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Abstract: A structural investigation of precise ethylene/1-butene (EB) copolymers has been completed
using step polymerization chemistry. The synthetic methodology needed to generate four model copolymers
is described; their primary and higher level structure is characterized. The copolymers possess an ethyl
branch on every 9th, 15th, and 21st carbon along the backbone of linear polyethylene. Melting points and
heats of fusion decrease with increased branch frequency. Differential scanning calorimetry and infrared
spectroscopy show highly disordered crystal structures favoring ethyl branch inclusion. On the other hand,
the EB copolymers contain high concentrations of kink and gauche defects independent of branch frequency.
These model copolymers are compared with random copolymers produced using traditional chain chemistry
and previously synthesized ADMET EP copolymers.

Introduction late transition metal%1? Similar to the results obtained for
. ethylene/propylene (EP) copolyméisstudies on randomly
Macromolecules based on ethylene and centralized aroundyanched ethylene/butylene (EB) copolymer systems have
their copolymerization withi-olefins have been studied for more  ghown that the density, enthalpy, degree of crystallinity, and

than 60 years. These branched copolymers have garnered mucReak melting/crystallization points all decrease as the amount
attention due to their enhanced mechanical properties, structuralyf defect content (ethyl branch) is increased. In the past, the
simplicity, and industrial importance. However, the inability to  interest of EB copolymers has been limited relative to ethylene/
predict structure property functions for these simplest of propene versions of LLDPE. These butylenes-based copolymers
polymers has led them to be among the most thoroughly studiedand homopolymers have garnered attention due to their unusual
macromolecules. Although such factors as mode of polymeri- combination of toughness and flexibility as well as their
zation (radical, ZieglerNatta, metallocene, etc.), catalyst

choice, reaction temperature/pressure, and molar mass bare(4) 5%’0\1’"?9" 1'\435;(5)(9{?"@’ l\ﬂ Ld/. Pr_pgqm. 5c|:, F;(air; A: Kpo{yvrgdtcr&em_
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significant importance on ethylemeblefin copolymers, the U.S. Pat. 4542199, 1985. (c) Sherman, L Rlast. Technol1967, 42, 38.

short-chain branching (SCB) content and its distribution are the g%gne]r)l%ig,aJél\/é&gvum&h J.; Liu, X. J. Polym. Sci., Part A: Polym.

most prominent factors in linear low-density polyethylenes (5) Eynde, S. V.; Mathot, V.; Koch, M. H. J.; Reynaers,Ralymer200Q 41,
3437

1 .
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ear low-density polyethylene s a statistical copolymer o P 3. Appl. Polym. SCI100% £8, 1371,
ethylene and am-olefin (butene, hexene, and octene) where (7) (a) Fernyhough, C. M.; Young, R. N.; Poche, D.; Degroot, A. W.; Bosscher,
; ity i F. Macromolecules2001, 34, 7034. (b) Balsara, N. P.; Fetters, L. J.;
the type, (_:oncentranon, and distribution of these pran_ches Vary  Nadjichristidis, N.. Lohse. D. J.. Han C. C.. Graessley, W. W Krish-
and are highly dependent on the chosen polymerization mech-  namoorti, RMacromoleculed992 25, 6137. (c) Doi, Y.; Yano. A.; Soga,

. . . K.; Burfield, D. R. Macromolecules1986 19, 2409.
anism. Typically, these random copolymers are produced using (@) (a) Gerum, W.: Hibne, G. W. H.. Wilke, W.: Arnold, M.; Wegner, T.

Ziegler—Natta?® metallocene catalysts® and anionically Macromol. Chem. Phys1995 196, 3797. (b) Krigas, T. M.; Carella, J.
. . . M.; Struglinski, M. J.; Crist, B.; Graessley, W. W.; Schilling, F.ZPolym.
synthesized hydrogenated butadieh&and when using other Sci., Polym. Phys. EAL985 23, 509. (c) Rachapudy, H.: Smith, G. G.;
Raju, V. R.; Graessley, W. Wl. Polym. Sci., Polym. Phys. Et979 17,
1211.
T Current address: Milliken & Co., Spartanburg, SC. (9) Bauers, F. M.; Chowdhry, M. M.; Mecking, $1acromolecule003 36,
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1972 151, 97. (c) Bergstrom, C.; Avela, BH. Appl. Polym. Scil979 23, J. Polym. Sci., Part A: Polym. Chert996 34, 3379. (b) Xiao, S.; Lu, H.
163. (d) Wild, L.; Ryle, T. R.; Knobeloch, D. C.; Peat, I. R.Polym. Sci., J. Mol. Catal.1992 76, 195. (c) Zakharov, V. A.; Yechevskaya, L. G.;
Polym. Phys. Ed1982 20, 441. (e) Schouterden, P.; Groenickx, G.; Van Bukatov, G. D.Makromol. Chem1989 190, 559.
des Heijden, B.; Jansen, Polymer1987 28, 2099. (11) (a) Ungar, G.; Zeng, XChem. Re. 2001, 101, 4157. (b) Bracco, S.;
(2) (a) Forte, M.; Vieira da Cunha, F.; Zimnoch dos Santos, J.; Zacca, J. Comotti, A.; Simonutti, R.; Camurati, |.; Sozzani,Macromolecule2002
Polymer 2003 44, 1377. (b) Usami, T.; Gotoh, Y.; Takayama, S. 35, 1677. (c) Zhang, F.; Song, M.;"L.T0.; Liu, J.; He, T.Polymer2002
Macromoleculed996 19, 2722. (c) Union Carbide Jpn. Pat. JP 54-148093, 43, 1453. (d) DesLauriers, P. J.; Rohlfing, D. C.; Hsieh, E.Pblymer
1979. (d) Showa Denko Jpn. Pat. JP 55-3459, 1980. (e) CdF Chimie Jpn. 2002 43, 159. (e) Starck, P.; Malmberg, A.; fgren, B.J. Appl. Polym.
Pat. JP 55-131007, 1980. (f) Mitsui Petrochemical Jpn. Pat. JP 53-92887, Sci.2002 83,1140. (f) Pak, J.; Wunderlich, Bdacromolecule001, 34,
1978. 4492. (g) Haigh, J. A.; Nguyen, C.; Alamo, R. G.; Mandelkern] LTherm.
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Figure 1. Controlling ethyl branch content using ADMET polymerization.

