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ABSTRACT: A series of poly(ethylenee-vinyl acetateco-carbon monoxide) terpolymer samples with varying
monomer compositions were studied using a variety of one- and two-dimensional nuclear magnetic resonance
(NMR) techniques at 750 MHz. Samples were characterized in deuterated 1,4-dichlocrotenaeriegh
temperature (120C) to overcome the signal loss and broadening du&;trelaxation. Identification of major

triads formed due to the addition of the three monomers in different permutations was facilitated by the use of
different 2D techniques such as gradient assisted heteronuclear single-quantum correlation (gHSQC), gradient
selected heteronuclear multiple-bond correlation (gHMBC), and gradient assisted HSQC-TOCSY. Detection of
unusual structures formed due to the addition of carbon monoxide to vinyl acetate or structures due to the inversion
of vinyl acetate was also possible. Because of improved dispersion the study was not restricted to the triad level,
but in some cases pentads could also be identified. Distinct resonances of chain ends and short-chain branches
were also observed.

Introduction are especially sensitive to their environments. The monomer
sequence distribution (MSD) for triad environments was cal-
(E—V) or from ethylene and carbon monoxide<E) has been culat(_ad from the resonance intensit_ies of_ Fhe meth_ylene and
described in the past several yehr&.This is due to the methlne_ groups, and th_ese observed intensities were |ntur_n used
commercial significance of these polymers in diverse fields. This 1© confirm peak assignments. Use of the conformational
paper reports 2D NMR studies to elucidate the structures presen@@Scription (RIS modefjand the study of model compourifls
in poly(ethyleneco-vinyl acetateco-carbon monoxide) (poly- together with 1D NMR have also been employed for the' study
EVC) and to assign itdH and13C NMR resonances. of E-Vand E-C copolyr_ners._ Randaf studied polyEV at high
Addition of different comonomers to polyethylene is done temperature (1_200) to identify the resonances of triads and
to improve polymer properties, such as strength, flexibility, SnOrt alkyl chain branches.
melting point, and resistance to environmental degradation. During the course of these studies it was also observed that
PolyEVC' terpolymers are often compounded with other plastics the copolymers displayed highly overlapping patterns, making
to act as tougheners and flexibilizers due to their high tensile it difficult to obtain unambiguous resonance assignments and
strength and tear resistance. The resulting polymer blends findto determine sequence distributions. Use of two-dimensional
applications in the electrical and automotive industries. They (2D) NMR to disperse the resonances helps to resolve and assign
are also used to prepare industrial footwear, athletic shoe solessome of the resonances in these complicated patterns. This has
roofing membranes, industrial vinyl films, and sheets in been demonstrated in the past using 2D experiments such as
construction areas. The structufgroperty relationship of the ~ COSY!2 and HSQC-TOCS¥14to study ethylene containing
polymer is in part dependent upon the monomer sequenceco- and terpolymers, polyV, and polyEV copolymers.

distribution which is controlled by the polymerization process, Spectra of terpo|ymers are much more Comp|ex than those

catalysts or initiators used, and the proportions of monomers. of copolymers due to the overlapping resonances obtained from

Microstructural changes such as tacticity and stereoregularity the many permutations for addition of three monomers in

also have a significant effect on the properties of the polymer. sequence along the polymer chain and stereosequence effects.

To understand the properties of the polymers and to modify Because of these difficulties, very little work has been done

them in a rational way, it is necessary to study the mechanism ysing NMR to characterize the structures of terpolymers.

of polymerization, which is evidenced in the microstructures Nonetheless, partial chemical shift assignments of some

of the polymers prepared. . . polyEV and polyEC copolymers have been reported in the
NMR spectroscopy has been de_C|S|ver e;tabhshed as ON€iierature although the study is at low field using 2D NMR

of the most powerful tools for studying organic structures and techniques. Recently, Wyzgoski et “lhave studied poly-

is an essential technique for the study of polymers. This is due (ethyleneeo-butyl acrylateeo-carbon monoxide) terpolymers
to the fact that the NMR chemical shift is extremely sensitive (polyEBC) at high field (750 MHz) using 2D NMR at high
to monomer and stereosequence effects. The tacticity Stumeﬁemperature (110°C). A similar analysis of terpolymer is

B b esonbed ere.Because of e complx spectra obtaned
y the study of such terpolymers, resonance assignments are made
X _ ~ for monomer and stereosequences at the triad levelH] E°C,
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Scheme 1. Structures and Nomenclature for Polyethylene and Poly(ethyleme-vinyl acetate-co-carbon monoxide)
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were employed to study four terpolymers having different
ethylene/vinyl acetate/carbon monoxide ratios. Elevated tem-
peratures (120C) were used to increase the mobility of the
samples and thus to lessen fherelaxation effects.

