :hydmgpns lﬁmh thees albsl@ecej@tﬁbl e
bonds of he ol i be functlo i Y. th .noi ety
cont ai ni BYTHFR tg‘i’ gﬁ%&me“ P%Feaﬁ?%‘l)p ﬁafﬁé’ﬁnﬁ lzﬁé“?’@ Eﬁt and
the i ketotdv%ﬁlbép@%magah}&ogd%% ﬁfer&fgo%@r fAIRGhE ﬁﬁyﬂbewmuﬂd@drag‘ewde
vinyl fluoride, vinyl chloride, vinyl "broni de, vinyl iodide, vinyl

acet at e, inatbe mcmpmeesmchss dife \@IntE2Of 2épcating smts\/m ke olkgameredn thd prgbenggri nes,

and ¥ nyPt Beed: b Ranbi i AEL RS in el BTIT kot B il 2 27 =

vi nyl i depgesNIOKI de, vi nyI brom de, vinyl iodide, vinyl acet ate, nethyl

acryl ate net hf/ vinyl ether and isobutyl vinyl ether. In
n an embodiment of the invention, the unsaturation, such as the double bonds of

the oligomer, may be functionalized by the addition of a moiety containing polar groups,
ester groups, polyether groups, detergents, and the like. More specifically, preferred
20  functional compounds include vinyl fluoride, vinyl chloride, vinyl bromide, vinyl iodide,
vinyl acetate, acrylate esters of C;-Cy alcohols, vinyl ketones, vinyl amines, vinyl
amides, acrylonitrile, acrylamide, vinyl oxazoles, vinyl thiazoles, and vinyl ethers. More
preferred monomers include vinyl chloride, vinylidene chloride, vinyl bromide, vinyl
iodide, vinyl acetate, methyl acrylate methyl vinyl ether and isobutyl vinyl ether. In an
25  embodiment of the invention, compounds containing one or more functional groups, such
as hydroxy, carboxylic acid, amine, carboxylic ester, phenolic ester, carboxylic amide,
phosphate, sulfonamide, and thiophosphate may also be used. Any known or unknown
chemistry capable of functionalizing an unsaturated moiety may be employed to

functionalize an unsaturated oligomer.



25 enbodi nent of the invention, conpounds containing one or nore functional
groups, such as hydroxy, carboxylic acid, am ne, carboxylic ester,

phenol i ¢ wetoam208s@r boxyl i ¢ am de, phosphate, sul fonanm depcando2/27529

t hi ophosphate nmay al so be used. Any known or unknown chem stry capabl e of
functionalizing an unsaturated noiety;gray be enployed to functionalize an
unsaturated oligomer. WO 03/020856 PCT/ US02/27529 10 Erffé)todi ments .of the

i nvention al sl%mg@d;mea@ af ths yaveniiem -2boe proyideo ApRRly RiRda ol PTePHECne or
nore ol i o) - i Mt ol Bavi ; Ly Wei ght
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The Iubrd Gaiim@hib Sof MY AlVERIFTORaF Be dydRIsERAEd @b fﬁﬁﬂﬂlﬁ&t hdRRAntagiEy i ves in

amounts required to provide various fdnctions. These additives include,
but ar e amunts fromeaboub 0. lawtth de abets}ews’ant Bhe habrigant wils gnast blae edntaiped al

detergent additives, antj- r additives, vi.scosity i.ndex .| NprOVerS,

ant i oxi QUAREET ofy P guona), e o amolifs rstyfed i provide, eriogt finfiorh:

reduci nordeialiiviess irkide! B dré et 1idited ab) Shrsh & s4htsS ARstalnt Svetlaged ncl ude,
but are not limted to, polyal kenyl or borated polyal kenyl succinim de
wher e t hisetal Retasgenypdditivess arfemepeadditivan Yiseapityandey approverse apiaxidantsy