resistance to creep and external sti@ssowever, the synthetic ~ hydrogenation has yielded the first ADMET model EB copoly-
methodology used to study these copolymers may producemers wherein the ethyl branch is placed on each 9th, 15th, and
unwanted side reactions and as a result unknown primary 21st carbon along the backbone (Figure 1). Herein, we present
structures. These defects, even in small quantities, can alter thehe monomer/polymer synthesis, characterization, and thermal
polymer’s macromolecular behavior and thermal response analysis for these new LLDPE model materials.
depending on their frequency and identity. _ )

Recently we presented a way to obviate the random nature Results and Discussion

of branching in polyethylene along with unwanted side prod-  (a) Monomer Synthesis and Characterization.The mild
ucts***4Doing so has been accomplished using the clean, stepchemistry afforded by ADMET polymerization has proven a
polymerization chemistry offered by acyclic diene metathesis |,seful mechanism for the modeling of perfectly branched
(ADMET). This mild chemistry avoids chain transfer and other gty ,cture<314 The cornerstone of this perfectly branched PE
catalyst “mistakes” encountered during chain propagation mogel study has been to produce a monomes{diene) with
processes, thereby producing a branched polymer with ap,re o-olefin functionality along with perfect branch identity
homogeneous composition distribution and known branch (rigure 1). Fulfilling both requirements has proven difficult
identity (Figure 1). . when expanding the branch length beyond the methyl gtbup,
A short time ago we reported the synthesis and thermal |g4qing to significant effort in formulating a synthetic pathway
behavior for a series of five model EP copolymers in which a4t would successfully extend the branch identity without
the methyl branch was precisely placed on each 9th, 11th, 15th.sacrificing the integrity of the diene. Several methodologies were
19th, and 21st carbon along the backbone, respecttN&Me investigated throughout the synthesis work to generate perfectly
have also reported polyethylene-containing precise methyl pranched LLDPE materials; multiple synthetic procedures were
content, but with a statistical placement along the backbone yseq to complete this study starting either from ethyl aceto-
using ADMET copolymerizatiof? The thermal behavior and  acetate (Figure 2), diethyl malonate (Figure 3), or ketodienes
morphological analysis for this series of EP copolymers have (rigure 4). The first successful synthetic strategy to produce a
yielded unique results, in effect creating a new class of PE- yreq,-diene monomer with a symmetrically substituted ethyl
based materials using metathesis, based on the structural contranch, is presented in Figure 2.
offered by precise branch identity coupled with their precise or The conditions in step 1 (Figure 2) were modified from the

random placement. . . work of Krapcho et alf Ethyl acetoacetate is deprotonated with

In an effort to extend our LLDPE structural library, a synthenc base and readily effects theBdisplacement of bromide upon
methodology_ was squght to lengthen the al'k)_/l branch in these addition of 5-bromo-1-pentene. Subsequently, in the same pot,
model materials. This has proven to be a difficult task, for the the monosubstituted product is reacted with a second equivalent

s@ructur.al simplipity of symmetrically disposed, substitutgd of base and alkeny! halide, affording the disubstityekieto
dienes is deceptive. We now report the successful synthesis ofester 6). Compounds was decarboxylated using a dimethyl
o,w-diene monomers in which the ethyl branch has been

iall bstituted he hvd bon backb h sulfoxide (DMSO)/water/salt mixtuteto produce am,w-diene
symmetrically sul stl'_[ute on the hydrocarbon backbone. The ;, 5 pendant methyl ketone that is symmetrically substituted
ADMET polymerization of these monomers and subsequent

along the monomer backbone (7). Reduction using lithium

(12) (a) Al-Hussein, M.; Strobl, GMacromolecules2002 35, 8515. (b) aluminum hydride (LAH) yields the secondary alcoh8),(
Lindegren, C. RPolym. Eng. Sci197Q 10, 163. i which is further tosylated9). The reducing agent Li(Ef3H,

(13) O'Gara, J. E.; Wagener, K. B.; Hahn, S. Makromol. Chem., Rapid
Commun.1993 14, 657.

