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ABSTRACT: A family of precision ethylene/vinyl chloride polymers synthesized via acyclic diene metathesis
(ADMET) followed by exhaustive hydrogenation is described in which chlorine atoms are present on each and
every ninth, 15th, and 21st carbons, respectively, in the series. DelilR#MR and3C NMR experiments are

used to establish the precise nature of the polymers and assign absolutely the observed NMR signals to the
corresponding atoms in the precise repeat unit. Thermal analysis via TGA and DSC is also presented. Decomposition
behavior measured by TGA indicates a distinct mechanism for decomposition for these precise polymers relative
to PVC and random EVC polymers, highlighted by an enhanced stability to thermal HCI loss induced by inhibition
of the cooperative zipper mechanism for HCI found in PVC. A homopolymer-like crystallization and melting
behavior is inferred from sharp DSC peaks, indicative of a precise polymer structure in which long chain segments,
incorporating the halogens, build the core crystal, as opposed to the sequence selection mechanism that operates
in random EVC polymers.

Introduction on the strengths of PVC and polyethylene (PE). Here, judicious
compositional control is a route to developing a series of
polymers with accurately controlled properties as determined
by the composition of the polymer itself. However, on the basis
of the methods by which these EVC polymers are usually
synthesized, little primary structure control is achieved, and the
more-or-less random structures give little information about how
chlorine content and sequence distribution directly affect the
materials properties of the polymers. There are three common
methods for the preparation of EVC polymers: copolymerization
of ethylene and vinyl chloride using free radit&lor Ziegler—
Natta technique¥:1reductive dechlorination of PV&; 14 and

As the second largest volume plastic produced in industry,
poly(vinyl chloride) (PVC) continues to find a growing range
of applications and is projected to have an increasing demand
in the near futuré.Common applications of PVC include pipes,
siding, molding, windows, and flooringFor many applications,
the properties of PVC must be modified in order to increase
performance and stability. While the addition of additives is
the most common way to modify the characteristics of PVC
for a specific application, the physical properties and stability
are greatly affected by the primary structure of the PVC itself.

For example, the amount of syndiotactic segments in PVC haschlorination of polyethylend®18 In the direct free radical

a strong effect on the melting point and overall crystallinity of copolymerization of vinyl chloride and ethylene, it is difficult

the polymer and the content of defects, such as branching, hea.dio control the content of the two monomer units over the full

to-head linkages, and unsaturated sites plays a major role Inrange of composition®. Further, the free radical nature of the

?ee;egn'sr;g;g :Qreitss:[adbélIt?/ac?;t:?)\écagoeI?\?at;ép?:rrn rg;ﬂfenslsr?h epolymerization leads to poorly defined structures with high
P 9 P : defect contents. Direct copolymerization of vinyl chloride and

T e o Corl e T sty using Zeglerata o metaocens catayts o
q ‘problematic based on the occurrence of side reactions with the

Vovz'fﬁez’gzs?ssgft;:stgﬁ ds%rgz%?;i?;ﬁseﬁgg g‘lla?j/iii:\fegrt?) drlrﬁ](;?i(ijf.y activated chlorine atom on the monomer qnd the al_kylalumlnum

properties in PVC, detailed information about the effect of cocatalyst as well as.thg tendency of.the vin y ghlorlde monomer

primary structure c;n materials properties is often not pursued to undergofi-halo elimination after Insertion Into the metal-
“alkyl bond!®11|n the case of the reductive dechlorination of

e o e san s PVC, Wl the it o generte  amily f EVC pobymers
attractive properties of PVC with other polymers, while Wlth varying CI conten.ts and with |dgnt|cal chain Iengths from
inimizing th knesses of PVIC ’ a _smgle PVC sample is a strong point for a mo¥ehis class
minimizing t _e wea ) ) ) still suffers from defects present in the parent PXC.
Ethylene-vinyl chloride (EVC) copolymers are an attractive The most common method used for synthesizing EVC
class of polymers, which are pursued as a means of capitalizingpolymers is the chlorination of PE either under homogeneous
or heterogeneous conditions. In homogeneous, or solution-based,
* Corresponding author. E-mail: wagener@chem.ufl.edu. techniques chlorine is distributed randomly throughout the
"The George and Josephine Butler Polymer Research Laboratory andpolymer!& At low chlorine contents, the probability of chlorine
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contents, however, geminal chlorination and vicinal chlorination Scheme 1
becomes more commonpla®e?* In heterogeneous methods OH cl

. . . . 1. Mg\ THF CCly, PPh
such as suspension, or solid state, the main drawback here i =~ ® m /\H)\M\ # W
the blocky nature of the formed polymers based on the tendency m = g; ‘ g{: = g; 80°C ;Egzgg
for chlorination to occur in the amorphous regions of the 3(n=9) 6(n=9) 9(n=9)

polymer and at the edge of the crystalline domaf?s.
Considering the above methods for attaining EVC polymers, it

. . . ) cl Cl cl

is clear that control over chorine content can be ack.ne\'/ed.m W [Ru] AN TSH, TPA M

each of these methods, but control over sequence distribution " -CoH, X xylene, 150°C x
i i 7(n=3 UPESCI =3 PEOCI =3

cannot be attalngd. Therefore, even though the properties of 8§2=6; UPETSel 22=e§ =8 ELG;

