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ABSTRACT: We report the synthesis and characterization of a series of precision polyethylene (PE) structures
containing either a fluorine, chlorine, or bromine on each and every 19th carbon. The use of ADMET polymerization
chemistry allows unprecedented control in the synthesis of these halogen containing PE derivatives, and results
in the first bromine containing polyolefin with a precisely defined primary structure. Polymerization with Grubbs’
first generation catalyst followed by hydrogenation by diimide reduction or Wilkinson’s catalyst leads to these
precise structures, which have been characterizetHdyMR, solution and solid statC NMR, solid state"F

NMR, IR, elemental analysis, TGA, DSC, AFM, and WAXD. The TGA data, coupled with elemental analysis,
supply definitive proof of the structural composition through the observed thermal decomposition and release of
exact masses of HX (X F, Cl, or Br). In reference to analogous random copolymers, these precisely substituted
polymers display sharper WAXD diffraction patterns, higher crystallinities and much narrower melting peaks,
typical of a homopolymer-like crystallization. This crystallization behavior is supported by solid-state NMR based
on the observed equivalence in the relative distribution of halogens between crystalline and noncrystalline regions.
Extensive experimental data provide evidence for a crystalline state built on the basis of substitutional solid
solutions. Lattice distortions caused by the accommodation of the substituent in the lattice render a change from
orthorhombic to triclinic structures at a van der Waals atomic radius of the selu&A. The observed melting
temperatures and enthalpies of fusion decrease dramatically with increasing volume of the substituent and scale
proportionally to the van der Waals atomic radius in the halogenated series.

Introduction more, the properties of the resulting polymer are highly
Polyolefins are among the most important large volume dependent on the structure of the PE used and the conditions

polymers produced toddyPolyethylene (PE) has found use in €mployed for the halogenatidA* Another typical post-
such diverse areas as packaging, biomaterials, microelectronicsPolymerization method is reductive dehalogenatibmhere
and protective coatingsall of which depend on the tunable ~chemical reducing agents such as tributyltin hydride are used
semicrystalline morphology of the polym&Modification of to replace halogens with hydrogens, yielding materials that
the parent structure through halogen incorporation, as in the experience the same structural irregularities problematic in all
case of poly(vinyl chloride) (PVC) or poly(tetrafluorethylene) post polymerization strategies. The direct free radical copolym-
(PTFE)# further extends the range of applications as a result erization of ethylene and vinyl halide comonomers yields
of changes in polymer structure at all levels. copolymers containing numerous structural defects and conse-
Ethylene-vinyl halide (EVH) copolymers also are of interest. quent instability® Regardless of monomer ratios, the copolymers
Ethylene-vinyl chloride (EVC) copolymers offer improved  contain inordinately high vinyl contents as a result of reactivity

thermal stability relative to PVE.Similarly, ethylene vinyl ratio imbalances, a phenomenon that can only be slightly
fluoride (EVF) polymers are of value, such as poly(vinyl improved by use of-ray induced polymerizatiotf. Ziegler—
fluoride) (PVF), poly(vinylidene fluoride) (PV4, and poly- Natta conditions have also been employed for copolymerization,
(ethylenealt-tetrafluorethylenej. Ethylene vinyl bromide co-  aithough controlling the copolymer composition in this method
polymerd®and partially brominated polyethylefare less well- has proven extremely challengifd).

known.

Olefin metathesis chemistry offers an alternative synthetic

Synthesizing copolymer variants of common halogenated
y 9 copoy 9 route to such polymers, based on the development of well-

polyolefins can be challenging due to reactivity ratio issues ) 2 :
present during copolymerizatigii?and due to the ineffective- defined late transition metal cataly$fsRuthenium catalyzed

ness of post polymerization attempts to produce well-defined [iN9 OPening metathesis polymerization (ROMP) can yield EVC

structureg14 Of the various techniques that have been used CoPolymers possessing well-defined structdrésyclic diene

to synthesize EVH copolymers, the simplest approach is metathesis polymerization (ADMETY 18 has also been used

halogenation of PE, a procedure which gives an irregular for the synthesis of a precisely defined EVC polyrtewith

distribution of halogens along the polymer backbone. Further- ADMET, variation in the monomer structure gives access to a
broad range of precisely defined polymers, allowing direct

* Corresponding authors. E-mail: (K.B.W.) wagener@chem.ufl.edu; correlation of structureproperty relationship® The ability of
(R.G.A.) alamo@eng.fsu.edu. ADMET to produce PE structures with precisely placed pendant
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groups is generating a wealth of structure/property data at the We now report the ADMET synthesis and crystallization of
moment. a series of precision polyethylene structures containing fluorine,
As has been known for decades now, the random incorpora-chlorine, and bromine located on each and every 19th carbon
tion of relatively small amounts<{(10 mol %) of a structural (n = 18) along the polymer backbone. Included in this study is
irregularity in polyethylene (PE) generates copolymers possess-the synthesis of the first bromine containing polyolefin with a
ing thermal properties that adhere to thermodynamic principles precisely defined primary structure, demonstrating that the
of phase transitions in two-component systéis3 The vast weaker carbortbromine bond survives both the metathesis and
quantity of experimental data that exists unequivocally dem- hydrogenation chemistry employed. Not included is the com-
onstrates that side groups such as ethyl, propyl, vinyl acetate,parative polymer containing iodine, as this precision polyolefin
styrene, and others are not incorporated into the copolymerhas eluded our efforts to create it. We continue to investigate
crystal lattice?* Their solid-liquid transition follows the basis  synthetic routes to the iodine analogue copolymer, for it will
of Flory’s equilibrium theory derived on the assumption of become important in the final analysis of these halogenated
formation of a pure crystalline phadeOn the other hand,  polyolefins. For now, the synthesis and primary structure
smaller side groups such as methyl, chlorine and oxygen cancharacterization of the fluorine, chlorine, and bromine containing
be partially incorporated into the crystalline latt@@s A polyolefins presented here delineates the opportunity for a
different partitioning of the side group has an important impact detailed understanding of the effects of halogen incorporation
on the thermodynamic and physical properties of these copoly- in polyolefins.
mers. Thus, melting temperatures of random copolymers with  The effect of the substituent on the crystallographic packing
Cl pendant groups and GHbranches are significantly higher is extracted using IR spectroscopy and wide-angle X-ray
than those of copolymers with matched compositions of side diffraction (WAXD), while the partitioning of the substituent
groups excluded from the crys& The differences reflect the  between crystalline and noncrystalline regions is inferred from
fraction of longer continuous crystallizable sequences presentsolid-state NMR spectroscopy and from the polymer’s thermal
in the former type. behavior. Since small atoms, such as oxygen and fluorine are
The analysis of the thermodynamic behavior of random expected to be accommodated in the all-trans polyethylene
ethylene copolymers witlr ~10 mol % branch points in the |attice, the systematic increase of van der Waals radius of the
main chain is more complex. At this branching level, melting substituents in the series allows quantitative data of the degree
temperatures and degree of crystallinity usually deviate upwardto which the orthorhombic polyethylene lattice can tolerate
from the linear trends observed at the lower branching con- atomic hydrogen substitution. The thermodynamic properties
tents?1-2627and divergences are accentuated for copolymers with of these model systems will be directly correlated to substituent
side groups that can be accommodated in the cry&télin radius and bond lengths and will establish fundamental grounds
reference to thermodynamic principles, concerns are raised aboufor strategies to modify structural and thermal behavior of
the actual branching distribution in highly branched systems polyethylenes.
and how close the crystallization behavior follows models based ] )
on selection of crystallizable sequences. On one hand, at largeResults and Discussion
branching contents the usual temperature rising elution frac- Synthesis.The synthesis of fluorine, chlorine, and bromine
tionation (TREF), crystallization fractionation (CRYSTAF) or ~ Substituted EVH polymers with a halogen on each and every
NMR methods used to probe branching distributions either fail 19th carbon required the preparationoofw diene monomers,
or become overwhelming in complexi§310n the other hand, followed by _ADMET polymerization and subsequent exhaustive
the decreased length of continuous methylene sequences majydrogenation as shown in Scheme 1. All three halogen-
induce a different crystallization mode, as occasionally specu- containing monomers were derived from a common ketone
latec?® and in line with observations of a change in crystal- Precursorl* which was reduced to the alcohdf®® prior to
lographic packing with increasing comonomer conf8a32.33 halogenation. The fluorine monom@) {vas synthesized in good
Understanding the details of the crystallization behavior for these Yield from 2 using diethylaminosulfur trifluoride (DAST).
highly branched systems can only be accomplished via model Chlorination was achieved by tosylation @f followed by
polymers with well-defined microstructures. ADMET polym- nucleophilic displacement with LiCl, while the bromine mono-
erization leads to polymers with precisely defined microstruc- mer 6) was synthesized directly by action of GB?Ph on the
tures and, hence, to excellent models to study the crystallization@lcohol2. Monomers4*® and5 were then subjected to ADMET
behavior of highly branched ethylene copolymers. polymerization in the bulk using first generation Grubb’s
ADMET polymerization followed by hydrogenation produces catalyst® The fluorine monomes, was polymerized in solution
either the linear polymer chain or ethylene copolymer-type (methylene chloride) as this monomer is a solid as oppdsed
branched molecules that lack any branching composition @nd5, which are oils. In a similar manner, the ketone starting
distribution1-19This “clean polycondensation” chemistry is used monomer 1) was polymerized in toluene using first generation
here to produce a branched architecture characterized by thé>rubb’s catalyst.