pol yj.sobut.enyh . havj . : ALY <Y fin@about 5,000 to
7, 090. (idtelwl\l%tpﬁ%’ kﬂg\ﬂﬁmg? pggrsglgt%’te%g?ﬁ}: ulc‘]gﬁghg&gy\%’gﬁ%l Ihtla(g'pol yol esters
of hydr ocar boSuiteblesashieiss dispedars emiyninclude)yudrarelaot Bmited pal palgadkanye oy |
succi ni ¢ anhydrjde, and the il  sol ubl xazol,ine. and. | actone, o ol i ne

di sper safrate @P*y\?lﬂl‘&ny’lrsé}?ﬁlw}ig%ﬁ’é?‘@d?? %lgff‘s)i?igf%’tpéﬂ geréYFélcﬁ“PfP@ n'ﬁly(fl’i(q%é‘e and

di - subst ] : 1 I L i l I i bout
0.5 to apBirry RBpRLEHalie dHRiG A SR GRA, of 201 2000 &

addi t i ve’0%0.eOkrowelliknowh eispetsamtn thehmaly tharoil soleblepelyol est@® ofbyédroodrbaver based

RIS RGO RN, e R R T R
ggntzgngo%@&oﬁr%egg@elaa%é WUXaSolfel AfpMBAd RAVEd FrdiRt By drb@sbor ibgiuted about
succinic anhydride and di-substituted amino alcohols. Lubricating oils typically contain
about 0.5 to about 5 wt% of ashless dispersant.
Suitable metal detergent additives are known in the art and may include one or
20 more of overbased oil-soluble calcium, magnesium and barium phenates, sulfurized
phenates, and sulfonates (especially the sulfonates of Cis -Cso alkyl substituted benzene
or toluene sulfonic acids which have a total base number of about 80 to 300). These
overbased materials may be used as the sole metal detergent additive or in combination
with the same additives in the neutral form; but the overall metal detergent additive
25  should have a basicity as represented by the foregoing total base number. Preferably they
are present in amounts of from about 3 to 6 wt% with a mixture of overbased magnesium

sulfurized phenate and neutral calcium sulfurized phenate (obtained from Cy or Ci; alkyl

phenols).



overbased materials may be used as the sole netal detergent additive or in
conbination wth the sane additives in the neutral form but the overall
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but are not
2, 6- di - t ardk amines kntlythe pﬂaeac”fhmela,re atdes reqlifedrtozadvidhehelviscasity anigyl 15

phenot hi azones a Iubr cating,oil ntain about 0.01 to 3 WM %
oot dnteeghd rheambed ol istardits it Kaowe Pt p edn R | P eveg ©
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about 5 wt. % of an antioxi dant should be inciuded in the aforenentioned

for rryl a pl@nelss giichabs &, fesilamlaey{oﬁtylsumhcremjx pinénes dsulfugidech phensluend afkyBHT" ),
and e SbIrPREE Counhra B8t R SHBRY P LI Vi bl b
G gy Cor @hibitor, depending on its effectiveness. For improved oxidation resistance and odor

control, it has been observed that up to about 5 wt. % of an antioxidant should be

included in the aforementioned formula. One suitable example of such, butylated

hydroxytoluene ("BHT"), or di-t-butyl-p-cresol, is sold by many suppliers including

20 Rhein Chemie and PMC Specialties. Another suitable example is Irganox L-64 from

Ciba Gigy Corp.

Rust inhibitors may be employed in very small proportions such as about 0.1 to 1
weight percent with suitable rust inhibitors being exemplified by Cy -Cjo aliphatic
succinic acids or anhydrides such as dodecenyl succinic anhydride. Antifoam agents are

25  typically include, but are not limited to polysiloxane silicone polymers present in
amounts of about 0.01 to 1 wt%.