EVC polymers with different chlorine contents are known to 9(n=9) UPE21CI (n = 9) PE21CI (n=9)

vary, deriving exact relationships between primary structure and . .
. o . . ... Results and Discussion
physical properties is unattainable because a precise distribution

of comonomer units between crystalline and amorphous domains Monomer and Polymer Synthesis Synthesis of the neces-
has yet to be determinéé. sary chlorinated—w diene monomers is illustrated in Scheme

1. The alcohol precursorgl{6) were prepared as described
earlier3® Conversion of the alcohols to the corresponding
chlorine monomers7(—9) by reaction with carbon tetrachloride
and triphenylphosphine preceded bulk polymerization with
Grubbs’ first generation ruthenium catalyst to yield the unsatur-
ated ADMET polymer UPEXCI. The nomenclature acronym
used herein is UPEXCI, where U indicates unsaturation and
PEXCI indicates a polyethylene backbone with a chlorine
substituent on everyXth carbon, whereX = 9, 15, 21.
Exhaustive hydrogenation by diimide reducfibigave clean
conversion to the fully saturated polym&g9Cl, PE15CI, and
PE21Cl. Polymer molecular weights are shown in Table 1 and
vary between 31 000 and 51 000 g/mol.

Primary Structure Characterization. The primary structure
of these well-defined UPEXCI and PEXCI polymers was
established using a combinationf NMR, 13C NMR, TGA
(thermogravimetric analysis), IR spectroscopy, and elemental
analysis. Figure 1 shows tHe&l NMR and13C NMR spectra
for a typical conversion of a symmetrical chlorine containing
a—w diene monomer7, 6-chloroundeca-1,10-diene, to its
unsaturated ADMET polyme&dPE9CI, and then to its precisely
substituted saturated polymer analogue with a chlorine atom
on each and every ninth carb&E9CI.

Despite the lack of a precise model for understanding the
variation in the properties of EVC polymers, there is great
practical interest in these materid¥sSpecifically, the introduc-
tion of ethylene units into a PVC chain will serve the role of
an internal plasticizer, which can give many advantages over
the introduction of an external plasticizer and lead to a new
range of materials properties from a single component mate-
rial.2®27 From a more fundamental standpoint, this class of
polymers is also of great interest for developing a precise
understanding of the relationship between molecular structure
and physical properties in semicrystalline polymers in general,
where EVC polymers could serve as an all-purpose model for
this class of polymer® As described above, however, no
specific catalyst system has been developed to effectively
copolymerize ethylene and vinyl chloride, leading to the
necessity to look toward model EVC polymers to establish the
fundamental significance of this class of polymer. Such a focus
on model polymers will not only help to derive structure
property relationships but also shift focus to the development
of effective catalysts for the synthesis of EVC copolynt&s.
is difficult however to find suitable model systems that will
allow for the development of precise structure property relation-

N : -y . .
shipg® and will not be limited by the quality of the synthetic Parts a and d of Figure 1 illustrate thé NMR and’*C NMR

or preparative method. spectra for the monomet showing the assigned protons and
Recently, olefin metathesis chemistry combined with post- carbons 1 through 6 in (5.0, 5.8, 2.1, 1.5, 1.7, 3.9 ppiNMR
polymerization hydrogenation has emerged as an attractive routedata and in (115.1, 138.6, 33.4, 25.9, 38.1, 64.0 pB@NMR
for synthesizing polyolefins bearing a variety of substituéfits.  data, respectively. Parts b and e of Figure 1 illustratelthe
For EVC polymers, ring opening metathesis polymerization NMR and 3C NMR spectra for the unsaturated ADMET
(ROMP) has been employed to make a series of polymers with polymer UPE9QCI. In the proton spectrum (Figure 1b) two
varying chlorine content®. The absence of defects in polymers triplets are observed in the region 5:38.40, corresponding to
produced by ROMP leads to materials with well-defined primary the cis and trans configurations of the double bond. TR&C
structures and chlorine contents that are tuned by controlling satellite of the major peak is a doublet of triplets, with a coupling
the ratio between chlorinated and non-chlorinated monomers. constant of 17.5 Hz, therefore the major peak was assigned to
The sequence distribution is nonetheless still random. Alterna- trans Thetranscisratio determined from the carbon spectrum
tively, acyclic diene metathesis polymerization (ADMET) has (Figure 1e) is 4:1. The peaks for the terminal vinyl moiety
been used to achieve an EVC polymer with both precisely appeared at 4.99CH, trans), 4.93 (CH, cis), and 5.81 CH).
controlled chlorine content and sequence distributfdrere such The degree of polymerization (DP) was determined by integra-
a level of control allows one to derive precise relationships tion of these signals against the two triplets in the region-5.34
between polymer primary structure and physical properties in 5.40, and the values are shown in Table 2. The proton signals
EVC polymers. Further, ADMET allows the investigation of a for UPE9CI were assigned from the DQCOSY spectrum. The
much greater range of polymers with precisely distributed protons in positions 1 and 2 displayed different chemical shifts
chlorine atoms, as the linear—w dienes used in ADMET are  in thetrans andcis moieties, being 0.03 ppm upfield and 0.03
free of the structural constraints required for monomers used ppm downfield incis as compared ttrans in positions 1 and
in ROMP. We present here the full characterization of a new 2, correspondingly. The GHMBC spectrum revealed both the
expanded family of precise EVC polymers in which a range of one-bond and the two- or three-bond couplings between protons
precise chlorine contents and sequence distributions are examand carbons, for both thes and thetransmoieties. The proton
ined in order to generate structunproperty relationships useful  and carbon chemical shifts have been assigned based on these
for developing a deeper understanding of the importance of cross-peaks and are presented in Table 2, together withatie
primary structure control in EVC polymers. cis ratio.
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Table 1. Molecular Weight and Thermal Data for Unsaturated (UPEXCI) and Saturated (PEXCI) Polymers