precise branch placement every”“fixed methylene runs These unsaturated ADMET-EVH polymers were subjected
according to the following repeated structural unit: to exhaustive hydrogenation to generate precision halogenated
polyolefins. The nomenclature acronym used herein is UPE19X,
—[(CH2)—CH]y— where U indicates unsaturation and PE19X indicates a poly-
ethylene backbone with a halogen substituent (X) on every 19th
X carbon. In the case ofJPE19F and UPE19C], diimide

reductiorf® gave clean conversion of the unsaturated polymer
The unique characteristics of these systems permit the studyto the fully saturated polymer as evidenced by IR and NMR.
of ideal models of functionalized polyethylenes with precisely Diimide reduction proved ineffective faPE19Br. In this case
placed substituents in which and X can be varied indepen- it is likely that the presence of nucleophilic species in the
dently. They are models for polyethylenes with controlled hydrogenation mixture resulted in the displacement of the
hydrogen substitution. bromine, a mechanistic event facilitated both by the Wea(hSK/
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Scheme 1. Monomer and Polymer Synthesis
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Table 1. Crystalline Data of Precision ADMET Polyolefins (PE19X) with General Structure—[(CH 2)1g—CHX],—"

aton? M, 1073 packing 20 (deg) Tm T. AH X& vdwe C—X'
sample X)  (g/mol) MM, cell 110 200 100 010 (°C) (°C) (g (@) @A) A)

PE H 13.1 126  orthorh  21.64 24.02 133.0 115 238 83 12 1.09
PE190 o 3.4 355  orthorh  21.43  23.28 1347 120 106 60 152 1.2
PE19F F 7.5 152 orthorh  21.23  23.60 1275 113 207 57 147  1.35
PE19CI cl 22.8 222 triclinic 1910 2247 727 63 105 50 175 178
PE19Br Br 22.9 172 triclinic 1920 2195 615 43 55 40 185 195
PE19CH!  CHs 11.3 1.90 triclinic 18.7% 2179 57 51 96 nd 20 1.54

aEvery 19th carbon? Measured by GPC vs PE Measured by GPC vs PSCrystallinity from WAXS. Samples crystallized at°C/min. ¢van der
Waals radii.f C—X bond length9 —CHs group on and every 21st carld8n" Melting and crystallization temperatures and heat of fusions correspond to
samples crystallized and melted at @/min.

carbon bromine bond and the better leaving character of the
bromine relative to chlorine and fluorine. Successful hydrogena-
tion was achieved foUPE19Br as well asUPE190 (the 80
polymer product of monomet) using Wilkinson’s catalyst’

i a
M _.M + yHF
iy Y

Polymer molecular weights were found to range fromdaof S 604
11 300-12 000 g/mol folPE19FandPE190respectively (GPC % 0]
vs PE) to 38 00649 500 g/mol forPE19Br and PE19ClI 2
respectively (GPC vs PS) as listed in Table 1. 20
Primary Structure Characterization. The primary structure
for these well-defined halogenated polyolefins was established 0-
using a combination ofH NMR, 3C NMR, TGA (thermo- b
gravimetric analysis), IR spectroscopy, and elemental analysis. Frag — o oo

The precise structure of the polymers is supported by NMR,

while TGA results prove the composition of the polymer through

the clearly observed thermal decomposition and release of exact

masses of HX (calculated HE 7.0% and HBr= 23.5%, found

HF = 7.3% and HBr= 22.7%), followed by catastrophic

decomposition; as illustrated fBE19F andPE19Br in Figure

1 and previously observed f®*E19CI1° The mass loss in all PE19Br

cases is in accord with the theoretically calculated value.
Figure 2 shows the IR spectra for thin films of the three

Weight (%)

D 100 200 300 400 500 600 700 800

halogenated polymers, data which also serve to support the Temperature (°C)
expected primary structure. Here the absence of a peak at 967 Figure 1. TGA for PE19F (a) andPE19Br (b) showing the loss of
969 cn1?, corresponding to the out-of-plane-®& wag () of HF and HBr respectively, followed by catastrophic decomposition.