Pour point depressants are used generally in amounts of from about 0.01 to about
10.0 wt%, more typically from about 0.1 to about 1 wt%, for most mineral oil basestocks
of lubricating viscosity. Illustrative of pour point depressants which are normally used in

30 lubricating oil compositions include, but are not limited to, polymers and copolymers of



Rust inhibitors may be enployed in very small proportions such as about 0.1
to 1 weight percent with suitable rust inhibitors being exenplified by
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of the olefin nonomer to produce a non-isomnerized oligomer organize

in a
subst ant urdts| 9f hraalefim menomenvhetbeal presesca of tauipglewpiten catalyst; exnd| effeckieg ght  of
000 or..l es nol ecul ar we'L%ht of the oITiGg(grrer na range from

2 ol Beul O RREHo Sb e AT Moty b otTueE = Brane s SRt Ol eebBo e
nol ecul ajn YeuBRAntRIlyt Kad abi P REled@H structure, with a molecular weight of about
10,000 or less. The molecular weight of the oligomer may range from a molecular weight
of about 3,000 or less to about 10,000 or less. The molecular weight of the oligomer may
preferably be about 9,000 or less, about 7,000 or less, or about 5,000 or less. The

20 method involves the oligomerization of olefin monomers which involves relatively low to
no isomerization, thereby resulting in relatively fewer branches (i.e. tertiary hydrogens)
in the product molecule. The molecular weight of the oligomer may be controlled by
modulating the temperature of the synthesis, the concentration of the catalyst, or through
the use of hydrogen in the synthesis.

25 Any catalyst which is capable of effecting oligomerization of the olefin monomer
may be used in embodiments of the invention. Preferably, a selected catalyst is capable
of minimizing the occurrence of isomerization of an olefin monomer (e.g. an a-olefin)
during the reaction. Suitable catalysts include, but are not limited to, single-site catalysts
(both metallocene catalysts and constrained geometry catalysts), and variations

30 therefrom. They include any kﬁown and presently unkniown catalysts for olefin



preferably be about 9,000 or |ess, about 7,000 or |less, or about 5,000 or
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radi cal s, the two rl5-11gands are not connected. The n- hapto I1gands
ar e eit htransition metal, respectively.

Where there is only one hapto n’-ligands, it can be selected from the group
comprising cyclopentadienyl, indenyl, fluorenyl with from the maximum number of
20  hydrogen substituted with R or benzo radicals or to none. The transition metal will have
three or two non-hapto ligands in the +4 and +3 oxidation state, respectively. One
hydrogen of the hapto ligand may be substituted with a heteratom moiety selected from
the group NR, NR,, PR, PR, which are connected by C;-C,4 alklene, R,Si, R4Si; to the 'r]5-
ring. The appropriate number of non-hapto ligands is three for tetravalent metal in the
25  case of coordinate bonding NR, or PR, moiety and one less non-hapto ligands for the
trivalent metal. These numbers are decreased by one in the case of covalent bonding NR

or PR moieties.
Illustrative but not limiting examples of titanium compounds comprise
bis(cyclopentadienyl) dimethyltitanium, bis(cyclopentadienyl) diisopropyltitanium,

30  bis(cyclopentadienyl) methyltitanium monochloride, bis(cyclopentadienyl) ethyltitanium
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monochloride, bis(cyclopentadienyl) hafnium dichloride, and rac-ethylene bis(1-n°-
indenyl) hafnium dichloride.
The aluminoxane co-catalyst useful in the catalysts of the present invention are
polymeric aluminum compounds which can be represented by the general formulae (R--
20 Al--0), which is a cyclic compound and R(R--Al--O--),AIR;, which is a linear
compound. In the general formula R is a C;-Cs alkyl group such as, for example, methyl,
ethyl, propyl, butyl and pentyl and n is an integer from 1 to about 20. Most preferably, R
is methyl and n is about 4. Generally, in the preparation of aluminoxanes from, for
example, aluminum trimethyl and water, a mixture of the linear and cyclic compounds is
25  obtained.
The proportion of the catalyst comprising a compound of a transition metal of
Group IVb of the Periodic Table may be, for example, 10°® to 1 mole/liter, preferably 107
to 10 mole/liter, as the concentration of the catalyst comprising a compound of a

transition metal in the oligomerization reaction. The proportion of the aluminoxane used