onset of decompositiofiC)

sample My x 10 Mw/Mp Ty (°C) Tm(°C) T (°C) AHn (J/9) first stageé second stade

UPE9CI 37 1.84 —63 292 385

UPE15CI 407 1.81 —57 24 -6 27 320 413

UPE21CI 677 1.84 —37 46 32 67 332 415
PVC 43 1.95 80 274 450
PEQCI 4R 1.78 —33 41 15 26.7 295 418
PE15CI 512 1.75 63 54 87.4 301 420
PE21CI 31p 4.43 81 70 111.3 327 407
PE 16 1.60 —-12¢¢ 129 118 185.0 348 384

aGPC vs PS in THF? GPC vs PE in DCB¢ Reference 354 Reference 36 Recorded at first stage 10% total mass loss under nitrogen ga€/an.
fRecorded at second stage 10% total mass loss under nitrogen g&/niif.
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Figure 1. H NMR spectra for monomer (a), UPEQCI (b), PESCI (c) and*3C NMR spectra for monomef (a), UPE9CI (b), andPE9CI (c).

The differences between the chemical shifts of a carbon atom  Further, in Figure 1c thtH NMR for PE9CI shows a methine
in the trans and cis moieties, Adians—cis = Otrans — Ocis, have proton @ = 5) at 3.9 ppm, and methylene protorfts=€ 4) at
been measured in &C spectrum acquired with a digital 1.7 ppm andf = 1-3) at 1.2-1.6 ppm. The!*C NMR data
resolution of 0.9 ppb and are given, in ppb in TablA3yans—cis exhibited in Figure 1f reveal that five $garbon signals are
are noticeable for carbons up to four bonds away from the present in this polymer, which contains a methine carlos (
double bond, and for an alkyl moiety free of the influence of 5, 64.6 ppm), and methylene carbofis= 4, 38.8 ppmp = 2,
other groups (double bonds or chlorine atoms must be some29.6 ppm,e = 1, 29.4, andy = 3, 26.7). The chemical shift
7—10 bonds away) typical values in the order of distance, ranges observed for polymBE9CI are in very good agreement
starting with the carbon of the double bond, are as follows: 465, with the values in the literature for the random ethylene/vinyl
5339,—110,—137, and—37 ppb. chloride copolymerd?30:37.38 |n the random case, several
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Table 2. Proton and Carbon Chemical Shifts (in ppm) andAdians-—cis (in ppb) for Polymers UPE9CI, UPE15CI, and UPE21Cl

transcis
compd DP position 1 2 3 4 5 6 7 8 9 10 11
UPEOCI 5.0 oC 130.20 32.00 26.40 37.90 64.00
Adtranscis 514 5334 —148 —86 31
100 OH 540 1.99,1.99 1.59,1.46 1.70,1.70 3.89
UPE15CI 44 oC 130.30 32.50 29.50 29.00 29.10 26.50 38.50 64.30
Adtrans—cis 475 5387 —115 —136 —41 0 0 14
72 oH 5.38 197,197 1.34,1.34 1.27,1.27 1.33,1.30 1.51,1.39 1.69,1.69 3.88
UPE21CI 4.1 oC 130.30 32.60 29.70 29.20 29.49 29.56 29.52 29.20 26.50 38.50 64.30
Adtrans-Cis 465 5399 —110 —137 —37 0 0 0 0 0 0
148  oOH 538 196,196 1.33,1.33 1.27,1.27 1.27,1.27 1.27,1.27 1.27,1.27 1.27,1.27 1.51,1.39 1.69,1.69 3.88

different methine and other methylene chemical shifts are cm~13° where the “broadness” results from the contributions
observed due to the random nature of the polymer structure.from a number of different conformations and configurations.
Obtaining only five different carbons for49 000 molecular For the EVC polymers, the resonances in the-6000 cn1?!
weight polymers unequivocally confirms the precise structure region are significantly narrowed relative to PVC as the number
of these polymers. These spectral data not only support theof chlorines is reduced and number of £$¢quences increased.
primary structure of the repeat unit but also suggest that no The spectra then consist of two single narrow bands at-660
side reactions are detectable within the limitations of the NMR 661 and 609-611 cnt?, which have been assigned to isolated
instrument. Elemental analysis results also show good agreemengauche, and trans-€C1 stretching respectivef{.Going from
between theoretical and experimental values (see ExperimentaPESCI to the PE21CI decreases the gauche to trans ratio as
Section). the number of CHl units between Cl atoms increases. This