(14) Smith, J. A.; Brzezinska, K. R.; Valenti, D. J.; Wagener, K.NBacro- (16) (a) Krapcho, A. P.; Weimaster, J. F.; Eldridge, J. M.; Jahngen, G. E., Jr.;
molecules200Qq 33, 3781. Lovey, A. J.; Stephens, W. B. Org. Chem1978 43, 138. (b) Krapcho,
(15) Sworen, J. C.; Smith, J. A.; Wagener, K. B.; Baugh, L. S.; Rucker, S. P. A. P. Synthesisl982 805. (c) Krapcho, A. PSynthesisl982 893. (d)
J. Am. Chem. So@003 125 2228. Krapcho, A. P.; Gowrikumar, GJ. Org. Chem1987, 52, 1880.
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Figure 4. Synthesis of Wittig monomers.

coined Super Hydride, first employed by H. C. Brown and co-
workers in the late 1970s, is used to reduce comp@#id his
final step yields a mixture of the symmetrical diene of interest
(1) and eliminated byproductlQ). These products can be

separated using HPLC or careful column chromatography with
hexane. The use of the hindered boron reducing agent is eviden

since the reduction of the tosylated alcoh8) vith LAH
produces no traceable amount of compodndhereas a 68%
conversion was observed for the olefinic monorhér

Although monomerl (three methylenes) was successfully
produced by the method shown in Figure 2, difficulties were

methyl monomers (Figure 3}.Compoundl1 is synthesized
using sodium hydride with 11-bromo-1-undecene, followed by
decarboxylation of the resulting diacid. The monoacid is reduced
into the primary alcohol and directly converted to the bromide
(13) using CBg. A single carbon homologation was performed
by the addition of solid C@to the Grignard of compoundi3.
Once again its reduction was followed by the formation of the
bromide 15. Monomer 2 was obtained by quenching the
Grignard of15 with water. Noteworthy, the formation of the
Grignard must be achieved using sonication, for production of
the Grignard thermally causes compourito dimerize. Again,
the key difference between either methods (Figures 2 and 3) is
the formation and reduction of the primary bromidis)(in
s:igure 3 using Mg/HO or if preferred the reduction of the
tosylated alcohol with Super Hydride. The displacement of a
primary tosylate using boron can produce the desired hydro-
carbon monomer with minimal amounts of the eliminated
compound €5%).

The synthesis of symmetrical ethyl-branched dienes can be

encountered when trying to synthesize monomers containing ished usi hodolodi lined in eith .
longer chain lengths. Complications arise during the reduction 2C0mMPplished using methodologies outlined in either Figure 2

of the secondary tosylated or mesylated alcohol derivatives. The®' 3- However, in an attempt to simplify our monomer synthetic
preferred synthesis for these longer run length monomers isprocedure, we sought easier and more efficient ways to afford

shown in Figure 3, outlined for 3-(10-undecenyl)-13-tetradecene any length branch through simple organic transformations. Our

(2), to produce precisely placed ethyl branches. The synthesis.

initial endeavor focused on using Wittig couplings to produce
was modified according to the procedure for our precisely placed MONOMers containing a “masked” branch yielding the correct

ethyl branch upon exhaustive hydrogenation. In fact, the model
PEs derived from monomers made through Wittig coupling

(17) Krishnamurthy, S.; Brown, H. Cl. Org. Chem1976 41, 3064.
11240 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004
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Table 1. Molecular Weights for ADMET Model EB Materials

saturd copolymers

unsaturd copolymers (rel)® rel (PS)° universal® LALLSY
model EB copolymer n (ethyl on every nth backbone carbon?) M, x 1073 PDI¢ M, x 1073 PDI¢ M, x 1073 PDI¢ M, x 1073 PDI¢
HPEB9 9 56.5 1.8 58.6 1.8 37.8 1.8 29.2 1.7
HPEB15W 15 53.1 1.9 54.2 1.9 31.2 1.9 23.8 1.8
HPEB21 21 56.1 2.0 54.1 1.8 36.5 1.9 28.6 1.7
HPEB21W 21 50.2 1.9 50.7 1.9 27.3 1.8 254 1.8

aBranch content based on the hydrogenated repeat®viblecular weight data taken in tetrahydrofuran (4D) relative to polystyrene standards.
¢ Molecular weight data taken in tetrahydrofuran (4D) using viscosity law calibration relative to polystyrene standatdéolecular weight data taken
using low-angle laser light scattering (LALLS) in tetrahydrofuran at'@0¢ Polydispersity indexNlw/Mp).