30 may be, for example, 10 to 10 mole/liter, preferably 10~ to 5x10™" mole/liter, as the



dichloride. Illustrative but not limting exanples of hafnium conpounds
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met hyl hafwowaio2esecochl ori de, bi s(cycl opent adi enyl ) haf ni uiCaiuset/zrsede, and
rac- et hyl ene bi s(1-,05- indenyl) hafniumdichloride. The al um noxane
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may be, blgometapbe, 10-4 to 10 nole/liter, preferably 10 3 to 5x10"'
nole/liter, as, the WD 03/.020856 PCT/ US02/ 7529 ?{’g concentratjon of  .the
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and/ or by adjusting the oligoneri |on erature r by changing the
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conbi nations may also be used to effect the olefin oligonerization. The
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15  such a gasoline, kerosene, lubricant base stocks and light oils. The starting olefins or

PAOs may themselves serve as the hydrocarbon medium. Among these hydrocarbon
media, the aromatic hydrocarbons and the starting olefins may be preferably used in the
process of this invention.
The oligomerization temperature in this first step of the process of the invention
20  may range, for example, from about 0 °C to about 200 °C, preferably from about 20 °C to
about 120 °C. In a preferred embodiment of the invention, the single-site catalyst used is
a metallocene-based catalyst comprising bis(cyclopentadienyl) zirconium dichloride.
As mentioned above, oligomers according to embodiments of the invention may
have some level of unsaturation, such as the presence of double bonds. The unsaturated
25  bonds may be hydrogenated in a hydrogenation reaction. The hydrogenation reaction can
be carried out in the presence or absence of solvents. Solvents are necessary only to
increase the volume. Examples of suitable solvents are hydfocarbons such as pentane,
hexane, heptane, octane, decane, cyclohexane, methycyclohexane and cyclooctane
aromatic hydrocarbons such as toluene, xylene or benzene. The temperature of the

30  hydrogenation reaction may range, for example, from about 150°C to about 500°C,



10 out in absence of a solvent or in a hydrocarbon solvent. Exanples of a
hydr ocarbon solvent suitable for this purpose are aliphatic hydrocarbons
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such as benzene, toluene and xylene; and petroleum fractions 15 such a
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temperature bath within + 1 °C range. After 1 hour, 50 ml of 10% HCI aqueous solution

was added to the bottle to quench the reaction and the resulting mixture was stirred for
two hours. The organic layer was then isolated and further washed twice with 50 ml of
20  deionized water. Toluene solvent was subsequently removed from the organic layer on a
rota-evaporator. Analysis of the product mixture by high temperature simulated
distillation (ASTM D2887, Modified) indicated oligomers yield was 66%. The oligomers
contained about 42% dimer, 26% trimer, 15% tetramer, 8% pentamer and 9% higher
oligomers.
25 EXAMPLE 2
The procedure was essentially the same as Example 1, except the reaction was run
at 60 °C. The oligomers yield was 86%. The oligomers contained about 60% dimer, 23%
trimer, 8% tetramer, 4% pentamer and 5% higher oligomers.

EXAMPLE 3



The wor ki ng exanpl es provi ded below are intended to nerely exenplify the
invention without limting its scope. EXAMPLE 1 10 A 120 ml pressure
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tetramer, 1% pentamer and 1% higher oligomers.
15 EXAMPLE 6
The procedure was essentially the same as Example 1, except the starting
monomer was 1-decene instead of 1-tetradecene, and the reaction was run at 60 °C with 2
ml of 3.3 M methylaluminoxane in toluene solution was used. The oligomers yield was
94%. The oligomers contained about 60% dimer, 23% trimer, 9% tetramer, 3% pentamer
20  and 5% higher oligomers.
EXAMPLE 7
The procedure was essentially the same as Example 1, except the starting
monomer was 1-decene instead of 1-tetradecene, and the reaction was run at 60 °C with 1
ml of 3.3 M methylaluminoxane in toluene solution was used. The oligomers yield was
25 95%. The oligomers contained about 71% dimer, 19% trimer, 6% tetramer, 2% pentamer
and 2% higher oligomers.
EXAMPLE 8
A 500 ml pressure reaction bottle with a magnetic stir bar was thoroughly
vacuumed followed by purging with argon. Then the bottle was charged with 50 ml of

30  dried toluene (distilled over potassium) and 100 ml of 1-decene (dried over SA molecular
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met hyl al uni noxane in toluene sol ution was added to
and 17% higher oligomers (Figure 1).