The olefin region in these NMR spectra also illustrates the observation is significant because it shows a distortion of the
conversion of monomer to unsaturated polymer with the all trans-trans zigzag conformation of the backbone at higher
disappearance of the terminal olefin at 5.0 and 5.8 ppm in the chlorine contents. Another region of particular interest is the
monomer and the subsequent growth of internal olefin resonance700—850 cnt! region where methylene rocking motions are
at 5.4 ppm in the unsaturated polym&iPE9CI, a result observed. The resonance at 758 éras been assigned to the
consistent with the GPC results given in Table 1. Upon methylene rocking motion in PVC, specifically the rocking mode
exhaustive hydrogenation, these olefin resonances completelyof a CH, unit between two CHCI units. As the concentration
disappear. Thé’C NMR spectra support exhaustive hydrogena- of CH, units increases going from PVC through the EVC series,
tion as well; note that the 8pesonances in the unsaturated the peak at 758 cni decreases in intensity and the peak at
polymer ¢rans 130.2 ppmgis, 129.7 ppm) completely disap- 723-718 cnt! increases in intensity, which is characteristic
pear after hydrogenation givirgE9Cl (confirmed by IR). These of CH, rocking modes for longer methylene sequences. In the
spectra are typical for all the ADMET polyethylenes synthesized case of PE a doublet is observed at 730 and 719'cmhich
in the series, and they illustrate the degree of structure controlhas been assigned to rocking vibrations of long methylene
that is possible. These conclusions are valid forWRE15CI sequences. This doublet in PE, which is specifically associated
andUPE21Cl polymers as well; the chemical shift values are with the orthorhombic crystal structure, is not observed for any
given in Table 2 and in the Experimental Section. This detailed of the EVC polymers suggesting that a different crystalline
NMR study confirms the precise nature of the examined structure exists for these materiéfs.
polymers and the degree of absolute control over primary Bands between 1400 and 900 chare difficult to assign to
structure afforded by ADMET polymerization followed by individual vibrational components, since most resonances
exhaustive hydrogenation. overlap with other resonances. The numerous resonances in this

The IR spectra in Figure 2 display characteristic information region are rapidly reduced in intensity as the number of chlorines
regarding the primary structure of the polymers, where the is decreased. Exceptions are the 1332 and 963! dmands,
absence of a peak at 967 chifor all three EVC polymers  which are dominated by €C stretching and Ckwagging
indicates complete hydrogenation, based on the disappearancenotions of short sequences. In the case of EVC polymers, the
of the out-of plane olefin €H wagging vibrational mode. The  peak at 1332 cmt decreases with decreasing chlorine content,
first spectral segment with characteristic information is the and the peak at 963 cthfully disappears for all of the EVC
C—C1 stretching region between 600 and 700 &nfror PVC, polymers. Additionally, all the peaks in the area of the 1254
three broad bands are observed centered at 615, 636, and 698m~1 multiplet arise from methine bending modes and are
sensitive to sequence length and/or environment. The decrease
in the intensity of the 1254 cnt peak with decreasing chlorine
content is indicative of the smaller chlorine contents and the
changing environment caused by the presence of longer meth-
ylene sequences.

The C-H bending modes at 1435/1426 cthfor PVC
broaden into a singlet as the number of chlorines is decreased.

PE21CI

PE15CI

PESCT ! T H Concomitant with the 1435/1426 crhloss is the growth of
W the 14671471 cnT! resonance which eventually becomes the
PVC \ ! 1472/1462 cm! doublet assigned to the methylene bending

Transmittance (a. u.)

ot Pty modes in PE8 The shoulders observed in the EVC samples at
T T 1457 and 1434 cnit correspond to the bending modes for the

§ B anda methylenes. It can be observed that the intensity of the
Wavenumber (cm™) peaks at 1457 and 1434 ciincreases with increasing chlorine

Figure 2. IR of PE,PE21Cl, PE15CI, PE9CI, and PVC. content in the EVC polymers. The above IR study clearly

1750 1500 1250 1000 750 500
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20t ; normalized to the overall HCI content in each of the polymers

o % 1110,22 (r1r?:1) 20 2% to reflect the relative amount of a given polymer’s HCI loss
Figure 3. () TGA results for PEPE21C], PE15C], PESC], and PVC over a given time interval. All samples undergo a rapid loss of
(b) Normalized HC loss data for PV@EQC], PELSC|L PE21CIunder ~ 3-2 6-8% of the total HCI content of the polymer during the
isothermal (180C) degradation measured under nitrogen atmosphere. first hour. However, after the first hour, the degradation rate of
the EVC polymers levels off leading to a total HCI loss of only
illustrates the evolution of the PVC structure through a series ~6% even afte4 h at 180°C, while the PVC sample continues

of precise EVC polymers with decreasing chlorine content to t0 degrade at nearly a constant rate, leading to the losg0%
the pure PE backbone. of the HCI content after 4 h. Structural precision and the absence