an alkené’38indicates complete hydrogenation of the polymer

backbone. Further, the IR spectra support the presence of eachvhich correspond to the vibrational modes of the,Gelquences

of the expected halogens on the polymer backbonePEASF, in PE analogue¥’ For PE19F, the doublets observed at 721

the sharp peak at 1068 cr protruding from a broader 730 and 14631472 cnt! are the same as observed in

underlying peak is characteristic of the-€ stretch?® The peaks crystalline PE. The band at720 cnt?! corresponds to long

observed at 611, 660, and 802¢hn PE19Clare characteristic ~ trans CH sequences and the band at 730 &nis associated

of C—Cl stretching vibration**9while for PE19Br, the peak with the rocking vibrations of Chisequences of five or more

at 612 cn1! is assigned to the vibrations of the-8r bond1? carbons*#1The IR spectra foPE19ClandPE19Br are clearly
These IR data also provide an insight into the crystalline different from those for the fluorinated analog&19F and

structure of these precisely halogenated polymers. In this regardpure PE, suggesting a distinct difference in the crystalline

the significant peaks are those found-&t20 and~1470 cn1l, packing of these polymers. The Cl and Br precision polyrr&?bi/
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Figure 2. IR spectra for thin films oPE19F, PE19Cl, andPE19Br
cast on KBr disks.
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Figure 3. WAXD diffractograms of linear PE and ADMET precisely
substituted polyethylenes slowly cooled from the melt-at/min. The
pendant group (X= H, O, F, CI, Br) is indicated in each pattern.

show a single peak rather than doublets~a@20 and~1470
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Figure 4. 2 x 2 um AFM phase image of melt crystallized PE19CI
with evident lamellar structure.

Diffraction peaks found at-19 and~22° for Cl and Br
containing samples were also found in similar precisely placed
methyl branched polymers and indexed as (010) and (100)
diffractographic planes of a triclinic cetf. Therefore, in
reference to this pattern, the diffractogramsRE19CI and
PE19Br are assigned to triclinic structures. Compared to the
orthorhombic packing displayed by PE and polymers with F
and O substitutions, the triclinic pattern is a degeneration in
the scale of symmetry supporting previous speculétitrat a
reduced order is needed to facilitate minimum spatial require-
ments to accommodate the bulky Cl, Br, or £loups between
adjacent molecules in the crystal. The triclinic pattern differs
substantially from the single diffraction pattern observed for
methyl branched polyethylenes or for ethylene vinyl chlorides
with the same content of side groups but randomly distrib-
uted?8.32.3337.42|n these systems single WAXD peaks were
associated with defective orthorhombic or pseudohexagonal
structures. Therefore, the progression of WAXD patterns of
Figure 3 clearly evidence that bottype and distributionof
the substituent, impact the chain ordering of branched or
substituted polyethylenes at the most fundamental level.

Evidence presented later by solid-state NMR of uniform

cm™1, suggesting that these polymers possess similar crystallinePartitioning of the side groups between crystalline and non-

features, yet differ from the fluorine and pure polyethylene
counterparts. Both WAXD and solid-staf8C NMR studies of

crystalline regions, precludes any correlation between the
divergence in crystallographic features in the series and the

the crystalline structure, presented in the following sections content of substituent that is incorporated in the crystal.

support these results.

WAXD. X-ray diffractograms of halogen containing ADMET
samples cooled from the melt aPC/min are shown in Figure
3 together with the patterns of a matched PE190 (withk=0C

Furthermore, taking as a reference recent X-ray diffraction data
on a similar precisely branched methyl polymer, unit cells that
span over two repeating unite éxis > 40 A) and crystallite
thicknesses 100 A3 rule out any crystallization mode of these

group on each 19th carbon) and of a linear polyethylene narrow Polymers based on selection of continuous methylene sequences
fraction in the same molecular weight range. It is at first evident between branches. The similar packing of CI- and Br-containing
that all samples display very sharp diffraction peaks, except for polymers predicts an analogous behavior to the methyl branched

the broader pattern of the brominated material. In contrast,

sample that is evidenced by the 240 A crystal thickness obtained

random ethylene copolymers with the same type of branching by atomic force microscopy (AFM) for melt crystallized

and with similar, and lower, branching levels are known to
display much broader WAXD patterd%37-42Hence, the sharp
diffractograms of Figure 3 point to a homopolymer rather than
copolymer-like crystallization behavior of these polyolefins. It
is also evident that while substitution of hydrogen by O or F
every 19th carbon does not alter the orthorhombic unit cell
packing of the linear chain, substitution with a bulkier atom
promotes formation of a different crystallographic phase.

PE19CI], as shown in Figure 4. This value is well above the
~23 A thickness that corresponds to 18 all-trans methylene units
and is in agreement with the participation of the substituent in
the polymer crystal structure. Estimated thicknesses from the
Scherrer equatidf applied to the (110) and (100) planes of
the orthorhombic and triclinic cells respectively, are also
relatively large, with values of 270PE19F), 218 (PE190),

268 (PE19CI), and 191 A PE19Br). cDV
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Table 2. Lattice Parameters from WAXD for Orthorhombic PE19X a b
(X =H, O, F) Crystals PE "
packing density W—\ PE
cell ad b@A) c@A) VA3 (glend)
PE orthorh  7.410 4.934 2.547 93.131  0.9983 _[FFe0 "
PE190 orthorh  7.643 4.937 2547 96.098 0.9748 S PE190
PE19F orthorh  7.540 5.032 2547 96.639  0.9802 8
g PE19F

The 2 values of the diffraction peaks, together with other = PE19F
characterization data, are listed in Table 1 for the PE and § PE1SCI
ADMET precisely substituted polymers. Also listed are X van PE19CI
der Waals radii and €X bond lengths. Inspection of these data PE19Br PE19Br
allows evaluation of lattice expansions in reference to geometric
constraints imposed by the solute X in the adjoining matrix. 0 30 60 90 120 150 0 30 60 90 120 150
Compared to the unsubstituted polyethylene chain, the shift of Temperature (°C) Temperature (°C)

26 (110) and 2 (200) in thePE19F and PE190 patterns to Figure 5. DSC exotherms (a) and endotherms (b) of linear PE and
lower angular values, reflects the expansion of the orthorhombic precisely substituted polyethylenes cooled from the melt &Clfhin