(Figure 4) and ethyl acetoacetate addition (Figure 3) yield thatis comprised of only one type of repeat unit, plus the usual
polymers having the exact primary structure. Their comparison amount of cyclics £1—2%) found in bulk polycondensation
will be discussed further. conversions. Exhaustive hydrogenation of the unsaturated pre-
Wittig monomers (Figure 4) were synthesized using an in- polymer was accomplished using either palladium on carbon
situ formation of the phosphorus ylide followed by direct attack (10 wt % Pd/C) or RUHCI(CO)(PG}. (5 wt %); the homoge-
on the corresponding ketone. The starting ketones were syn-neous Ru catalyst was used with the trisubstituted olefinic
thesized according to literature proceduf&Ehe branch identity ~ prepolymers due to its literature applications in this &fela.
can be controlled by the starting bromoalkane used in the ylide both cases the hydrogenations were carried out over 5 days using
precursor; for example, ethyl branches would be obtained from 500 psi for Pd; however, higher pressure was needed (2000 psi)
bromoethane. Their synthesis is done by refluxing the necessaryfor the homogeneous catalyst to ensure complete hydrogenation.
bromoalkane with triphenylphosphine in diethyl ether, where The polymers were purified by filtration and simple precipitation
the resulting salt is filtered, washed with excess ether, and driedof the hydrogenation solution in acidic methanol (1 M). No side
prior to use. Upon addition of base to the salt/ketone slurry the reaction was detectable by thin-layer chromatography (TLC)
solution turns yellow indicative of ylide formation. The reaction or nuclear magnetic resonance (NMR), and hydrogenation was
is complete within 30 min of base addition, and the product verified by both infrared (IR) spectroscopy and NMR analysis.
can be purified by flash chromatography in hexane. The clean As previously observed, hydrogenation effectiveness is best
chemistry and easy synthesis afforded by Wittig chemistry will monitored by IR. The 967969 cnt! absorption in the
allow formation of any branch length monomers readily from unsaturated polymer, which corresponds to the out-of-plane
available, inexpensive starting bromoalkanes. C—H bend in the alkene, completely disappears after successful
(B) ADMET Polymerization and Hydrogenation Chem- hydrogenation.This is the first example of any model EB
istry. The proper choice of the appropriate catalyst system copolymer being prepared containing precisely placed ethyl
throughout this model study was crucial due to the differing branches on each andery 9th, 15th, and 21st carbon along
monomer structures employed; only Grubbs’ first generdfion polyethylene’s linear backbone
or Shrock'€® catalyst could be used for pure,w-diene In the following sections, all polymers are named using the
polymerizations. The Wittig monomers were polymerized only prefix HP (hydrogenated polymer) followed by the comonomer
with Grubbs’ catalyst, due to the presence of the “masked” type EB, ethylene/butane, &P, ethylene/propylene), and the
branch, the trisubsituted olefin. Since we are modeling polymers precise branch frequencg); for exampleHPEB21 is desig-
containing exact primary structures, we have avoided all other nated as hydrogenated ethylene/butene copolymer containing
ruthenium-based catalyst systems due to their propensity toan ethyl branch on every 21st carbon. Due to the exact nature
isomerize external and internal olefifis. of the polymers produced, the comonomer content can be easily
Monomerl was exposed to Schrock’s cataRfatnder mild calculated using the branch frequenoyfpllowing the relation-
ADMET step polymerization conditions using typical catalyst Ship
loadings (1000:1, monomer:catalyst). All other monomers were
polymerized using Grubbs’ first generation catalyst. The mol % comonomet= 2 % 100
chemistry proceeds cleanly to yield a linear, unsaturated polymer

(18) Hopkins, T. E.; Wagener, K. Bdacromolecule2003 36, 2206. Table 1 confirms that the hydrogenation process does not
(19) (a) Nguyen, S. T.; Grubbs, R. H.; Ziller, J. \W.. Am. Chem. S0d.993 i i i
115 9858. (b) Schwab, P.; France, M. B.; Ziller, J. W.; Grubbs R. H. alter the r_nolgcular Welght Qf the unsz?\turated _polymesrs in this
Angew. Chem., Int. Ed. Engl995 34, 2039. (c) Schwab, P.; Grubbs, R.  Study, which is consistent with our earlier experiméfts® The
H.; Ziller, J. W.J. Am. Chem. Sod996 118 100. (d) Grubbs, R. H.;
Marsella, M. J.- Maynard, H. DAngew. Chem.. Int. £d. Eng1997 36 sat_urated EB_coponmers were a_na_lyzed by three mo_lecular
1101. (e) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H.Am. Chem. Soc. weight determination methods consisting of the use of an internal
1997 119, 3887. (f) Dias, E. L.; Grubbs, R. HDrganometallics1998 17, ; i e i 1 i i
2758, (g) Tmka, T. M.: Grubbs, R. Hct. Chem. Re2001, 34, 18, and differential refractive index detector (DRI), differential viscosity
references therein.
(20) (a) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; (21) (a) Lehman, S. E.; Wagener, K. Biorg. Chim. Acta2003 345, 190. (b)