Thermal Analysis: TGA. While NMR and IR support the of defects make the difference. Precise EVC polymers are more

proposed primary structure, TGA results directly support the Stable to the applied isothermal decomposition than PVC, a
precise composition of the polymers. Figure 3a displays the result Whlch can b_e attributed to the suppression of the Zipper
thermal decomposition curves of all three polymers as shown Mechanism found in PVC and induced by the extended spacing
relative to PE and PVC. All three EVC polymers exhibit a two- betwe_en chlorine atoms (refgrred to as inner stabilization as
stage decomposition, where the first stage corresponds to thedescribed above) in the precise polymers.

loss of HCI and the second stage marks the catastrophic DSC. The DSC data for the precision polymers is shown
decomposition of the polymer. Analogous to our previous work relative to that for PE and PVC in Figure 4 for both the
on ethylene vinyl halide polymers and the reported decomposi- crystallization (Figure 4a) and melting (Figure 4b) behavior,
tion of PVC, the mass loss in the first stage quantitatively reflects and the results are summarized in Table 1. Increasing the
the halogen content of the polymer. The observed values for chlorine atom content results in a decreaselgf and AHp,.
mass loss in the first stage are found to be in agreement with This behavior indicates an increase in the degree of disorder in
the calculated HCI content for each of the EVC polymers at the crystal owing to the introduction of the chlorine atom into
23%, 15%, and 11% forPE9CI, PE15Cl, and PE21ClI the crystal lattice. When we compare these results with our
respectively. Figure 3a also shows that the onset of decomposi-previous work on precision ethylene/vinyl bromide polym#rs,
tion for the first stage loss of HCI increases with decreasing it becomes clear that Br atoms lower the melting point Ak,
chlorine content (see Table 1). The EVC samples become moremore than the chlorine atoms for polymers with the same
stable with increasing content of ethylene units as the labile halogen content. Assuming a similar distribution of the halogen
chlorine content decreases, since the chain reaction (zipper(Cl or Br) between crystalline and noncrystalline regiéhthe
mechanism) resulting in HCI loss is restricted by more ethylene difference in thermal behavior correlates with larger lattice
units compared to PVC. This effect is called inner stabilizatfon. ~ strains in the precision vinyl bromide series.

The stabilization of the EVC samples can also be partially — The sharp crystalline and melting traces seen in Figure 4 are
attributed to the lack of tertiary or allylic chlorines, which are typical of homopolymers and are in stark contrast to the broad
generally found in PVC. However in the second stage of traces observed in random EVC polymers of similar chlorine
decomposition, the onset for PVC is higher than that for the content!® This suggests a difference in the crystallization process
EVC polymers and this difference can be attributed to a high for ADMET EVC polymers relative to random EVC polymers,
concentration of conjugated carbecarbon double bonds that  which is not based on the selection of long crystallizable
begin to cross-link and are converted into chaEven at sequences. It is likely that the crystallization of precisely
temperatures above 500C, after the EVC polymers have substituted Cl samples evolves by incorporating in the crystallite
completely decomposed, residual char is observed in PVC andlong chain segments without chlorine discriminatféf?E9CI
anonzero mass is observed in PE, which is attributed to catalystdisplays a sharp crystallization peak and a dual melting

residue. transition, the latter caused by a meltingcrystallization
Figure 3b compares the stability of the EVC polymers to that process enabled by the presence of relatively high Cl contents
of PVC under isothermal decomposition at 180. Here, a in the crystal (see supporting documentation). The lower melting

temperature of 180C is chosen as it is below the onset of peak corresponds to the initial crystallites, while crystals formed
decomposition for any of the polymers, ensuring that any mass during the heating scan melt at a higher temperature. Recrys-
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80 PE21CI Experimental
Chemicals.Chemicals were purchased from the Aldrich Chemi-
70 PE19CI cal Co. and used as received unless noted. Grubbs’ first generation
. ruthenium catalyst, bis(tricyclohexylphosphine)benzylidene ruthe-
o 6o PE15CI nium(IV)dichloride, was purchased from Strem Chemical and stored
:s in an argon filled dry box prior to use. Methylene chloride and
o-xylene were distilled over CaHThe same ADMET PE sample
50- published* by our group was used for comparison. PVC was
purchased from the Aldrich Chemical Co., Product Number 389293.
401 peec) Instrumentation. Solution'H NMR (300 MHz) and'3C NMR

T y . y . g y (75 MHz) spectra were recorded on a Varian Gemini 300, VXR
§ 10 12 14 16 18 20 300 or Mercury 300 spectrometer. All chemical shifts orand

No. CH, / Repeating Unit 13C NMR spectroscopy were referenced to residual signals from
Figure 5. Trends for the variation i, vs the number of Chiper CDCl; (*H = 7.27 ppm and*C = 77.23 ppm) with an internal

repeat unit. reference TMS 0.03% v/v to internal TMS standard for 0. The
UPEXCI polymers were also characterized by standard 2D NMR
tallization is suppressed at the heating rate of °@min. experiments run on a Varian Inova 500 instrument (500 MHz for

IH and 125 MHz for'3C). In all the NMR work, the solvent was
chloroformd and the temperature was 26.