Experimental Section

Preparation of Polymer Samples for NMR Analysis Four
samples of polyEVE-A, B, C, and D—-were synthesized at E. I.
DuPont de Nemours and Co. by free radical polymerization using
ethylene obtained from Sun, carbon monoxide from Messer/MG
and vinyl acetate from Celanese. The reaction was initiated via

thermal decomposition of organic peroxides. Samples were produces

with a flow-through stirred autoclave pilot-plant reactor using high-
temperature (156300 °C) and pressure (3540 kpsi) reaction

the right along polymer backbone is in thgosition or further
along the polymer chain. Similarly, in a CEV triaé){ the
carbon adjacent to carbonyl group is designated@s’ since

it is o to the C=0 branch and it is the third carbon from the
methine carbon branch point of a vinyl acetate unit. The next
carbon to the right is two bonds away from branches in both
the directions along the backbone; it is the second carbon from
the carbonyl carbonf@ C unit and the second carbon from the
methine carbon foa V unit; hence it is designated k§"AC.

The same system was applied to label groups in all the other
triads relevant to the discussion in this paper (Scheme 1).

Table 1 shows the different permutations of triad structures
possible in polyEVC. The likelihood of C adding to a growing

conditions. The polymer samples produced were degassed in aPolymer chain containing terminal C units is I6#therefore,

polymer separator, fed to a melt pump, and strand cut when feasible
The monomer compositions were determined by'¥DNMR. All
samples were dissolved in a 1,4-dichlorobenzési®-produce ca.
8.5% (w/v) polymer solutions. The samples were heated to*C20
and rotated at 20 rpm in a Kugelrohr oven fer3h to homogenize
the solutions. Hexamethyldisiloxane (HMDS) was added in trace
guantity to serve as an internal chemical shift reference in both the
1D and 2D NMR spectradg = 0.09 ppm,oc = 2.03 ppm).
Complete details regarding the collection of all NMR data are
provided in the Supporting Information.

Results and Discussion

Nomenclature and Structures The nomenclature used for
assigning the carbons in poly(ethylecevinyl acetateco-

carbon monoxide) is based on the nomenclature used by

Randalt! to describe ethylene/olefin copolymers and modified
to account for additional structures formed in ethylene/carbon
monoxide/acrylate terpolymet&.For completeness, the no-
menclature is briefly described here in the context of the
structures present in polyEVC.

The carbons along the backbone containing short-chain

Structures containing CC dyads are unlikely. At the field

strengths used for contemporary NMR studies, the resonances
are sensitive to pentad (and even heptad) structures. There can
be as many as nine permutations of pentad monomer sequences
for each triad structure in Table 1, so that potentially the polymer

is a mixture of over 100 structure fragments.

The polymer might also contain short-chain branching
structures which are formed by intramolecular H-abstraction and
rearrangements that occur during the polymerization process.
McCord et ak* have extensively studied the formation of short-
chain branching in ethylene homopolymer and a variety of
ethylene copolymers. Short-chain branches are formed by
“backbiting” reactions in which the growing radical chain end
curls back to form an intermediate six- or seven-membered ring,
transferring the chain end radical back to the main chain by
abstracting a hydrogen atom (intramolecular chain transfer). The
mechanisms and the nomenclature used by McCord et al. to
define the possible short-chain branches have been used to
describe the short chains in this study.

1D NMR Spectra. Regions from th&3C NMR spectra (peak-

hydrocarbon branches (Scheme 1) are defined by a pair of Greekiree regions omitted) of the four samples of polyEVC (A, B,

letters to indicate the distances, in both directions, to a branch C, and D) are shown in Figure 1. The spectra show characteristic
point or a substitution. In addition to the two Greek letters, a features due to their different compositions. As all the different