O'Regan, M.J. Am. Chem. Socl99Q 112 3875. (b) Bazan, G. C; Sworen, J. C.; Pawlow, J. H.; Case, W.; Lever, J.; Wagener, K. Blol.
Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O’Regan, M. Catal. A: Chem2003 194 69. (c) Bourgeois, D.; Pancrazi, A.; Nolan, S.
B.; Thomas, J. K.; Davis, W. MJ. Am. Chem. S0d.99Q 112, 8378. (c) P.; Prunet, 1J. Organomet. Chen2002 643 247. (d) Arisawa, M.; Terada,
Bazan, G. C.; Oskam, J. H.; Cho, H. N.; Park, L. Y.; Schrock, RJ.R. Y.; Nakagawa, M.; Nishida, AAngew. Chem., Int. EQR002 41, 4732.
Am. Chem. Socl1991 113 6899. (d) Fox, H. H.; Schrock, R. R. (22) (a) Martin, P.; McManus, N. T.; Rempel, G. I.. Mol. Catal. A: Chem.
Organometallics1992 11, 2763. (e) Feldman, J.; Murdzek, J. S.; Davis, 1997, 126, 115. (b) Otsuki, T.; Goto, K.; Komiya, Z1. Polym. Sci., Part
W. M.; Schrock, R. ROrganometallics1989 8, 2260. (f) Oskam, J. H.; A: Polym. Chem200Q 38, 4661. (c) McManus, N. T.; Rempel, G. l.
Schrock, R. RJ. Am. Chem. S0d.992 114, 7588. Macromol. Sci., Re Macromol. Chem. Phy4.995 C35, 239.
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(ADMET). As a starting point we have used semiquantitative
H Gy , 13C NMR as the primary tool for investigation to verify primary
TA/\]/Tﬂj/ . structure.
o Figure 5 displays th&’C NMR spectra for the conversion of
) monomerl to unsaturated polymekJPEB9 (Figure 5b); the
13C spectrum for the fully saturated ADMET model EB
W copolymer possessing an ethyl branch on every 9th carbon,
HPEB9 is presented in Figure 5¢c. These NMR data confirm
S that the ADMET reaction has taken place. The absence of visible
Figure 5. '3C NMR of (a) monome, (b) UPEB9, and (c)HPEBS. end groups (114.5 and 139.2 ppm) implies that high polymer
has been obtained, a result consistent with the GPC results given
detector (DP), and a precision light scattering detector (LS). earlier. Further, the internal olefin resonance at 130.62 ppm
Using these three detectors in series, the molecular weights wergFigure 5b) completely vanishes upon exhaustive hydrogenation
determined by universal calibration (a plot of log intrinsic of the double bonds (confirmed by IR, Figure 6).
viscosity ] x molecular weight vs retention time) calibrated The clean and complete nature of the transformations depicted
using polystyrene (PS) and low-angle laser light scattering in the spectra is typical for all ADMET model LLDPEs
(LALLS). The results are shown in Table 1. The universal Synthesized thus faf,data which illustrate the level of structural
calibration data were generated by calibrating the retention timescontrol that is possible when choosing step condensation
using 10 Polymer Laboratory polystyrene standards. As previ- Chemistry as the method to model ethylees-olefin systems.
ously discussed for EP copolymer mod&ishese ADMET Moreover, the*C NMR spectra of these ADMET copolymers
model EB copolymers exhibit molecular weights and polydis- reveal the exact chemical shifts of a pgrthular branch pqmt and
persities within a sufficient range to make it an excellent model its subsequent carbons. In effect, acyclic diene metathesis allows

for commercial grades of LLDPE produced via metallocene for a dlre_ct correlation between branch identity and observed
catalysist-® NMR shift (ppm) due to the exact primary structure of the

polymers. In the case of precise ethyl-branched copolymers, the
(C) Structure Determination Using NMR and IR. Our goal observed shifts are 33.46) 26.99 8), 30.43 {), 30.31 §),

in modeling PE-based materials is to develop an understanding39.09 (methine), 26.12x), and 11.12 (1B ppm, which is in

of the relationship between the exact effect branch content andvery good agreement with experimed®®* and predicted

identity and a given model copolymer’s micro- and macromo- values?>2% These data suggest that ADMET model LLDPEs,

lecular properties. A direct transfer of monomer branch content in conjunction with high-field NMR experiments, could be used

to the polymer is achieved using step metathesis chemistryto derive new and improved mathematical parameters in the

11242 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004
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structural study of branched polyethylene. A wealth of informa- Further, the majority of the methyl branches are known to in-
tion can be collected concerning the amount, nature, and corporate into the repeating methylene sequefic@$.course,
partitioning of branched PE materials usitig NMR studies’’ under equilibrium conditions the branches, even methyl, are
The precisely branched ADMET PEs synthesized thus far offer assumed to be rejected from the crystall#&quilibrium is
a tremendous potential to study/model the direct impact a short- seldom reached during crystallization, however, thereby favoring
chain branch and its distribution have on the final structure an intermediate situation where the partial segregation of branch-
property relationships in ethylene-based materials. Nowhere ises exists between the amorphous and crystal regfomhis
this more evident than in the NMR results presented here.  equilibrium, for branches longer than methyl, can be shifted by
As previously observed in our model EP model copolymers, the crystallization conditions to favor inclusion or exclusté?*
the utility of IR to observe and understand changes in structure On this basis, the bulk of the ethyl side group is at the boundary
is invaluable. In the past, Tashiro et?8lcarried out a detailed ~ between total exclusion and inclusion within the crystal lattice.
study on the IR response of differing polyethylene crystal — The intermediate situation of phase partitioning chain defects
structures. In Figure 6, the saturated ADMET EB copolymer seems most likely, and there have been numerous experi-
models clearly exhibit the characteristic shapes and absorptionmental?”310-3theoretical® 3® and molecular modeling studfs
values (two single peaks at 1461 and 720 &ywhich suggests  to help define a mechanism for branch inclusion. Typically,
an unorganized packing structure. The limited correlation X-ray diffraction coupled with high-field*C NMR has been
between IR and X-ray data in EB copolymers means that the used to determine branch inclusion. For ethyl-branched poly-
exact structure cannot be determined from the absorbancemers, the proportion of ethyl branch inclusion was determined
spectra alone. However, following the vibrational analysis made to be a function of SCB concentration and was estimated at
for n-alkenes and disordered polyethylene we can make certain10:1 (17 SCB/1000C) and 5:1 (21 SCB/1000C) between the
observations using the 1366, 1305, and 1352 chands® amorphous and crystalline regioH&31?34Mlore recently, studies