lattice due to an increase in both, van der Waals radius andand further heated at 1/min.
bond length of G-F and G=0, respectively. Similarly, the
increase in the spacing of the triclinic (010) plane froth=2 melting thermograms of PE21Gldnd the randomly distributed
22.47 (3.96 A) for PE19Cl to 20 = 21.95 (4.05 A) for counterpart (with matched methyl content) in Figure 8 of ref
PE19Br is also explained by the increased radius and bond 37. The change in crystallographic packing of random vs
length of the Br atom. Therefore, the angular shifts follow precisely placed methyl branched ADMET systems is also clear
expectations from the significant incorporation of side groups evidence of their different crystallization behavfdr.
in the crystalline structurén addition, sharp diffraction peaks The fact that precisely substituted ADMET polymers display
in most patterns point to a high correlation of diffractographic relatively high levels of crystallinity suggest a crystalline state
planes and, hence, to highly organized crystalline structures.built on the basis of substitutional solid soluticfisn packing
Given the atactic character of the substitutldit,appears that ~ backbone sequences in all-trans conformation, substitution of
for the samples analyzed here, the orientation of the substituenta H for O, F, ClI, or Br on each and every 19th carbon, creates
with respect to the backbone chain has a negligible effect on lattice distortions on levels proportional to the solute’s van der
the correlation between crystallographic planes. Calculated unitWaals radius. As seen in Table 1, the orthorhombic lattice is
cell dimensions and densities of the orthorhombic lattices, for preserved in this series up to a radius-of..6 A while bulkier
uniform distribution of F and O atoms, are listed in Table 2. atoms cause large lattice distortions to the point that correlated
Pertinent data for dimensions of the triclinic lattices could not symmetry between crystallographic planes is only found within
be obtained since they would require observation of at leasta different phase with significantly larger dimensidfsn
five independent WAXD reflection®. reference to the hydrogen, the discontinuity of isomorphic
The diffractograms of Figure 3 also indicate that there is a Structures in this series occurs at a difference in van der Waals
significant amorphous region in these systems that increase withradius of ~ 30%. This is larger than the- 15% or lower
the bulkiness of the substituent. To estimate the degree ofdifference usually quoted for formation of isomorphic metallic
crystallinity from the diffractograms, the WAXD patterns ~Solid solutions?® but not unexpected, taking into account the
obtained at 150C were scaled and subtracted from the room- chain connectivity of polymer molecules and the weaker
temperature patterns. Crystallinity levels obtained are listed in covalent bonding.

Table 1 and range from 83% for PE t640% for PE19Br. In Melting and Crystallization Behavior. A further insight into
comparison, random ethylene copolymers with the same levelthe unique crystallization mode of this family of precisely
of methyl branching or chlorine pendant groups(3 mol %), substituted polyethylenes is given by their crystallization and

display much lower levels~25%) and less organized crystal- melting behaviors as measured by differential scanning calo-
linities.2517:220ne can then conclude that the initial selection rimetry (DSC) shown in Figure 5. The sharpness of the
of long methylene sequences, present in the random systemgrystallization and melting traces are typical of the behavior of
over sequences containing for example Cl or Br substituents, low molecular mass homopolymers, and they contrast with much
imposes additional constraints in the topology of the remaining broader endotherms displayed by random ethylene copolymers
melt for gathering additional sequences with the required length of similar branching compositiof:223"Thus, thermodynamic

to propagate crystallization. More specifically, in the random features also point to a mechanism for ordering the precisely
systems, the crystallization is primarily driven by the selection branched ADMET polymers that differs from a partitioning of
of continuous crystallizable sequences longer than a critical sequences along the crystallization process, which is typical of
value, while shorter sequences remain uncrystallized. Clearly, the random behavig?.? In the latter, a richer melt in substit-
the lack of branching distribution in ADMET polyethylenes with ~ uents is inevitable due to the chain’s noncrystallizable short
side groups on each and every 19th carbon, invokes a homo-sequences; this feature leads to an inequality in partitioning of
polymer-like crystallization with a driving force led by the the substituent between the crystalline and noncrystalline
accommodation of the side group in an all-trans backbone regions. As a consequence, the composition of the melt
packing conformation. This crystallization mode explains the coexisting with crystallites changes continuously during melting,
sharp diffractograms and, as illustrated in Figure 4, the lamellar leading to the broad endotherms usually observed in the random
character of the crystallites formed from polyethylenes with a Systemg126:47

relatively high content of side groups. Thus, while the melting  The peak melting temperatures decrease dramatically and
behavior of the random samples is invariably broad, precisely proportionally to the van der Waals radius in the series of
substituted polymers melt sharply as clearly indicated by the halogenated polymers, as seen in Figure 6, projecting a \@%\9
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Figure 6. Peak melting temperatures of precisely substituted poly-
ethylenes (PE19X) vs van der Waals radius of substituent (X). The
linear regression was applied to halogenated samples.

of ~ 30 °C for the melting temperature of the iodine polymer
with the same substituent pattern. We observe that for similar
van der Waals radii, shorter bond lengths increase the melting

temperature as evidenced by the/ degrees higher melting of PE19CI
PE190compared t&?’E19F Similarly, the melting temperature ——

of PE19CH is higher than predicted from van der Waals radii % 8 70 60 50 40 30 20 ppm
arguments; due to a much shorterC bond length. The high c

heat of fusion ofPE19F (Table 1) is associated with a high
electronegativity of the F atom and its likelihood of increasing
intermolecular secondary bonding compared to the other
members of the series.

Clearly, the variation in crystallization and melting temper-
atures in this series is indicative of the degree to which each

substitution perturbs the symmetry of the neighboring carbons 0 & %@
in the lattice. Accommodation of the larger atoms must, by PE19Br
necessity, distort the all-trans ordering of vicinal intra- and % 8 70 60 80 40 30 20 ppm

intermolecular carbons rgsulltlng in a more defective structurg Figure 7. Fully relaxed™®F (a) and™*C NMR (b, ¢) DD/MAS spectra

and, as a consequence, in significantly altered thermodynamicf pE19F, PE19CI andPE19Br respectively. The fit of théF NMR

data. spectral intensity with two Lorentzian components, corresponding to
Solid-State NMR. Crystallographic and thermal properties ~crystalline and noncrystalline F environments is shown in the inset.

: i ; Iso shown are expansions of the-580 ppm regions of th&C NMR
of the series of precision substituted polyethylenes, such as th(:‘ﬁ\pectra fitted with two components for better distinction of CHCI and

change and expansion of the unit cell and ovefClecrease  CHpy crystalline and noncrystalline resonances(GHs)is—CHa(8)—
in melting temperature with increasing van der Waals radius, CHy(a)—CHX—]y.

were interpreted as the result from the need to pack in crystalline
arrays continuous molecular segments that include the sidein the partition of the F side groups between the different phases
groups. In this section, the inclusion of halogens in the of the crystalline structure. Contrasting with a clear difference
crystalline regions is probed by direct solid-state NMR analysis in chemical shift between ordered and disordered F, the-spin
of resonances belonging to or associated with the side group inlattice relaxation timesT;F) associated with both regions are
ordered and disordered environments. Of the ADMET polymers very similar, 3.85 and 3.36 s respectively, denoting the lack of
investigated,PE19F is the best-suited candidate to reveal specific orientation of the F with respect to the backbone chain
differences between crystalline and noncrystalline side groups.and the defective nature of this atom in the crystalline lattice.
In this sample, direct polarization solid-sta®e NMR provides Although the solid-staté®F NMR spectrum of Figure 7a
information on all fluorine atoms at high sensitivity while evidences clearly the presence of F atoms in two different
information via’*C NMR of the solid samples relies only on  conformational environments, it does not provide direct quan-
~1% natural abundance of théC isotope. titative information on the content of F in each region. This
The directly polarized®F spectrum oPE19Fobtained under  information is feasible via solid statéC NMR by the correlation
high power'H decoupling (DD) and magic angle spinning between CH and CHcarbons pertaining to crystalline and
(MAS) of 14 000 Hz is given in Figure 7a. The spectrum was noncrystalline environments. Moreover, tiéC DD/MAS
obtained with a recycle time of 20 s to ensure complete F spectrum ofPE19F was not recorded as the lower sensitivity
magnetization recovery. Paralleling the expected incorporation of 3C observation added to our inability to decouple b#th
of a large fraction of F atoms in the crystalline regions, two and *°F simultaneously, will undoubtedly result in a broad
distinctive resonances are observed associated with fluorinefeatureless CH resonance.
atoms in crystalline{179.4 ppm) and noncrystalline-(81.9 Solid-state DD/MASC NMR spectra were obtained for the
ppm) environments. The integrated intensity associated with other two halogen substituted polyethylenes of the series and
each resonance was extracted from a fit of the total intensity are given in Figure 7, parts b and c, BE19Cl and PE19Br
with two Lorentzian peaks, which led to a crystallinity of 56% respectively. Prior to acquisition of fully relaxed spectra, carbon
in very good agreement with the 57% value obtained by WAXD spin—lattice relaxation times for CHx CH,, and crystalline
for the same sample. Such a good correspondence is expecte@H, groups in both polymers were estimated as 1.5, 2, and 25
if PE19Fcrystallizes as a homopolymer with no discrimination s respectively. Accordingly, fully relaxed single pulse spe(éBV
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of >2600 transients were collected at room temperature under Table 3.T;," Estimations from Two-Component Fits for PE19X (X