superscript “V” or “C” is used to indicate a branch formed from possible peaks are observed in sample A, because of the
vinyl acetate or carbon monoxide units, respectively. If the in- moderate proportions of all the monomers, it was used as a
chain methylene is longer than a certain number of bonds from benchmark to compare the peak intensities in the spectra from
the branch site, it is indicated by superscripted’.“ The in- the rest of the samples studied. The spectrum of sample B, with
chain methine carbons are indicated by “CH” with a subscript highest content of ethylene, shows the most intense peak at 30.00
indicating the triad structure in which it is centered. For example, ppm due too*ot carbons. Sample C, with highest carbon

in a VEE triad @ in Scheme 1) the carbon next to the methine monoxide content, shows an increase in the intensities of the

carbon with an acetate branch is designateaashe successive
carbons are designate®¥ and yV. The continuation of the

peaks neadc = 42 and 24 ppm due to the® andsC€ methylene
carbons of CEE triads. There is also an increase in the intensity

methylene carbon chain in the opposite direction is designatedof the o3¢ peak near 36 ppm due to 1,4-dione of CEC

by the second Greek letted;", indicating that the branch to

structures. Thé3C spectrum of sample D, with highest content
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Table 1. Possible Triad Sequences for PolyEVC J

E-centered V-centered C-centered
EEE EVE ECE |
EEV EVC ECC _*__.h..,wﬁl LJ.L..I N
EEC EVV(2) VCE )
VEE CWV(2) ECV 1.0—
VEV(2) CVE ccv a
CEC VVE(2) VoY, —_ t ’ ,fﬂ"',
VEC VVV(4) \Y/ele: e [ , | ’
CEV VWC(2) CCE Q. AT A
cve ccc o 1.8 — 1 '
i 1
aE = ethylene, V= vinyl acetate, and G= carbon monoxide. The © f
number in the parentheses indicates the number of triad stereosequences — o ‘
when more than one is possible. L |
2 6 — :. ! |i
Sample A I [ | I
E=72%, V=13%. C=15% 45 35 25 15
Il g i
ps K "
) v C, | ' . "
T e < [\0® e
a
Ayl L-UUL//—V/M 4.90 — | b
Sample B
E=81%, V=9%, C=10% | ) o
W 540- %1 "
b -
Appp iy 530
Sample C 690 670 |
E=68%, V=7%, C=25% 5.30 = s ke
oy’ 74 73 72 71
- CEc.\e. F1 (8 ppm)
c ’L Figure 2. Selected regions from the 2D HSQC NMR spectra of sample
# i /—“—#*—L A (a) methyl and methylene region and (b) methine carbon region and

(c) sample D XVVVX and XCVVX methine carbon region.
Sample D

E=70%, V=25%, C=5% . .
to the corresponding regions of the spectra from samples A and

C. It can also be seen that the intensity of this broad peak is
similar to that of the resonance near 20 ppm from the acetate
methyl carbon. Because of high content of carbon monoxide
units in sample C, the ketone carbonyl intensities are greatly

T T 1
21017075 68 40 30 20 1410 8ppm increased. .

Figure 1. 188.6 MHz3C NMR spectra of poly(ethylenes-vinyl The resonances in 18 NMR spectra of polyEVC samples
acetateso-carbon monoxide) samples having varied monomer composi- A, B, C, and D also show characteristic changes due to different
tions: (a) sample AE = 75%,V = 12%,C = 13%); (b) sample BE compositions of E, V, and C in the polymers (figure and detailed
2=5§/1°_/0.c\i/ = ?;A)'I C; 19"/%)6 (;C) Vsa_mzpéeo/cg = g.;%,v =10%,C= explanation provided in the Supporting Information). The

6); (d) sample DE = 69%, V = 26%, C = 5%). resonances which were prominently observed were from chain-

end methyl and-OC(O)CH; protons,d0™, aVo™, a6+, and
CpC

of V units and the lowest content of C units, shows an increase ¢ p* methylene protons, and three groups of resonances near

in the intensities ot andBY methylene resonances of VEE/ On d: 5_||E>r|§)mddue ;9 lr(r;ethipe pr?tc;]rgs_i from varioushv-centered
EEV triads near 34 and 25 ppm, while the peaks from triads. The downfield region of spectrum shows two

C-centered triads are small compared to the corresponding peakémusual resonances at 6.07 and 6.71 ppm. These are speculated
in the spectra of samples A and C. As the V content in the ©© P& from ana—/ unsaturated ketone unit.