Previously, the bands observed at 1366 and 1305 overe have assumed the existence of branch incorporation by consid-
assigned to a kink and the 1352 chto a double gauche defect ering possible structural perturbations and conformational
in PE material@8 The overall concentration of gauche and kink defects. These studies have proposed interstitial sites along the
methylene sequences for our ADMET EB copolymers is reduced Polymer chains, known as kinR&?" arising from conforma-
with the decrease in branch defect content. This trend can betional gauche defects (2g1 defects) being the most conifhon.
observed by the comparison of these defect bands versus thd hese 291 defects have been proposed to be large enough for
-CH,- scissoring at 1461 cm. Also, the ratio of these defect ~ ethyl branched®3In fact, the gtg (2g1) conformation can be
bands (1366, 1305, and 1352 chirelative to the methylene ~ Observed using IR and assigned the 1366 and 1305'cm
wagging vibration at 1261 cnt shows a unique pattern. Close absorptions.
inspection reveals that the ratio of all three disordered vibrations As mentioned earlier, our EB copolymers exhibit high
are equal relative to each other; however, their ratio to 1461 concentrations of the kink (tttgtgttt) defect. The concentration
cm* changes depending on the branch content and crystallinity. Of these defects relative to the double gauche (1351'gm
Of course, bottHPEB9 and HPEB15 are amorphous at the  remains constant throughout the branch content. Also, it would
recorded spectra temperature, whilRBEB21is semicrystalline. ~ seem that the distorted trans segments (shoulder of the 1461
The observed disordered ratio trend can also be observed usingm * absorption) hold this constant relationship as well. The
the 801 and 769 cni vibrations (visible with EB copolymet9.
The peaks most likely originate from a methylene rock and (
proceed with a similar up/down ratio when the defect content
and crystallinity change. While at present the exact cause of 32 &) Py P, 1. Chem. Physl949 17, 223. (b) Flory, P. JTrans. Faraday
these vibrations and variable intensities cannot be correlated to(33) Eichorn, R. MJ. Polym. Sci195§ 31, 197. ) )
structural information in our EB copolymers, we can compare Perez, E.; Bello, A.; Perna, J. M.; Benavente, R.; Martinez, M. C.; Aguilar,

C. Polymer1989 30, 1508.
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nearly constant ratio of these bands versus defect content for
our EB copolymers suggests that defect equilibrium is inde-

pendent of methylene sequence length. The thermal analysis of

these polymers, discussed later, shows tHBEB9 is amor-
phous most likely because of the short sequences of trans
methylenes between branch kinks. As the branch frequency

decreases, the resulting longer run length of trans segments
enables the polymer to crystallize, depending on the temperature

as seen foHPEB21.

The larger steric demand has brought about a large increase

in the gauche and kick defects relative to ADMET EP
copolymers (Figure 6b) as well as a new observed vibration
(wag) at 769 cm!. These defects are small and only slightly
observed for the methyl-branchetPEP21 There is also a shift
in the methylene scissoring vibration from 1472 <nfor
HPEP21 to 1461 cm! for HPEB21. Although the band
positions are slightly different from a typical orthorhombic
crystal of PE28 observed at 1472 and 1463 chour EP and
EB copolymers encompass both peaks, respectively. To further
delineate the copolymers structure, the thermal behavior of thes
materials was explored.

(D) Thermal Analysis. Numerous thermal behavior studies
have been performed on commercially produced LLDPEisd
EB copolymers containing a statistical distribution of ethyl
brancheg¢:56ab.8a,b27a,428 Similar to the results obtained for
EP copolymers, studies on randomly branched EB copolymer
systems have shown that the density, enthalpy, degree of
crystallinity, and peak melting/crystallization points all decrease
as the amount of defect content (ethyl branches) is increased

Like EP copolymers, the melting behavior of EB systems is
influenced by the amount of SCB; however, the SCB distribution
(SCBD) is by far the most determinant factor on the final
physical properties of a given material. The major problem
arising during modeling studies on ethylene-based polymers is
the compositional heterogeneity normally encountered for these
statistically branched materials. In this way, ADMET EB
copolymers present the advantage of being well-defined materi-
als with a homogeneous distribution of defects along the
backbone. Thus they make excellent substances with which to
model the effect that SCB and SCBD have on the final materials
response of ethylene-based materials.

Figure 7 shows a calorimetric comparison between the
saturated ethyH{PEB9) versus fully saturated methyl-branched
polymer HPEP9). Both materials possess precise branch
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Figure 7. DSC comparison of (1, toh)PEP9 (ADMET model ethylene/
propylene copolymer with a methyl on each 9th carbon) and (2, bottom)
HPEB9 (ADMET model ethylene/butylene copolymer with an ethyl on
each 9th carbon.

distribution along the hydrocarbon backbone. Previously studied
model EB copolymers, made from hydrogenated poly(buta-
dienes), have exhibited ill-defined melts for branch contents as
high as 106 ethyls/1000 carboffsin contrast, the ADMET
model EB copolymerHPEBY, possessing 111 ethyls/1000
carbons, shows no detectable melting point in the range studied
here, suggesting a completely amorphous behavior. This result
is interesting when compared to the narrow melting point
exhibited by the ADMET model EP copolymddPEP9) with

the same branch content (Figure 7).