High-resolution mass spectral (HRMS) data were obtained on a

Reducing the Cl content in the series, and hence in the crystal,
leads to less defected, thicker crystallites not subject to melt-

recrystallization as indicated in Figure 4 by sharp single meltings _. .
f PE15ClandPE21Cl. The dramatic decrease of heat of fusion Finnegan 4500 gas chromatograph/mass spectrometer using the
0 i electron ionization (El) mode. Elemental analyses were carried out

for PE9CI relative toPE15CI and PE21Cl suggests a lower  py atjantic Microlabs Inc., Norcross, GA. The GPC measurements
degree of crystallinity, indicating that the increased content of for samples in THF were taken on a Waters GPCV 2K instrument.
bulky atoms along the chain inhibits the ability of the polymer Samples were run with HPLC grade THF at 40 on Waters

to crystallize to a greater extent. The greater amorphous conteniStyragelHR 5E columns monitored with an internal differential
of PE9Cl s evidenced by a more visiblg relative to the other refractive index detec.tor (DRI) relative to polystyrene standards.
precise polymers. Interestingly we observe a linear correlation Polymer molecular weights reported vs polyethylene standards were

. _ o~ 42 measured using a Waters Associates 150C high-temperature gel
begl\{[(;en tflleTngI;)FI;\glgl a:i fg;},gh?;@! of PEf at t.120 f%l . pe_rmeat_ion chromatograph equipped with t_hree Polymer Labora-
and the value 10 a With mass fraction of LIIn - t5rjes mixed bed Type B columns and an internal DRI detector.

the polymer. The glass transition temperature REQCI The mobile phase was BHT-inhibited 1,2,4-trichlorobenzene (135
decreases with decreasing chlorine content relative to PVC due°C, flow rate 1.0 mL/minute, typical sample concentration 2 mg/
to the high mobility of the ethylene units. mL). IR data was obtained using a Perkin-Elmer Spectrum One

. . . . FTIR outfitted with a LiTaQ detector. Measurements were
Figure 5 shows the linear relationship betwénand the automatically corrected for water and carbon dioxide. Thermo-

number of CH groups in the repeating unit. In accord with the  gavimetric analysis (TGA) data was obtained with a Perkin-Elmer
behavior oftrans-poly(alkenamers), the melting temperature 7 series thermal analysis system. The TGA sample$ (2g) were
increases with increasing number of carbon atoms in the heated from 50 to 700C at 10°C/min under nitrogen. Melting

repeating unit for materials that crystallize with the same crystal and crystallizations were obtained at 10/min in a differential
structure, as is expected in this case. scanning calorimeter TA Instrument DSC-Q1000 V9.6 Build 290

. . . under nitrogen flow and were calibrated with indium.
Conclusion and Outlook. Herein we have described the . . .
Synthesis. General Procedure for Grignard ReactionSyn-

synthesis gfafamn)_/ of precise ethylene/vinyl chlonde polymers . oe of 5-bromopent-1-end)( 8-bromooct-1-ene2), 11-bro-

that contain a chlorine atom on each and every ninth, 15th, andyoundec-1-enesj, undeca-1,10-dien-6-of), heptadeca-1,16-dien-
let.carbon respectively. The precise primary structgre has beem-ol (5), and tricosa-1,22-dien-12-d@)were described previous#.
confirmed by'H NMR and**C NMR spectroscopy, which allow General Procedure for the Chlorination Reaction.The precur-

for the assignment of each chemical shift observed to one uniquesor alcohol, 5, or 6 (1 equiv) and P¥P (1.5 equiv) were dissolved
methylene or methine group within the repeat unit. The presencein CCl, under argon. The reaction was stirred overnight at@0

of only those shifts corresponding to a precision polymer The solution was concentrated, and pentane was added. The mixture
free polymers. The thermal characterization of the polymers via chlorinated ADMET monomer 6-chloroundeca-1,10-dier, (

DSC ‘ tallizati ical of h | 9-chloroheptadeca-1,16-dien8),(or 12-chlorotricosa-1,22-diene
suggests a crystallization process typical of homopolymers (9), respectively. The chlorinated ADMET monomers were purified

as evidenced by the sharp melting and crystallization transitions. with column chromatography on silica gel eluted by hexane (yield
The homopolymer behavior is indicative of a precise structure 70—-80%).

that crystallizes in such a fashion to incorporate the chlorine 6-Chloroundeca-1,10-diene (7)*H NMR (300 MHz CDC):
atoms into the crystal lattice, in sharp contrast to random EVC § 5.81 (m, 2H), 5.00 (m, 4H), 3.91 (p, 1H), 2.09 (m, 4H), 1-81
polymers. Melting and crystallization temperatures scale pro- 1.42 (br, 8H)3C NMR (75 MHz, CDC}): ¢ 138.55, 115.09, 64.00,
portionally to the number of Cigroups in the repeating unit. ~ 38.08, 33.40, 25.90. HRMS: calcd for;i:1sCl (M + CI),
The heat of fusion decreases drastically with increasing CI 221.0858; found, 221.0866. Anal. Calcd foriB1,Cl: C, 70.76;
content in the series, with values of30 J/g for PE9QCI H,10.26; Cl, 18.99. Found: C, 70.93; H, 10.25; Cl, 18.74.
suggesting that beyond a certain critical chlorine content in these _ 9-Chloroheptadeca-1,16-diene (8).'H NMR (300 MHz