polymer increases, the'oV methylene carbon peaks due to Though the methylene and methine resonances are well
the less probable triads such as VVV and VVX/XVV are clearly separated from each other, the extensive overlap and complexity
observed in the spectrum near 39 ppm. The methine carbonof the resonance patterns within each group of peaks makes it
region also shows many additional resonances from variousimpossible to do much more than these general resonance
monomer and stereosequences of -VVX- and -VVV-centered assignments using the 15C NMR data. For the complete

pentads. resonance assignments, experiments like 2D gHSQC, HMBC,
The influence of varying the V and C content is also clearly and HSQC-TOCSY are useful. They not only give atomic
seen in an expansion of the carbonyl region from tfe connectivity information but also disperse the spectrum into a

spectrum. Sample D shows an increase in the intensities of thesecond dimension so that overlapping resonances in the 1D
resonances from ester carbonyl carbenr$g§9.7 ppm) compared  spectra can be resolved and assigned unambiguously.
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Table 2. Resonance Assignments of Poly(ethyleme-vinyl acetate-co-carbon monoxide)

copolymers
assignment previous works A C D
polymer Randal? Wue
region carbon sequence o1C o13C o13cd OtHe o1C O o1C OH
A 1S CE 8.04 1.02 7.96 1.00
1A3B4 AsBg 9.53 0.87 9.32 0.87 9.49 0.86
1By B4 14.07 14.05 0.89
1B4 VEE 14.02 14.03 0.88 14.03 0.88
1B4 13.95 0.87 13.95 0.87 13.97 0.86
13.93 0.90
1By CEE 13.82 0.88 13.82 0.87
13.76, 13.79 0.85,0.90
B BB CEV 20.01 1.62 19.92 1.62 19.99 1.61
OCOCH3 20.85 21.10 20.84 1.96 20.78 1.96 20.78 1.95
BVBY VEV 21.4-21.6 21.10 21.42 1.39 21.39 1.38
BCS+ CEE 23.80 24.31 1.57 24.25 1.56 24.29 1.56
24.10 1.55 24.06 1.55 24.10 1.55
ByC CEEC 23.94 1.55 23.87 1.55 23.92 1.54
23.73 1.55
BVot VEE 25.68 25.40 25.65 1.33 25.66 1.32
BVyC VEEC 25.47 1.33 25.48 1.32
25.31 1.33 25.38 1.32 25.31 1.31
C oVpC EVECE 28.80 1.79,1.90 28.78 1.77,1.89
VVECE 28.69 1.79,1.89 28.71 1.79,1.90
Cot CEEEE 29.71 1.27
oot EEE 29.95 1.29 29.57 1.26 29.82 1.26
31.59 1.38, 1.59
? 31.98 1.38, 1.63 31.81 1.39,1.61
Vot VEE 34.67 1.55,1.31 34.65 1.55, 1.30
aVyC CEVXX 34.21 1.54?
Vot VVE 35.24 1.53, 1.60 35.22 1.53, 157
2S CE 35.76 2.27
D acpe CEC 37.30 36.37 2.57 36.36 2.58 36.36 2.55
oCpY VEC 38.72 2.37 38.62 2.38 38.70 2.35
oo VVE 39.26 39.40 39.34 1.78,1.91 39.33 1.76,1.91
oVaY VvV 39.54 38.80 39.86 1.81,1.93 39.85 1.80,1.93
oot CEE 42.50 42.85 2.29 42.82 2.29 42.84 2.27
alyV CEV 42.38 2.32 42.35 2.31
oCaY (m) CVE 47.38 2.52,2.66 47.29 2.53, 2.67 47.35 2.50, 2.64
oCa () CVE 47.02  2.67 47.01  2.65
ava(m)  XCVVX 68.31  5.34
ovoC () 68.22  5.09
E CH VW 67—69 67.5, 68.3 68.28 5.11 67.59 5.31
68.22 5.09 67.99 5.07
67.88 5.10
69.03 5.07
68.83 5.07
CVE 70.90 5.27 70.90 5.26
70.68 5.25 70.65 5.25
VVE (1) 70.91 70.84 5.3 70.79  5.01
70.62 5.02 70.55 5.00
70.44 5.01 70.35 4.99
VVE (m) 71.68 70.1,70.8 71.64 5.02 71.60 5.00
71.41 5.00 71.36 4.99
71.25 4.99 71.15 497
EEVEE 74.45 74.00 74.46 4.93 74.38 4.90
XEVEV 74.15 4.91 74.10 4.89 74.10 4.89
XEVEC 74.00 4.88 73.78 4.89 73.86 4.88
OCOCH;3 XEVEX 169.70 169.71
XVVEX 169.59 169.56
XCVEX 169.40 169.41
cO ECE 208.68 208.70
VECEX 207.93
CECEV 207.62 207.58
ECV 205.95 205.95