MAS and high powetH decoupling using recycle times of 120 = H, F, Cl, Br), with Values in ms

s. Small peaks observed at 15.3 ppm are associated with sample fast slow
spinning sidebands. The main resonance centered at 34.1 ppm PE 2 25
corresponds to crystalline Ghh the all-trans conformation and PE19F 1.8 24
is shifted 1.3 ppm downfield in reference to the crystalline PE19CI 3.8 6

orthorhombic CH resonance of linear polyethylene, which is PE198r 22 8

centered at 32.8 ppm under the same field and experimental, . . .
conditions. This shift points to a crystallization pattern for 1" @morphous and crystalline environments, from the equiva-
PE19C| and PE19Br that differs from the orthorhombic €Nce in the corresponding intensity ratios, we conclude that

symmetry as previously observed by WAXD. A correspondence chlorine and bromine groups must be uniformly distributed
with similar downfield shifts observed in solidalkanes that between the phases. Upon crystallization there is no discrimina-

pack in a triclinic phase as compared to thelkane ortho- tion for the_ partiti_ons of CHX units between crystalline and
rhombic symmetry® serves as additional indirect evidence of Noncrystalline regions. In contrast, the DD/MAS spectrum of a

the triclinic packing of these polymers. By analogy to the rand(_)mly distribut_ed ethylerevinyl chloride with similar
spectrum of solid PE, the resonance at 31.5 ppm is assigned t h"?””‘? content dlsplayed_ much broader resonances and no
noncrystalline CHcarbons and by comparison to the spectrum distinction between crystalline and amoorphous CHCI _carlf}éns.
recorded in solution, peaks centered at 41.2 and 41.4 ppm and" ghe random c.opolymer' at least 20% of the chlorines were
at 67 and 62.5 ppm are assignecit@€H, and CH carbons of ~ €Stimated to be included in the crystal. _

PE19Cl and PE19Br, respectively. The chemical shift for the The distribution of side groups among the different phases

f CH, is mostly hidden beneath the 31.5 ppm resonance of the of the semicrystalline structure was also probed by additional
amorphous Chicarbons. cross-polarized (CP) with MAS NMR experiments that isolate

. o . e spectra of the crystalline regiotf® Resonances in the
the spectra of the crystall giotted R th

As pr(_evpusly |nd|cateq, the peak corr_e_sppndlng to the CHX crystalline spectra that are associated with the methine carbon

carbon is ideal for monitoring the partitioning of Cl and Br — o c4rhons adjacent to the methine group allow direct quantita-

atoms between crystalline and noncrystalline regions. For this e gata on the content of these groups in the crystalline regions
purpose the information from the CHX resonance is useful when and, hence, on the partitioning of the side groups. As mentioned

both phases contain a sufficiently large number of CHX groups i, the experimental part, the CP method used here for isolating
to overcome the low sensitivity nature &iC detection, and the crystal spectra is based on difference®;jf of crystalline

when crystalline and noncrystalline phases display a resolved g noncrystalline regions. These values were estimated for the
difference in their CHX chemical shift. An additional constraint ,qre intense~34 ppm peak and are listed in Table 3 for the

to acquire spectra with high signal/noise ratio in our samples |inear and three halogenated polymers. All the samples display
was the small quantities of ADMET polymers available for these 4 fast relaxing component, 2 msT;,! < 4 ms, and a slower
experiments{35 _mg). The spe_ctral re_gion asso_ciated with the e (T, > 6 ms), associated with the noncrystalline and more
CHX resonance is expanded in the inset of Figure 7, parts b igig crystalline phases, respectively. Owing to a modest contrast
and c. Both consist of two largely overlapping resonances i crystalline and noncrystalline proton mobility f6fE19CI
centered at 66.9 antt64 ppm forPE19CI and at 62 and 59 4ndPE19Br in the frequency level at which,H is active, a 5
ppm for PE19Br. In consonance with the resonances observed 1,514 spin locking filter was applied for these two polymers
in PE19Fin Figure 7a, the CHX observed resonances indicate prior to CP, and a longer one (7 ms) was used to filter most of
that at least two populations of methine carbons with signifi- ¢ noncrystalline regions 6fE19F. Consequently, crystalline
cantly different conforma‘gions are present in_ crysta}lline PE19X spectra would be more strongly weighted after the filter. In
polymers. Small protrusions in the downfield wings of the aqdition to this filter, to further null or decrease the contribution
crystalline CHX resonance are attributed to a high noise level of the noncrystalline carbons, a fraction of the unfiltered CP
from the small quantities sampled. The contribution from the spectra (shown in Figure 8a) is subtracted from the spectrum
interface will be buried within the crystalline and noncrystalline generated with spin lockint§:* The scaling factor for subtrac-
CHX resonances. Because the difference in chemical shift andyjon is chosen as the largest number that leaves no regions with
the ratio of peak heights of these two resonances are very similaregative intensities in the spectral region between 10 and 120
to the values of crystalline (34.1 ppm) and noncrystalline (31.5 ppm. The resulting crystalline spectra are shown in Figure 8b
ppm) CH peaks, both CHX resonances are assigned to ang the corresponding observed chemical shifts for crystalline
crystalline methine (66.9, 62 ppm) and noncrystalline methine carhons in the halogenated series are listed in Table 4.