The oligomer mixture was hydrogenated and then fractionated by vacuum
distillation. A fraction (Fraction E8-I) containing 89% dimer, 7% trimer, and 4% higher
15  oligomers was collected and further characterized (Figure 2). The viscosity properties of
this fraction were determined to be kinematic viscosity at 100 °C (KV100) of 1.8 cSt,
kinematic viscosity at 40 °C (KV40) of 5.3 ¢St and viscosity index (VI) of 138.9. The
PDSC induction time was recorded to be 44.2 minutes. In comparison, a commercial
poly-alpha olefin obtained from British Petroleum (BP) under the trade name of Durasyn
20 162 with KV100 of 1.8 ch, KV40 of 5.7 ¢St and VI of 94.1 was measured to have
PDSC induction time of 27.3 minutes. Durasyn 162 was determined to contain 85%
dimer and 15% trimer (Figure 3). Both the higher VI and longer PDSC induction time
(better oxidation stability) of the newly synthesized poly-alpha olefin indicates it has
substantially higher linearity than the existing commercial poly-alpha olefin product of

25  equivalent viscosity.

EXAMPLE 9

Another fraction (Fraction E8-II) of the oligomer mixture synthesized in Example
8 contains 86% trimer, 10% tetramer, and 4% higher oligomers. It was measured to have
KV100 of 3.6 cSt, KV40 of 14.8 ¢St, VI of 129.7 and PDSC induction time of 31.4

30  minutes. In comparison, another commercial poly-alpha olefin obtained from BP under



the reaction bottle and stirred for 20 mnutes. Then 4 m of 0.049 M

bi s(i sopropyl cycl opent adi enyl ) zi rconium di chloride in toluene solution was

i nj ect ed wotos/02as8he bottle to start the reaction. Tenper at Ce/usb2/215e9
reaction systemwas controlled by a 5 constant tenperature bath within 1 C
range. After 1 hour, 100 m of 10% HCj9aqueous solution was added to the

bottle t uench th eactign and r | t 1 xtur. L rr for two
nour s, T IR 2ARE St AYErshebroREnkagp of 3 etk Palianar A nad d 26
150 m  ofyaggieQird @ MRt 8 PDSTOIHERRNTRAY SML7 SBSmgsdsequent |y renmoved from
the organic |layer on a rota-evaporator. Analysis of the product m xture by

hi gh tenperature 10 sinul ated di stEXAMRLEJ® ( ASTM D2887, Mbdified) indicated

ol i goners vyield 6% The ql.i m.xture cont aj. % di mer,
saodur e 1ol 0 piloresshESassBlio R e "4 el 3B SRS ho IS Lre 1)
The o} i gosRLMEH fblEWe tﬂ%ﬂ{ ERaigd. @hch thbaottle wed tiangddedith 09 aduwfm
distillation. A fractdil\??]p( ra%?i on g’(Iiii‘)g-l) containin 89‘% mer, 7%t¢triner,

and 4% higedioluas alistdlserver namsawm) @t ddOamll of rtcfradecsnadded PYeedA (Fi gur e

2). The viscosit. 0 beS, Of hS il | 10F ot e, .