aLjterature work on EV polymers Randall, J. CJ. Macromol. Scj Rev. Macromol. Chem. Phy4989 C29 201.¢Wu, T. K.; Ovenall, D. W.; Reddy,
G. S.J. Polym. Scj.Polym. Phys. Ed1974 12, 901.4 Digital resolutionf; = 1.1 Hz/pt.© Digital resolutionf, = 0.6 Hz/pt.

2D NMR of PolyeEVC. The HSQC spectrum exhibits
correlations between the resonancesdf and 3C atoms
having one-bond scalar couplingdJdy), providing infor-
mation about connectivity between directly bouniH

and3C atoms. These correlations are labeled a, b, c, etc., in
the spectra. The HSQC spectrum helps to separate the
methylenes from the methyl and methine correlations by
virtue of the relative signs of the cross-peaks, in place
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OAch1 H OAc most intense cross-peak observed in the HSQC spectrum near
% Oc = 30 ppm andy = 1.29 ppm is due to theo™ andoto™
H\) protons and carbons from various triads. Resonance assignments
f

from these various experiments employed are summarized in

Table 2.
d, E-Centered Triads. Figure 3 shows the region from the
Q @ QAc HSQC spectrum of sample A, containing tA¥¢3Y and V¢
cross-peaks from VEV and CEV triads, respectively, and the
A corresponding region from HMBC spectrum showing the
H 4 multiple-bond correlations to resonances of neighboriHg
3

atoms. The3VY (cross-peaks f) from VEV triads is observed

atoc = 21.42 ppm andy = 1.39 ppm. This carbon resonance
d shows a two bond correlations to th#yY 'H resonance aty
f = 1.59 ppm (cross-peak)fand a long-range correlation to a

methine proton ady = 4.90 ppm (cross-peak)f The presence

“

1.40~ @? a of carbonyl carbon iry-position of a CEV triad instead of an
1.60 d acetate group in a VEV triad shifts the methylene carbon
g . resonance upfield while the protons are shifted downfield. The
€ i b BCBY resonance of CEV triads is thus observedat= 20.01
g 1.557 @ d @é] ppm anddy = 1.62 ppm (cross-peak d). It shows correla-
S 3 =ofy tion to two methylene protons two bonds awaydat= 1.55
L

2.354

~

2 the oVy© and aCyV groups, respectively, and a three-bond
R \ correlation to the Cldeyxx methine proton aby = 4.91 ppm
4.905 dz> (cross-peak §).
4.957 A5 " 208 105 The addition of vinyl acetate in an opposite manner may take
) ’ ) place during the polymerization process; this can be observed

F1 (3 ppm) in the CE Vtriads (indistinguishable from VEC triads). Figure

Figure 3. Selected regions from the 2D HSQC (top) and HMBC ; ~ .
(bottom) NMR spectra of sample A showir®/3’ and 38" cross- 4 shows the regions from HSQC-TOCSY spectrum containing

peaks of VEV and CEV triads. VEC triad cross-peaks. The HSQC-TOCSY spectrum shows
correlations to protons in a spin-coupled system in addition to
one-bond carbonproton correlations. ThetV5C resonance

of the 1D DEPT experiment normally used for this purpose. (Cross-peak i) due to the one-bond carbgnoton correlation

Figure 2 shows the methyl/methylene (a) and methine (b) '° observed abc = 28.80 ppm an®y = 1.79, 1.90 ppm.
regions, from HSQC spectra of sample A. From the spectra it IC)O rrg?otéop:;o?;;ﬁze(gZ’;S;%zzwe%ndtzcgkgfc ﬁrgﬁ;pejk
can be observed that the methyl, methylene, and methine Af gq m. respectively. Similarl a%ne-.bon%pcarb rgton

resonances are well separated from each other, thus avoidinq:' lpp' ; ph c Vy 4 p K ,
any phase distortions or cancellation due to the overlap of orrelation to thea" proton resonance (cross-peak m) is