The only viable explanation for this difference is that methyl
branches are readily incorporated into the crystal lattice, whereas
the steric demands of the ethyl branch preclude its taking part
in the crystallization process at this level of precise branch
distribution. In an effort to produce EB copolymers containing
crystalline segments the average methylene run length (MSL)
was increased to produce both model polyméPREB15 and
HPEB21. Our modeling polymerization chemistry, ADMET,
lends itself perfectly for this task.

As shown previously we are able to modify the backbone of
our model polymers by simple monomer manipulation. Figures
2 and 3 illustrate that we have developed a routine synthesis to
create monomers containing an ethyl branch and any level of
branch content R/1000 carbons). In fact, the model copoly-
mers containing an ethyl branch on every 21st backbone carbon
were synthesized with two different methodologies. Utilizing
the Wittig reaction along with the appropriate ruthenium
polymerization catalyst, we were able to make the total synthesis
viable for modeling PE on a large scale. Overall this new
synthetic approach allows for modeling material properties and
perhaps polymer blends on industrial scales. Of course, for the
Wittig methodology to be a viable method for monomer
synthesis, the trisubstituted olefin must remain inactive through-
out the polymerization. If at any time the trisubstituted olefin
engages in metathesis, even after all terminal olefins have
reacted, the polymer primary structure would be altered. To
determine if the pendent olefin in the Wittig monomers were
actually inactive in the ADMET polymerization cycle, both
monomers2 and3 were synthesized and compared (Figure 8).

To prove the Wittig method of producing monomers was
adequate for modeling EB-branched polyolefiiRBEB21 was
synthesized from a purely,» diene monomer obtained by the
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Figure 8. (a) DSC comparison foHPEB21, HPEB15W, andHPEB21W. (b) 13C NMR of HPEB21 and HPEB21W.
procedure outlined in Figure 3. The polymer was then used as 40 Ah =57.6 Jig
the reference and compared to the Wittig produced copolymer 2 7.0J0g
(HPEB21W). The easiest and most effective method to make 3 28 days at 28 °C
a structure comparison betwedPEB21 andHPEB21W was T 30
close inspection of both3C NMR and differential scanning < 7:8Jlg Ah =511 /g
calorimetry (DSC). This comparison would lead to an identical 2 g THOSRBT
response to the external stimuli if both polymer's macromo- H
lecular behavior were the same. Further, the thermograph and E 8.7 Jig Ah=49.8 Jig
carbon spectra of both polymers would be equal if the primary § 101 HpeB21W
structures were equal. In fact, if at anytime throughout the o
metathesis cycle the trisubstituted olefirdPEB21W becomes o Beanrate, =10 Cmiml
metathesis active, one or both of these techniques would detect 60 -40 -20 O 20 40 60 80

. Temperature (°C)
the structural change. Figure 8 reveals that both polymers have )
Figure 9. DSC thermograph of (1, bottonfiPEB21W, (2, middle)

an identical carbon spectrum and exhibit the same nearly ynneajedipEB21W for 14 days at 28C, and (3, top) annealddPEB21W
monomodal melting profile containing two distinct peak melting for 28 days at 28C.

temperatures. The enthalpy ratio between these two melting
peaks is the same regardless of the polymer synthetic methodolbranches per 1000 total carbons. The crystal formation and/or
ogy. the crystallization kinetics also change when the overall branch
The precise nature of the branch location or constant MSL content is increased. For example, when going from the
produces a semicrystalline polymer favoring a single crystalline amorphousiPEBS to the semicrystallinélPEB21, the melting
region (T, = 34.3°C). Comparison of model EB copolymers profile becomes bimodal. These two different melting crystals
synthesized using either metallocét® or hydrogenated  may originate from the same source when comparR§EB15
polybutadieneg44at the same level of branch content, shows andHPEB21,but regardless of crystal origin the enthalpy ratio
very ill-defined endotherms. However, whétPEB21 (ethyl increases when going froMPEB15to HPEB21, favoring the
branch) is compared to the precise methyl-branched modelhigher melting crystal. We have used annealing experiments
HPEP21, studied previously, the latter has a higher peak melting on HPEB21W in an effort to force the copolymer to prefer a
temperature (62C) and a higher melting enthalpy (103 J/g). single crystal form. The same experiments could have been
The EP model copolymer also exhibits a sharp melting profile conducted wittHPEB15W; however, we focused dAPEB21W
with no premelting in contrast to the rather large premelting primarily because of its higher melting temperature (above room
thermograph seen fdHPEB21. To ascertain the semicrystal- temperature).
linity limit in our model EB copolymers, the methylene sequence  Figure 9 illustrates that the EB copolymePEB21W can
length was reduced to producdPEB15W. This model be manipulated by annealing the sample. The sample was
copolymer, containing an ethyl branch on every 15th carbon, initially annealed in the DSC at the leading edge of the higher
was synthesized using the Wittig approach only. melting crystal; in the case d{PEB21 the ideal temperature
The reduction of the methylene sequence length causes thewas found at 28C. Upon annealing the sample for 14 days
melting point to drop below room temperature. The polymer (Figure 9), the reduction of the lower melting crystal was
still exhibits semicrystallinity, but increasing the defect content substantial and produced a polymer with a precise narrow peak
results in a bimodal melting profile. Similar results have been melting temperature of 34.4C. In an effort to reduce the
observed for continuously cooled hydrogenated polybutadienespremelting inHPEB21W, the annealing experiment was carried
at much higher branch contetitApparently, precisely placed  outside in an isothermal bath at 28 for 28 days (Figure 9).
ethyl-branched EB copolymers have a single sharp melting Figure 9 illustrates that the polymer’'s small endotherms and
profile for copolymers containing approximately-560 ethyl premelting observed after 14 days have been eliminated,
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producing a distinct, narrow single melting peak ftPEB21- chain-addition polymerization. Further studies are being con-