i nemat i PlEaRb R R IDECR Ctbbey MR ghy RO ape B RIS s, o 40
C (KV40) a@fed5to3 tieStreazflen VBo#gO Shll Ystirfedefor (M) )midihite 38h8a Fhel oPRBEST duct i on
time was recorded to be 44.2 mnutes. |In conparison, a_ conmercial

pol y- al phia(cFlepsiademdizreanipmalistieiidq iwrolnens wlinn Varnjsgiddntorthe bettlgde nane
of DI'5 asyst tﬁés ﬁea‘é’h&&&%@'ﬂ%}aﬁf flth§ rggti’onlgyétg ans5 cgntf:o%ed a¥l)n§£ 94.1
to ave I nau ? I}l

was neasure ction tinme o m nut es. rasyn rE|f62 was

det er m neghpetat@reath Witlin% 1 6 maigeanterl bRor] 300eml 6fi @UHCIque®Btsbhitiog hi gher
VI and | onger PDSC induction tinme (better oxidation stability) of the
new y syWeneddedelg thebpttle torfmenshetherreaction aaddhe resukied mixtupswanshiragd {prhi gher

B e
ol i gomer deibiized ®aty.rTdlesiezotl ennwixaubpéqenBy eanmndvad feond G drganie tayed 0@
tetramer, and 4% hi gher oligoners. |t was neasured to have KV| QOO of 3.6
cSt, IKvaPtievapgraior spnalysis off 1ho prodyey BpSETc Rfueighofeperaiuer symulatedo
g‘PnﬂtngZ -r disENSITRASTI 2887 0381 il P TR fdad liddRleYs RERNBaL8 ] PhPBlignigd from
mixture contained about 85% dimer, 10% trimer, 3% tetramer, and 1% higher oligomers.
The oligomer mixture was hydrogenated and then fractionated by vacuum
distillation. A fraction (Fraction E10-I) containing 45% dimer, 42% trimer, 10% tetramer
20 and 3% higher oligomers was collected and further characterized. The viscosity
properties of this fraction were determined to be KV100 of 5.1 ¢St, KV40 of 21.8 ¢St and
VI of 175. The PDSC induction time was recorded to be 44.6 minutes. In comparison,
another commercial poly-alpha olefin obtained from BP under the trade name of Durasyn
166 with KV100 of 5.9 ¢St, KV40 of 31.0 ¢St and VI of 135 was measured to have a
25  PDSC induction time of 26.4 minutes.
EXAMPLE 11
Another fraction (Fraction E10-II) of the oligomer mixture synthesized in
Example 10 contains mostly dimer and is a wax at ambient temperature. It was measured

to have PDSC induction time of 48.4 minutes.

30 EXAMPLE 12
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char act eaisﬁﬂ@honmefrmtmqﬂatcﬁo@rEopay toRsiniig Z%ld$mf:1f ao% @itnee2 B dataifidri ned to
be KV100 of 5.1 cSt, KV40 of 21.8 cSt and VI of 175. The PDSC i nduct i on
time was2id3eidugherpligemerns Baneallseted and futhprshprastsrized. afovasemeassredeeci al

I I d 166
oL h R B0k F10f of GAPORN DS (ST of M6 hAE PRSEMEAlon MAESY B4 7700 e
a 25 PDsftutesduction tinme of 26.4 m nutes. EXAMPLE 11 Another fraction

Fractlon E10- 11 of the. o]igo m Xt ure synf hesi in
( Jemonstrated a ov% [i;iOs made 1rn acc>(l)r ance w%t% an embodiment of the

invention may have one or more of the following characteristics: 1) substantial absence
of tertiary hydrogen resulting from isomerization; 2) greater oxidative stability; 3) greater
biodegradability; and 4) cost effectiveness. Therefore, lubricants made in accordance
with an embodiment of the invention can be produced for relatively lower cost, have
20  greater oxidation stability, and are environmentally safe. Other characteristics and
advantages provided by embodiments of the invention are apparent to those skilled in the
art.
In addition to their use as base oils and lubricant components, the products of the
invention are also useful in applications such as air care, skin care, hair care, cosmetics,
25 household products, cleaners, polishes, fabric care, textile coatings and textile lubricants,
automotive products, car cleaners and polishes, fuel additives, oil additives, candles,
pharmaceuticals, suspending agents, sun care, insecticides, gels, hydraulic fluids,
transmission fluids, modifier for polymers, biodegradable applications and 2-cycle oils.
Although the invention has been described with respect to a number of limited

30 embodiments, variations and modifications exist. The various components and method of