positive methine and methyl (red) and inverted methylene 2Pt@ineéd abc = 38.72 ppm anaBHC= 2.37 ppm while a clear
(black) cross-peaks. The peaks in the HSQC spectrum can becorrelatlon tot_he nonequivaleat's protons (cr 05s-peaks;n
related to multiple-bond correlations in two HMBC spectra is seen aby = 1.79 "’?”d 1.90 ppnl correlation o Gkiec
obtained using delays optimized for 10 and 5 Hz couplings, proton (cross-peak shis seen aby = 4.91 ppm. )

respectively (multiple bond delay set tg, = 1/2\Jcy = 0.05 A group of resonances at aroudd = 25 ppm in HSQC

and 0.10). This was done to optimize detection of cross-peaksspectrum are due t6¥ methylene correlations in VEE/EEV
from two- and three-bond¥4—13C couplings. These multiple- triads (Figure 1). The fine structure observed is due to the effect
bond correlations are labeleg, &, G, etc., where the letter ~ Of neighboring monomer units (E, V, or C). T|i#6™" of VEEE
designates a specifiéC chemical shift corresponding to the tetrads is observed at = 25.65 ppm andy = 1.33 ppm, and
HSQC cross-peak and the numerical subscris used to  that of 3Yy© of VEEC tetrad is observed dc = 25.47 ppm
number each of the multiple HVBC correlations at thi€ and o = 1.33 ppm in the HSQC spectrum (see Supporting
chemical shift. For example, cross-peak a in the HSQC spectrum!nformation).

can be related to several HMBC cross-peaksda &, etc.) at All the oVo+ andaVyC resonances are observed néar=

the samé3C chemical shift. To confirm the connectivity, a 2D-  34.4 ppm and)y = 1.60 ppm in the plot of the regions from
HSQC-TOCSY experiment was also employed. It gives con- the HSQC-TOCSY spectrum shown in Figure 5. The HSQC
nectivity between the resonances8€ atoms and the reso- peak pattern is extremely complex due the variaug>
nances of all the protons which are part of the spin system of resonances in this region. The substitution atthmosition has
theH atom bound to it. The experiment becomes a very useful a very minor effect on the chemical shift of ta&y* carbons;

tool as it provides the heteronuclear and homonuclear correla-hence, the correlations show severe overlap. The most upfield
tions in a single 2D experiment and sometimes reveals correla-correlation §c = 34.20 ppm andy = 1.56 ppm, cross-peak
tions not observed in the HMBC spectrum due to cancellations k') is due to thenVy© methylene groups of CEVX tetrads. This
from overlapping antiphase multiplet components in the latter carbon shows correlations to the resonances of three types of
experimené? In the HSQC-TOCSY spectrum, both one-bond neighboring protons: correlation’;kto the BYAC proton

and multiple-bond €&H correlations are found. These are resonance, correlatiorikto the aCyV proton resonance, and
designated with the same labels as those used for the correcorrelation ks to the CHeyx proton resonance. The/o™ signal
sponding cross-peaks in the HSQC and HMBC spectra. The (cross-peak’k) due to EEVX tetrads is observeddad = 34.65

~

“ dz I ppm (cross-peakdlanddy = 2.32 ppm (cross-peak)ddue to
1
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OAc OAc
W
H
kIIIz kl L] l1

OAc

OAc

o
1.8-
—
£
g 20-
E .7
<23 m
L
25 | B
Z my %
4 9 -3 :IL%:
z 20
| | \\ | | @
o~
389 385 289 28.6 o 0 4] =g k',
F1 (8c ppm) &
Figure 4. Selected regions from the 2D NMR spectra of sample A 4.8=
showingaV5¢ and oY cross-peaks of VEC triad: HSQC-TOCSY e
2D NMR spectra. 52 k"'z k':z,
ppm anddy = 1.57 ppm in the HSQC-TOCSY spectrum, and I |
theaVo™ carbon resonance shows correlations to the resonances 35.0 34.0
of neighboring3Vo™ protons (cross-peak’k) and to the methine F- 5 )
proton atdy = 4.94 ppm (cross-peak’k). The most downfield 1 (8c ppm)
correlation (K') is observed abc = 35.20 ppm, andy = 1.55 Figure 5. Selected regions from the 2D HSQC-TOCSY NMR spectra
and 1.60 ppm is at thE€C shift of the resonance from the/6+ of sample A showingx6* anday© cross-peaks.