(W). The melting profile for our copolymer containing an ethyl ducted to investigate the packing of these unique materials and
branch precisely placed on every 21st carbon exhibits the samedelineate correlations to previously synthesized EP model

behavior as our model EP copolymers, albeit at lower temper- copolymers'®

atures.

In this light, consensus has it that melting temperatures,
crystallinity, and lamella thickness are a function of branch
content and are relatively independent of branch size (excluding
methyl). Since the identity of the branch (again, excluding
methyl) has little effect on the crystal nature of LLDPE due to
branch exclusion, the comonomer incorporation is the mos
important factor influencing the polymer’s behavior. These
issues are a direct result of catalyst choice and polymerization : > 1 4
conditions; for example, a metallocene EB copolymer (homo- ©" the_ the_rmal and crystal behavior of these distinct EB materials
geneous) has a lowd¥, (26 °C) than a polymer with the same ~ resulting in a new class of LLDPEs.
average branch content (30 SCB/1000C) but synthesized with The structural investigation has shown that these ADMET
a heterogeneous catalyst systérThese melting differences EB copolymers favor ethyl branch inclusion, producing a similar
have been suggested to originate from the thick unbranchedCryStal structure obtained for our EP model copolymers.
crystal formation witnessed in all heterogeneous systems. TheMoreover, these copolymers exhibit distorted methylene se-
more homogeneous branched system lacks the longer un-duences with high C(_)ncentratlc_)ns of kink, gal_Jche, and double
branched sequences and as a result thinner crystals and lowe§@uche defects. The inter- and intrahomogeneity of the sequence
melting temperatures. Our ADMET-produced polymers have Ier!gth dlstrlputlon in these materllals produces lower meltlr!g
perfect and constant MSL through every repeating sequence sdPoints and higher melting enthalpies when compared to chain-

a comparison between homogeneous, heterogeneous, and olropagated EB polymers. In fact, the thermal behavior of these
copolymers is important. materials concludes that the MSL and its distribution are more

Correlations between branch content and melting temperaturecontrolled versus chain-addition chemistry and single-site met-

in EB copolymers have been investigated for metallocene, allocene system;. Step polymerization also produces narrow
Ziegler—Natta (z-N), and hydrogenated polybutadienes monomodal melting profiles when branch content reaches
(HPB)#44547.48 From the data reported, the peak melting approximately 45 ethyl branches/(1000 carbons) or 9 mol %
temperature decreases with more controlled polymerization 1-Putene. o _

conditions. For the same branch cont@rtfollows the trend We are currently continuing this branched polyethylene
95, 88, and 62C for HPB, Z-N, and metallocene, respectively. research by gatheriqg a better base of scattering data gnd
Of course, ADMET copolymers have more control of the understanding the d|ﬁergnces betwegn raqdom and precise
polymer's primary structure, even more than those observed Pranch content. In addition, we are investigating precisely
for any metallocene catalyst. Having theoretically no hetero- Pranched linear, low-density materials containing hexyl and
geneity in branch incorporation (or MSL), ADMET copolymers  Ultimately longer defects.

should exhibit lower melting points than metallocene copoly-  Acknowledgment. We wish to thank the National Science
mers, most likely resulting from smaller crystallite formation. Foundation (Grant No. DMR9806492) for financial support of
Relating the branch content of our ADMET copolymers to the this research.

derived chain-addition models agrees with this assumption.
Indeed, ifHPEB21 was produced by chain addition, the level
of branch content (43.5 SCB/1000 carbons) would predict a
melting point of~60 °C (actualT,, = 34.5°C).*5 Furthermore,

the enthalpy of fusion of our ADMET EB copolymers is much
higher (~57 J/g) than either metallocene-30 J/g) or ZN JA047850P

(~42 J/g) copolymers. These results are consistent WI'[h.ADMET (49) Lieser, G.: Wegner, G.. Smith, J. A: Wagener, K Glloid Polym. Sci
producing more homogeneous sequence lengths relative to any ~ 2004 282, 773.

Conclusions

Acyclic diene metathesis polymerization has proven to control
the primary structure of ethylene/1-butene copolymers resulting
in linear polyethylene containing only ethyl branches. In this

effort, a simple synthetic method has been developed to produce
t exact linear model polymers on an industrial scale using
ketodienes. The inherent ability of metathesis to control the

polymers branch identity and placement has profound effects

Supporting Information Available: Detailed characterization
and experimental data for all synthesized monomers and
polymers. This information is available free of charge via the
Internet at http://pubs.acs.org.
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