Exanpl e 10 contains nostly diner and is a wax at anbient tenperature. It
was neasured to have PDSC i nduction time of 48.4 mnutes. 30 EXAMPLE 12 WO
03/ 020856WP@3/uBSR/ 27529 20 A third fraction (Fraction EPC@AKEA2750 t he

ol i gomer m xture synthesized in Exanple 10 contains 16%diner, 55%trimer,
13% tetraner and 16% hi gher oligoner.,{t was neasured to have KV100 of 6.4
cSt, Kv40 of 30.3 cSt, VI of 169 d .PDSC inductiaon tjne 46. 2. m nut es.
5 EXAI\/PLES%@‘*W??@ ‘bgFSd’é&H}bég\ﬁéfgtse%é@ﬁtlpﬁq”l%‘?nt‘ﬁg‘ or, ythout E’B?Q%P%Offo ,ﬁ%xcept
the reachhARduBslaihd! thiéld RC0cdvePRitthSvaHatihs SadBtbdMMcations that fall within the

bi s(i sopropyl cycl opent adi enyl ) zi rconium di chloride in toluene solution was
used. Thscopk pfjtheenenyior hsidesasb@idwreiThe ol i goners cont ai ned about 35%

di mer, 22%tr{,ner é%Z@b etramer, and 31% hi gher oligomers. 10 The ol i goner
m xture was hydPoSSHIPSd Snd then fractionated by vacuum distillation. A
fraction (Fraction E13-1) containing 2%dinmer, 40%trinmer, 22%tetraner

and 36% hi gher oligoners was collected and further characterized. It was
nmeasured to have KV100 of 9.2 cSt, Kv40 of 50.3 cSt, VI of 166 and PDSC

i nduction time of 34.7 mnutes. 15 As denonstrated above, PAGCs nade in
accordance with an enbodi nent of the invention nmay have one or nore of the
follow ng characteristics: 1) substantial absence of tertiary hydrogen
resulting fromisonerization; 2) greater oxidative stability; 3) greater

bi odegradability; and 4) cost effectiveness. Therefore, lubricants made in
accordance wth an enbodi nent of the invention can be produced for
relatively |lower cost, have 20 greater oxidation stability, and are
environnmental ly safe. O her characteristics and advantages provi ded by
enbodi ments of the invention are apparent to those skilled in the art. In
addition to their use as base oils and |ubricant conponents, the products
of the invention are also useful in applications such as air care, skin
care, hair care, cosnetics,



25 househol d products, cleaners, polishes, fabric care, textile coatings
and textile lubricants, autonotive products, car cleaners and polishes,
fuel addiwbwa®20866é | additives, candles, pharnmaceutical s, PEIg[sereisngy
agents, sun care, insecticides, gels, hydraulic fluids, transm ssion
fluids, nodifier for polymers, biodegpadable applications and 2-cycle oils.

Al t hough the invention_has been described with respect to a nunber of
limted 134 Bﬂlﬁ(’fgi’q??é‘hl?g{‘ CQUEPIHH QT AAMBI Y #rodi fi cations exist. The various

conpopent s angnhdigit i ool s%%{aQﬁ%é@le?ﬁ;T HdARoRERARvingla MORcHTRY be used in

embodi ments of the invention with or w thout nodifications. The appended
cl ai nd i weightiof aboob&P0Gorlbss\ead icharretaszedy adstantzallyi rogio-repder staucturen t hi n

t he cope, of the jnvention as described herei What is claimed is: WO
03/ 02bssar Pt ettty Wrigs R digiey el B AOME B ¢ on,

conpri si pg:A RiteientQonppikig thd gyRIpha dlefaicompdRitioflogtlain 1t he ol i gomers
havi ng a nol ecul ar 3 wei ght of about 10,000 or | ess and characterized by a