(64, 59 ppm) carbons. The observed chemical shifts for  ypfiitered CP MAS spectra, shown in Figure 8a reveal an
crystalline and noncrystalline CHCI in Figure 7b are identical jncrease of the intensity of the amorphous Gesonance+¢31

to the values reported by Tonelli et al. in a study of the structure ppm) with the size of the substituent, thus reflecting a decrease
of ethylene-vinyl chloride copolymers using CP/MAS tech- ¢ crystallinity from PE19F to PE19Br in the series, in

niques?? consonance with the WAXD data. Also of interest is the
From the integrated intensities of the combined (crystalline chemical shift corresponding to crystalline gldf PE19F
and noncrystalline) CHX resonances and the intensity 6H, observed at 33.1 ppm, a value that is very close to the all-trans

resonance~41.0 ppm) relative to the CHresonances (34.1  orthorhombic linear polyethylene. This correspondence in
and 31.5), contents of chlorine and bromine of &4.3 and chemical shifts confirms th&E19F maintains the orthorhombic

5.3 + 0.2 mol % are calculated, respectively. These values packing of the PE chain.

match the content of halogen in the molecule from the primary  Resonances of carbons associated with the substituents are
structure (5.3 mol %) and demonstrate the quantitative naturestill observed in the filtered crystal spectra (Figure 8b) even
of the DD/MAS spectrum. In other words, all types of carbons after subtraction of most of the amorphous components. These
of PE19Cl and PE19Br were relaxed after the 120 s delay. include the methine, thee CH, (~ 40 ppm) and the CH,

Since both CHand CHX carbons have very similar distributions  (observed at 28.6 ppm f&?E19F, at ~31.0 ppm forPE19CI CDV
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PE19F _J‘J PE19F JJ k

PE19Br , PE19Br N

100 90 80 70 60 50 40 30 20 ppm 100 90 80 70 60 50 40 30 20 ppm
Figure 8. (a) *3*C NMR CP MAS spectra and (dH spin locking (crystalline) spectra of precision PE19X #XF, ClI, Br) polyolefins.

Table 4.1%C NMR Chemical Shifts for Crystalline Carbons of semicrystalline structure and thus, the homopolymer crystal-
PE19X Precision ADMET Polyolefins (X= F, ClI, Br) and lization behavior of these systems.
Concentration of X Groups in the Crystal
concentration of X i
chemical shift (ppm) in crystal (mol %% Conclusions
CH, from a CH, from 8 CH, from CHX The synthesis and unique crystallization behavior of a series
sample (PE-like) o CH, SCH, CHX intensity intensity intensity of precisely substituted polyolefins, with halogens (F, Cl, Br)
PE 32.8 or ketone groups on each and every 19th carbon, has been
PEIOF 331 381 286 97 50 58 45 described, with synthesis of the precise, bromine-containing
PE19CI 341 410 ~31 67 5.2 5.8 55

polymer PE19Br) proving to be most challenging. Difficulties
in isolatingPE19Br were overcome via use of mild hydrogena-
tion conditions using Wilkinson’s catalyst. The very sharp
diffraction patterns observed by WAXD and the narrow melting
and crystallization peaks found by DSC for these polymers

PE19Br). Observation of these resonances confirms that all the conform with a homopolymer-like crystallization. These ob-

types of halogen side groups are incorporated in the crystallineservat'ons contrgst with much broader dlffractlon and melting
regions of these systems. This assertion is at variance with recenP&2ks observed in ethylene copolymers with matched concentra-

predictions from molecular dynamics (MD) simulations of the tions of randomly distributed side groups. In reference to the
crystallization process of precisely placed methyl and chlorine "andom copolymers, precisely substituted ADMET polymers

side group$! yet it agrees with more abundant qualitative data, display relatively high levels of crystallinity, as measured by
estimated from WAXD and DSC, for the random syst&mi® WAXD, and a crystalline state built on the basis of substitutional

PE19Br 34.1 415 NO 625 5.0 4.7

a Calculated from ratio of integrated intensities in the crystalline spectra
(Figure 8a) Broad resonancé.Not Observed.

and buried within the main CHresonance in the spectrum of

and precisely placed methyl branched polyrfievenich indi- solid solutions. The accommodation of O, F, CI, or Br groups
cated that all types of side groups of interest here are in the crystal creates lattice distortions on levels proportional
incorporated in the crystal lattice. to the solute’s van der Waals’ radius. The magnitude of the

The resolved character of relatively sharcH, resonances  distortions are such that the PE orthorhombic lattice is only
and the resonance associated with the CHX in the crystalline Preserved up to a radius of1.6 A (F, O substituents).
spectra allow us to integrate these lines against the integrals ofAccommodation of bulkier substituents (CI, Br) degenerates the
the main peaks and, thus, deduce the concentration of F, Cl,correlated symmetry to a triclinic lattice with significantly larger
and Br groups in the crystal. These data are also listed in Tabledimensions. Direct solid-statéF and**C NMR investigations
4. Accounting for the larger experimental error associated with of the crystalline and noncrystalline regions evidence a uniform
integration of broad CHX resonances, the values obtained for partitioning of all of these substituents between the different
the concentration of halogen in the crystal from any of the phases. While crystallization of the random type is led by the
resonances associated with the side groups are very similar toselection of long crystallizable sequences, in these precision
the concentration of halogen in the chain (5.3 mol %). Therefore, polyolefins it is governed by the accommodation of the side
analyses of CP MAS spectra confirm the results obtained from groups into the crystal. As such, bdype and distributiorof
the DD/MAS spectrum oPE19F, PE19CI,andPE19Br. They the substituent impact the chain ordering of branched and
also confirm the uniform distribution of the halogen in the substituted polyethylenes at the most fundamental level. CDV
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Experimental Section crystalline environments ariti—*2C cross-polarization combined
with MAS (CP MAS) spectra. Contact times for cross-polarization
were 0.5-0.7 ms. Fixing the CP time and varying a proton spin
locking pulse length, prior to cross-polarization, enables estimation
of rotating-frame relaxation time3;p", for the protons. Values of
Typ™ for crystalline and amorphous regions, usually very different,
can be used to filter the amorphous phase prior cross-polarization.
The procedures have been detailed in previous wWi#Chemicall

; - . shifts were measured with respect to tetramethylsilane at 0 ppm
13.1 kg/mol, PDE= 1.26) was obtained from the Societe Nationale and using glycine’s carbonyl carbon at 173 ppm as external

des Petroles d’_Aquitaine_ (SNPA). reference. All peak fit analyses were carried out using the software
Instrumentation. Solution'H NMR (300 MHz) and*C NMR GRAMS from Galactic Corp.

(75 MHz) spectra were recorded on a Varian Associates Gemini AFM ima ; ; .