- : P CDCly): 6 5.81 (m, 2H), 4.97 (m, 4H), 3.90 (p, 1H), 2.05 (M, 4H),
precise polymers, the bulky chlorine atoms begin to inhibit the 1.70 (m, 4H), 1.66-1.20 (br, 16H) 3C NMR (75 MHz, CDC):

crystallization process. Further work aimed to provide direct 5139.31 114.44. 64.52. 38.71. 33.96. 29.24. 29.19. 29.04. 26.66
evidence of the crystal structure via WAXD, crystal composition HRMS: calcd for GHaCl (M*), 270.2114; found, 270.2112. Anal.
via solid-state NMR and lamellar morphology is currently Calcd for GHs,Cl: C, 75.38; H, 11.54; Cl, 13.09. Found: C, 75.53;
underway. H, 11.52; Cl, 13.00.



Macromolecules, Vol. 40, No. 18, 2007 Ethylene/Vinyl Chloride Polymers 6551

12-Chlorotricosa-1,22-diene (9)H NMR (300 MHz CDCE}): (2) Smalley, D. InPVC Handbook Wilkes, C. E., Summers, J. W.,
0 5.81 (m, 2H), 4.97 (m, 4H), 3.89 (p, 1H), 2.04 (m, 4H), 1.71 (m, Daniels, C. A., Eds.; Hanser: Munich, 2005; pp 6790.
4H), 1.60-1.20 (br, 28H)13C NMR (75 MHz, CDC}): 6 139.45, (3) Allsopp, M. W.; Vianello, G. InEncyclopedia of Polymer Science

114.33. 64.61. 38.75. 34.03. 29.73. 29.72. 29.68. 29.41. 29.35 and TechnologyKroschWitz, J. 1, Ed, Wlley New Jersey, 2003;
29.16, 26.72. HRMS: calcd forgHaCl (M), 354.3053; found, Vol. 8, pp 437476

. . . (4) Witenhafer, D. E.; Poledna, D. J. RWVC HandbookWilkes, C. E.,
354.3066. Anal. Calcd for 8H4:Cl: C, 77.81; H, 12.21; CI, 9.99. Summers, J. W., Daniels, C. A., Eds.; Hanser: Munich, 2005; pp 57

Found: C, 77.88; H, 12.22; Cl, 10.00. o4,

General Procedure for Bulk Polymerization. Monomer and (5) Matthews, GPVC: Production, Properties, and UseBhe Institute
Grubbs’ first generation catalyst were combined in a ratio of 500:1 of Materials: London, 1996; pp 4162.
under argon atmosphere. The polymerization was conducted-at 35 (6) Kline, M. W.; Skiest, E. N. IrEncyclopedia of PV(Nass, L. I, Ed.;
40 °C under vacuum with stirring for 5 days. The reaction was Marcel Dekker: New York, 1976; pp 109.75.
then stopped and 5 mL of toluene was added to dissolve the polymer (7) Kline, M. W.; Skiest, E. N. IrEncyclopedia of PV(Nass, L. I., Ed.;
with stirring. The reaction was allowed to cool to room temperature. Marcel Dekker: New York, 1976, pp 138.39.

The polymers were then precipitated by dripping the toluene (8) Wilkes, C. E.; Westfahl, J. C.; Backderf, R. Bl.Polym. Sci.: Part
solution into cold acidic methanol. They were then isolated by A-11969 7, 2.3_33' o -
filtration and dried. Polymers were then redissolved in 50 mL of (9) Hagiwara, M.; Miura, T.; Kagiya, TJ. Polym. Sci.: Part A-11969

. . . - 7, 513-523.
toluene and treated with THP (tris(hydroxymethyl)phosphine)) in (10) Boone, H. W.: Athey, P. S.: Mullins, M. J.: Philipp, D.: Muller, R.:

order to remove any residual cataly%fThe polymers were then Goddard, W. A.J. Am. Chem. So@002 124 8790-8791.
reprecipitat'ed .into acidic methanol, filtered,.and dried. (11) Boffa, L. S.; Novak, B. MChem. Re. 200Q 100, 1479-1493.
Polymerization of 6-Chloroundeca-1,10-diene (UPE9ICIM,, (12) Jameison, F. A.; Schilling, F. C.; Tonelli, A. Blacromolecule4986
(GPC vs PS)y= 37 100 g/mol. PDI= (My/M;) = 1.84. ForH 19, 2168-2173.
NMR and**C NMR data, see Table 2. (13) Braun, D.; Mao, W.; Bohringer, B.; Garbella, R. \WWie Angew.
Polymerization of 9-Chloroheptadeca-1,16-diene (UPE15CI). Makromol. Chem1986 141, 113-129.
My (GPC vs PS) 39 800 g/mol. PDE (My/My) = 1.81. For'H (14) Pourahmady, N.; Bak, P. |.; Kinsey, R. A. Macromol. Sci. Pure
NMR and3C NMR data, see Table 2. Appl. Chem1992 29, 959-974.
Polymerization of 12-Chlorotricosa-1,22-diene (UPE21CIM,, (15) Stoeva, S.; Vlaev, LMacromol. Chem. Phy002 203 346-353.
(GPC vs PS)= 67 100 g/mol. PDI= (M/M,) = 1.84. ForH (16) Chang, B. H.; Zeigler, R.; Hiltner, Rolym. Eng. Scil988 28, 1167~
NMR and13C NMR data, see Table 2. 1172