subst hnt 3alA pethagiof making apolytainbetalefin compgisingpei ng substantially free of
tertiary ' f. ' ' | . bricant conprising
t he p%l ﬁ%ﬁ{ﬁ@%%ﬂgﬁﬁ“ﬁ%@%g iHE ?‘?ﬁ; r%s?mé{%flzafnswlgq QSliel%a.%al%\@h%@hod of making a
pol y-al pbffecting foligomerigitios iofithe olefrombrahérntg peoduct &bubstaminibyRIgid-regufae
presence of a single site catalyst; and 3 effecting oligomnerization of the
ol ef ih nphgares bayingadaeleela veighiodabowI0W0P g iessr equl ar 4 ol i goner havi ng

a mol gcujar heatorad i rtRér dofDSising rfixir t lli'%gné?f '{PPégi a
| ubri fca;an%", [}ﬁﬁ er coarrp slltuRgQanr‘l?)%? ng rtchgﬁofllnéglnélrléwﬂc?ﬁ ne or e%r e
| ubrizant adudir¢ lubasant ddditivésn claim 1, 2, 3, or 4 wherein the nol ecul ar

1910 0L e ol OO L ot 0,900, B B B e o
2 less.
1 6. Inclaim 1, 2, 3, or 4 wherein the molecular weight of the oligomer is about 7,000 or
2 less.
1 7. Inclaim 1, 2, 3, or 4 wherein the molecular weight of the oligomer is about 5,000 or
2 less.
1 8. Inclaim 1, 2, 3, or 4 wherein the molecular weight of the oligomer is about 3,000 or
2 less.
1 9. Inclaim 3 or 4 wherein the one or more oligomers are polymerized in the presence of
2 a single site catalyst.
1 10. In claim 3, wherein the single-site catalyst is a metallocene catalyst.
1 11.Inclaim 3, wherein the single site catalyst comprises bis(cyclopentadienyl) zirconium
2 dichloride.
1 12.Inclaim 1, 2, 3, or 4 wherein the alpha olefin is 1-propene, 1-butene, 1-pentene, 1-
2 hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, 1-undecene, 1-dodecene, 1-
3 tridecene, 1-tetradecene, 1-hexadecene, 1-octadecene or 1-eicosene.
1 13.Inclaim 1, 2, 3, or 4, wherein the oligomer is completely free of tertiary hydrogen

2 due to isomerization.



1 7. Inclaiml, 2, 3, or 4 wherein the nol ecul ar wei ght of the oligoner is
about 5,000 or 2 less. 1 8. Inclaiml, 2, 3, or 4 wherein the nol ecul ar
wei ght ofwoha/ozissgonmer is about 3,000 or 2 less. 1 9. I|nPcraisor/375er 4
wherein the one or nore oligoners are polynerized in the presence of 2 a
single site catalyst. 1 10. In claim3 wherein the single-site catalyst is
a netall ne catalyst. 1. 11. ]Jn ¢claim3, wherein the single site catalyst
conpr} seng'ﬁp sleiydi %)'pir?f A dyhsirn ﬁheﬁqﬁgB@ﬁﬁﬁrﬁa{\%eE%ﬂWﬁ’ iad%t.rar?[érﬁ? B @i m 1,
2, 3,,0r 44 £ Ngdhér, 8t Phaxt@leqhéBof S 1- propene, 1-butene, 1-pentene, 1- 2
hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, 1l-undecene, 1-dodecene, 1
3 t rideckheln caimel, Radeweheherainilsceligomen és unsayeatediecene or '1- ei cosene. 1 13.

In clai BN r.4. wher.ei i J letely free of tertiary
hydr o@emézlnad&%n%%r 3o OB Tnd e RO s Dt Y 506 28 1 T 1
claim 1,12, InXlaifif 1,2, 9h@rdevkertinehodligoree s hyilregedatedr , a trimer, a tetraner,
a pentaner, 2 a higher oligoner, or a mxture thereof. 1 15. In claim1l,

2, 3, or 4 wherein the oligomer is unsaturated. 1 16. In claim1, 2, 3, or
4 wherein the oligoner is fully saturated. 1 17. In claiml1, 2, 3, or 4
wherein the oligonmer is hydrogenat ed.