X . ges were obtained using the environmental JEOL 4210
30(} VXRB‘?('?O or Mercury 300 spectrometer. All chemical shifts  go40ning probe microscope operating under ambient conditions.
fcl)r Hand NMRWSeCr:e_referenced to residual signals from COCl  1q56graphic and phase images were simultaneously collected in
(*H = 7.27 ppm and*C = 77.23 ppm) with an internal reference  noncontact AC mode at 256 256 standard resolution using

TMS 0.03% v/v. High-resolution mass spectral (HRMS) datawere oyymns single side coated silicon cantilevers with resonant
obtained on a Finnegan 4500 gas chromatograph/mass spectrometqfequency at~300 kHz.

using the electron ionization (El) mode. Elemental analyses were Synthesis Heneicosa-1,20-dien-11-on® (was synthesized using

carried out by Atlantic Microlabs Inc., Nor_cross, GA. a published procedur®. The ketone 1) was then reduced to
The GPC measurements for samples in THF were taken on @heneicosa-1,20-dien-11-0R)( using a method similar to that

Waters GPCV 2K instrument. Samples were run with HPLC grade reportecs The IH NMR and 3C NMR were in agreement with
THF at 40 °C on Water StyragelHR 5E columns relative 0 gpecira found previously, and the purity of the compounds was
polystyrene standards. Polymer molecular weights reported VS supported by elemental analysis.
polyethylene standards were measured using a Waters Associates 11_rluoroheneicosa-1 20-diene (37 solution d 5 g (0.031
150C high-temperature gel permeation chromatograph equippedy, o) of diethylaminosulfur trifluoride (DAST) in 25 mL CHC,
W'th. three Polymer Laboratories m|>_<ed bed Type B colu_mn_s _and was cooled to-78 °C and a solution 05 g (0.016)2 in 25 mL of
an |nte_rnal DRI detector. The mobile phase was BHT-lnhlblted CH,Cl, and dry pyridine (2.5 mL) was added dropwise. The mixture
1,2,4-trichlorobenzene (13%, flow rate 1.0 mL/minute, typical a5 stirred at this temperaturerfa h and then warmed to room
sample concentration 2 mg/mL). temperature and stirred overnight. At this time water was added
IR data was obtained using a Perkin-Elmer Spectrum One FTIR gnd the organic phase was extracted with,Chiand then dried
outfitted with a LiTaQ detector. Measurements were automatically ith Na,SQ, and then the solvent was removed to give a white
corrected for water and carbon dioxide. Thermogravimetric analysis gglid which was purified by chromatography using 97:3 hexanes:
(TGA) data was obtained with a Perkin-Elmer 7 series thermal ethyl acetate to give 2.85 g (57%) of the produét. NMR (300
analysis system. The TGA samples-@ mg) were heated from  MHz CDCLy): ¢ 5.82 (m, 2H), 4.97 (m, 4H), 4.544.38 (dp, 1H),
—10°C to 800°C at 10°C/min. Melting and crystallizations were 5 g5 (9, 4H), 1.7-1.2 (bm, 28H)13C NMR (75 MHz, CDC}): 6
obtained at 10°C/min in a Perkin-Elmer differential scanning 139.44, 114.35, 64.61, 38.74, 34.03, 29.68, 29.63, 29.39, 29.32,
calorimeter DSC-7 with Pyris software under nitrogen flow and 29.14, 26.71. HRMS: calcd for GHsoF (M+), 310.3036; found,

Chemicals.Chemicals were purchased from the Aldrich Chemi-
cal company and used as received unless noted. Grubbs’ first
generation ruthenium catalyst, (bis(tricyclohexylphosphine)ben-
zylidine)ruthenium(IV)dichloride, was purchased from Strem Chemi-
cal and stored in an argon filled drybox prior to use. Wilkinson'’s
rhodium catalyst RhCI(PRJz was purchased from Strem. Meth-
ylene chloride ana-xylene were distilled over CaHPE M,, =

calibrated with indium. 310.3041. Anal. Calcd for GHaF: C, 81.22; H 12.66; F, 6.12.
WAXD diffractograms were collected at room temperature on Found: C, 81.21; H, 12.76; F, 6.03.
samples crystallized from the melt at 1 °C/min using a slit 11-Chloroheneicosa-1,20-diene (4Y.0 25 mL of dry pyridine

collimated Siemens D-500 diffractometer in @ 2ange between5 gt 0°C were added 4.5 g (2.4 102 mol) of tosyl chloride and
and 40 with a step size of 0.02 The instrument was calibrated 6.2 g (2.0x 102 mol) of heneicosa-1,20-dien-11-ol under argon.
for d spacing with a standard polished piece of polycrystalline The mixture was stirred overnight. After filtration, 200 mL ether
quartz, and the film thickness was offset using shims. The was added into the mixture. The mixture was washed with 1 M
diffractogram of molten polyethylene, used to estimate the degree HC| (50 mL x3), washed with water (50 mlx3), dried over
of crystallinity, was collected at 158C on a Siemens D500 with MgSQ,, and the solvent was removed under vacuum to yield a
an attached Anton Paar HTK high-temperature head. crude yellow oil. Purification by chromatography on silica with
DD/MAS solid-state’F NMR spectra were obtained in a Bruker  etherhexane (15:85) as eluent gave the tosylate which was carried
DRX 600 MHz spectrometer operating at 600.13 and 564.68 MHz on to the next step. To 150 mL of dry acetone was added 6.8 g
for *H and°F, respectively, under MAS frequency of 14 000 Hz  (0.16 mol) of LiCl and 5.0 g (0.016 mol) of the 11-tosylheptadeca-
and a decoupling power fdH of 71 kHz. Spin-lattice relaxation 1,20-diene under argon. After refluxing for 5 days, the mixture was
times were obtained via inversion recovery usifig 90 and 180 cooled to room temperature. At this time water was added and the
pulse lengths of 2 and #4s, respectively. Chemical shifts were  solution was extracted with ethex 8). The organic layer was then
quoted with respect to th¥F isotropic signal of flufenamic acid  washed saturated NaHG@llowed by brine and then dried with
(COOH-CsHs—NH—CeH4-CFs) at —61.5 ppm as external refer-  MgSQ,. After filtration the solvent was removed under vacuum to
ence. yield clear oil. The clear oil was purified by flash column
13C NMR spectra of the solid polymers were obtained in a Bruker chromatography using hexane to yield the desired product as a clear
DMX300 spectrometer operating at 75.5 MHz € and at 300.2 oil (3.7 g, 57%)."H NMR (300 MHz CDC}): 6 5.79 (m, 2H),
MHz for *H. The experiments for both types of solid-state NMR  4.79 (m, 4H), 3.86 (m, 1H), 2.02 (q, 4H), 1.69 (m, 4H), 1-85027
were conducted at room temperature using a Bruker solid-state (br, 24H).23C NMR (75 MHz, CDC}): ¢ 139.13, 114.12, 64.29,
probe for 4 mm rotors under a MAS frequency of 4000 Hz. The 38.50, 33.80, 29.45, 29.40, 29.16, 29.09, 28.90, 26.48. Anal. Calcd
small quantities €100 mg) available for these polymers were for C;iH3Cl: C, 77.14; H 12.02; Cl, 10.84. Found: C, 77.15; H,
placed in the center of the zirconium rotors and the empty spaces12.11; Cl, 10.57.
filled with fine paper tissue or Teflon tape. The nutation frequencies  11-Bromoheneicosa-1,20-diene (5A solution of heneicosa-
associated with thé3C and!H radio frequency fields in the CP  1,20-dien-11-0l2) (5 g, 1.6 x 102 mol) and CBj (6.3 g, 1.9x
experiments were 62 kHz for both isotopes. Th& nutation 102 mol) in CH,Cl, (25 mL) was prepared in a 500 mL flask and
frequency applied for decoupling was 83 kHz. Two different types cooled to 0°C. Triphenyl phosphine (6.2 g, 254 10-2 mol) was
of 3C NMR spectra were collected under high povidrdecou- added slowly with stirring. Upon addition of the phosphine, the
pling, single pulse spectra with recycle delays sufficiently long to colorless solution turned a pale brown color and was stirred for an
fully recover the magnetization of carbons in amorphous and additiond 4 h at room temperature. The crude product \A@BV
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concentrated under reduced pressure and phosphine oxide was PE19F.Hydrogenation was performed as abolté NMR (300