General Procedure for Hydrogenation. The chlorine containing ~ (17) Era, V. A.Makromol. Chem1974 175, 2191-2198.
polymers UPEICI, UPE15CI, and UPE21Cl) were then hydro- (18) Friese, K.; Hobelbarth, B.; Reinhardt, J.; NeweARgew. Makromol.
genated using a modified version of the method described by®iahn Chem.1996 234 119-132.
by dissolving in dryo-xylene under argon and adding 3.3 equiv of (19) Bowmer, T. N.; Tonelli, A. EPolymer1985 26, 1195-1201.
p-toluenesulfonyl hydrazide (TSH) and 4 equiv of trpropyl (20) '\C/'I‘OE‘?ZI'DM-_A-?DTOSGI{”,A. E.; Llowrlmg;régé;;;ZSXZLI‘I?%AlFS.lC.;Cozme.
amine (TPA). The solutions were refluxed @ h and then cooled 1) C'ais”R agl-sko}neian?cgomsggofnolecuIes’1982 15 954'_960
to room temperature. The hydrogenated polymer was precipitated(zz) Sobéttk-a \.]YActa Polyrﬁ 1§83 34 647650 ' '
into ice-cold methanol and isolated by filtration. The dried polymer (23) Zhikuan ’C, Lianghe S She ,ard R FNM mer1984 25, 369
was then redissolved in toluene and reprecipitated by dipping into 374 ghe, = ppard, . maly '
ice-cold acidic methanol. A white solid was collected by filtration (24) Saito, T.; Matsumura, Y.: Hayashi, Bolym. J.197Q 1, 639-6655.
angég%f?graiﬂrSRVgg% II\SA?JIit?DIgL()J:U%ng.tSSV(%,ygl.e|-||(§; 171 (m, (25) fghsagngzé?.lll-%_Dlai,le..W.; Siegmann, A.; Hiltner, Rolym. Eng. Sci.
4H), 1.62-1.0 (bm, 12H).!3C NMR (75 MHz, CDC}): 6 64.58, (26) Gutzler, F.; Wegner, GColloid Polym. Sci198Q 258 776-786.
38.75, 29.64, 29.37, 26.71. Anal. Calcd: C, 67.27; H, 10.66; Cl, (27) Hanna, R. J.; Fields, J. W. Vinyl Technol 1982 4, 57—61.
22.06. Found: C, 67.25; H, 10.65; Cl, 20.92,, (GPC vs PS)= (28) Stephens, C. H.; Yang, H.; Islam, M.; Chum, S. P.; Rowan, S. J.;

48 700 g/mol. PDE= (My/M,) = 1.78. Hiltner, A.; Baer, E.J. Polym. Sci., Part B: Polym. Phy2003 41,
PE15CI. IH NMR (300 MHz CDC): ¢ 3.90 (p, 1H), 1.71 (m, 2062-2070.
4H), 1.6-1.2 (bm, 24H).13C NMR (75 MHz, CDC}): 6 64.63, (29) Lopez, D.; Reinecke, H.; Hidalgo, M.; Mijangos, Bolym. Int.1997,

38.76, 29.90, 29.87, 29.82, 29.76, 29.43, 26.74. Anal. Calcd: C, 44, 1-10. )
73.58; H, 11.94; Cl, 14.48. Found: C, 73.66; H, 12.00; Cl, 14.26. (30) Baughman, T. W.; Wagener, K. Bdv. Polym. Sci2005 176, 1—42.

My (GPC vs PS)= 51 400 g/mol. PDE= (My/M,) = 1.75. (31) Yang, H.; Islam, M.; Budde, C.; Rowan, SJJPolym. Sci., Part A:
PE21Cl.*H NMR (300 MHz CDCE): 6 3.90 (p, 1H), 1.74 (m, Polym. Chem2003 41, 2107-2116.
4H), 1.6-1.2 (bm, 36H), 0.9 (t, 0.15H)3C NMR (75 MHz, (32) Boz, E.; Wagener, K. B.; Ghosal, A.; Fu, R.; Alamo, R. G.

Macromolecule2006 39, 4437-4447.

CDCly): 6 64.62, 38.76, 29.94, 29.88, 29.82, 29.76, 29.44, 26.74. (33) Boz, E.: Nemeth, A. J.: Alamo, R. G.: Wagener, K./, Synth.

Anal. .Calcd: C, 76.66; H, 12.56; Cl, 10.78. Found: C, 76.64; H, Catal. 2007 349, 137-141.
12.61; Cl, 10.57My (GPC vs PEJ= 31 100 g/mol. PDE= (Mw/ (34) Hahn, S. FJ. Polym. Sci., Part A: Polym. Chert992 30, 397—
Mp) = 4.43. 408.
) ) ) (35) Sworen, J. C.; Smith, J. A.; Wagener, K. B.; Baugh, L. S.; Rucker, S.
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