recrystallized from diethyl ether at20 °C. The solution was filtered

MHz, tolueneedg): ¢ 4.43-4.27 (dm, 1H), 1.71.2 (bm, 36H)13C

and the product was purified by flash chromatography using hexaneNMR (75 MHz, toluenedg): ¢ 95.21, 92.96, 36.08, 35.79, 30.30,

as the eluent to give 5.2 g (88%) of the product as artidiNMR
(300 MHz CDC}): ¢ 5.80 (m, 2H), 4.95 (m, 4H), 4.01 (m, 1H),
2.05 (q, 4H), 1.78 (m, 4H), 1.561.27 (br, 24H).13C NMR (75
MHz, CDCk): 6 139.14, 114.11, 58.87, 39.16, 33.77, 29.41, 29.38,
29.07, 29.03, 28.89, 27.55. HRMS: calcd fopdsBr (M),
370.2235; found, 370.2229. Anal. Calcd fos:830Br: C, 67.90;
H 10.58; Br, 21.51. Found: C, 68.01; H, 10.57; Br, 21.21.
General Procedure for Bulk Polymerization. Monomer and

30.26, 30.19, 30.16, 25.81, 25. 18, (GPC vs PE} 11 300 g/mol.
PDI = (Mw/Mp) = 1.52. Anal. Found: C, 77.62; H, 14.16; F, 5.77.
PE19CI.Hydrogenation was performed as abo\¢ NMR (300

MHz, CDCk): ¢ 3.86 (p, 1H), 1.68 (m, 4H), 1.551.15 (b,32H).
13C NMR (75 MHz, CDC}): ¢ 64.56, 38.75, 29.92, 29.88, 29.82,
29.75, 29.43, 26.73V,, (GPC vs PS¥ 49 500 g/mol. PDE (M/
M) = 2.22. Anal. Found: C, 74.98; H, 13.87; Cl, 10.66. A lower
molecular weight sample used in the DD/MAS solid-st&€

Grubbs'’ first generation catalyst were combined in a ratio of 500:1 NMR: M, (*H NMR) = 12 000 g/mol.

under argon atmosphere. The polymerization was conducted-at 35

PE19Br. Hydrogenation was performed as abékeNMR (300

40 °C under vacuum with stirring for 5 days. The reaction was MHz CDCl): 6 4.03 (p, 1H), 1.79 (m, 4H), 1:61.2 (bm, 32H).

then stopped and 5 mL of toluene was added to dissolve the polymer3C NMR (75 MHz,CDC}): 6 59.26, 39.42, 29.93, 29.88, 29.82,

with stirring. The reaction was allowed to cool to room temperature. 29.74, 29.32, 27.8M,, (GPC vs PS}= 38 100 g/mol. PDk (My/

The polymers were then precipitated by dripping the toluene M,) = 1.72. Anal. Found: C, 60.58; H, 11.43; Br, 19.54.

solution into cold acidic methanol. They were then isolated by =~ PE190.Hydrogenation was performed as described above, and

filtration and dried. the analytical characterization was consistent with that previously
General Procedure for Solution Polymerization.The monomer reported in the literaturé,

and Grubbs’ first generation catalyst (500:1 ratio) were dissolved

in CH,Cl; for polymerization ofPE19F and in toluene foPE190 Acknowledgment. Funding of this work by the National

under argon and stirred at 380 °C for 5 days. The same procedure  Science Foundation, Grant Nos. DMR-0503876 and NSF

as described above was used to isolate the polymer.
Polymerization of 11-Fluoroheneicosa-1,20-diene (UPE19F).

Synthesized by the solution method as above using 1.0 gx3.2

103 mol) of 3and 5.3x 1073 g (6.4 x 1075 mol) of Grubbs’ first

generation catalyst. Analytical yieltHH NMR (300 MHz CDCE}):

0 5.80 (b, 0.28H), 5.38 (m, 2H), 4.95 (b, 0.70 H), 45635 (dp,

1H), 1.95 (m, 4H), 1.651.15 (b, 30 H).23C NMR (75 MHz,

314110 is gratefully acknowledged. We also gratefully ac-
knowledge Dr. John C. Sworen and Dr. Timothy E. Hopkins
for synthetic assistance, URP student Kimberly Thompson for
assistance with collection of DSC data, and Dr. Lisa Baugh at
Exxon-Mobil for obtaining GPC data for PE190 and PE19F.
Generous support from ARO for the acquisition of catalysts is

CDCl): 6 130.64, 130.17, 95.87, 93.65, 35.64, 35.36, 32.85, 29.94, also acknowledged.

29.81, 29.80, 29.70, 29.42, 27.51, 25.46, 25.40.

Polymerization of 11-Chloroheneicosa-1,20-diene (UPE19ClI).
Synthesized by the bulk method as above using 1.0 gX310—2
mol) of 4 and 5.0x 1073 g (6.1 x 1076 mol) of Grubbs’ first
generation catalyst. Analytical yieléld NMR (300 MHz CDCE):

0 5.80 (b, 0.02H), 5.35 (m, 2H), 4.95 (b, 0.08 H), 3.85 (p, 1H),
1.95 (m, 4H), 1.65 (m, 4H), 1.551.15 (b, 24 H).}3C NMR (75
MHz, CDCk): 6 130.57, 130.10, 64.56, 38.77, 32.81, 29.96, 29.87,
29.72, 29.66, 29.50, 29.43, 29.36, 27.44, 26.74.

Polymerization of 11-Bromoheneicosa-1,20-diene (UPE19Br).
Synthesized by the bulk method as above using 1.0 gX21D3
mol) of 5 and 4.4x 1072 g (5.4 x 1076 mol) of Grubbs’ first
generation catalyst. Analytical yielHd NMR (300 MHz CDC}):

0 5.80 (b, 0.05H), 5.35 (m, 2H), 4.95 (b, 0.14 H), 4.02 (p, 1H),
1.95 (m, 4H), 1.75 (m, 4H), 1-61.2 (b, 24 H)13C NMR (75 MHz,

CDCly): 6 130.75, 130.29, 59.41, 39.62, 33.01, 30.16, 30.05, 29.89,

29.85, 29.69, 29.55, 29.49, 28.01, 27.63.
General Procedure for Hydrogenation.The polymers contain-
ing F or ClI halogens YUPE19F and UPE19Cl) were then
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