methylenes of VVEX tetrads. This carbon resonance shows
correlations to thggVo™ proton resonance (cross-pedK at
dn = 1.34 ppm and to the Giye methine proton resonance at IS shifted downfield, aby = 2.32 ppm (cross-peaK'f)). The
dn = 5.05 ppm (cross-peaK’k). a5t resonance of ECEE tetrads show correlations to/thie
The group of resonances observed in the HSQC spectrum atPotons aby = 1.28 ppm (cross-peakp and tof°6* protons
Sc = ~24 ppm are due t@#C of CEE triads and shows fine at oy = 1.57 ppm (cross-peak'). The ECEV tetrad shows
structure due to different substitutions possible. Two of the correlatleng tgg°BY protons aby = 1.62 ppm (cross-eeak'bl)
resonances, i.¢86* in the ECEE tetrads angfyCin ECEEC ~ and toay™ protons aty = 1.57 ppm (cross-peak’fy,).
pentad, could be assigned. The resonances were confirmed with The CEC triad is very symmetrical and has one type of carbon
the help of HMBC correlations (see Supporting Information). between two ketone carbonyl carbons, tf¢5¢ carbon. The
The group of resonances observed in the extreme downfield @3 one-bond G-H correlation is observed &t = 36.37 ppm,
region Pc = ~42 ppm) of the HSQC spectrum is dued§ anddy = 2.57 ppm in HSQC. It shows a correlation in HMBC
carbons and protons of ECEE and ECEV tetrads (Figure 6). at the same chemical shifé = 2.57 ppm) as in HSQC as
The o™ resonance of the ECEE tetrad is observedat both theas° carbons and protons are equivalent (see Sup-
42.85 ppm andy = 2.29 ppm (cross-peaK)pwhile theaCyV porting Information).
carbon resonance from the ECEV tetrad is shifted upfield to  V-Centered Triads. Although oVoV methylene carbon
Oc = 42.38 ppm due tp-gauche effect but the proton resonance resonances from XVVE and XVVV tetrads are very close in
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Figure 6. Selected regions from the 2D HSQC-TOCSY NMR spectra
of sample A showingx® cross-peaks of ECE and CEV triads.
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Figure 7. Selected regions from the 2D HSQC-TOCSY NMR spectra
of sample A showingxVaV cross-peaks of VVE and VVV triads.

addition to form arEVC triad, which would be indistinguishable
from CVE. Addition of C=0 to a terminal V methine carbon
to form EVC triads would be unexpected on the basis of steric
and electronic effects. The resonance observeddat ppm in

13C 1D spectrum of all four polymers is consistent with the
shift of ooV carbons in CV dyads. The intensity of this peak

the 13C 1D spectrum, 2D experiments help to disperse them is highest in sample C. Because of the effect of the ketone
into two distinct sets of contour peak patterns as seen in thecarbonyl and the methine carbon with an acetate group in the

HSQC-TOSCY spectrum in Figure 7, which provides informa-
tion about the neighboring groups in XVVE and XVVV tetrads.
The cross-peaka in the HSQC-TOCSY spectrum are due
to one-bond correlations betweetaV methylene group carbon
and proton resonances of EVVE tetrads & 39.34 ppm and
two nonequivalent proton abdy 1.78 and 1.91 ppm).

a position, thea®aY resonance from the CVE triad is observed
in the downfield region (¢ = 47.38 ppm, My = 2.52, 2.66
ppm and déc = 47.02 ppm, dy = 2.67 ppm) of the HSQC
spectrum (Figure 8) and shows TOCSY correlations to only
the neighboring methine proton at = 5.28 ppm.

Various CHwx methine correlations are observed between

Correlations are observed to the neighboring methine proton atdc = 70—75 ppm anddy = 4.80-5.30 ppm (Figure 2b). The

On = 5.03 ppm (cross-peaknand to theaVd™ protons atbiy
=1.61 ppm (cross-peakn A symmetric structure would result

cross-peaks due to the XEX, VEVXX, XX VEV, CEVXX,
and XXVEC pentads are observed betweéey— 73—75 ppm

in a correlation to one CH proton resonance as observed in theanddy = 4.85-4.95 ppm. The right half of this regiom¢ =

case of the EVVE tetrad, while theVoV methylene in the
central VV dyad in a EVVV tetrad shows two resolved one-
bond C-H correlation in the HSQC-TOCSY spectrum which

70—72 ppm) contains correlations from G¥tevy. Groups of
resonances observed betwéern= 70.54-71.01 ppm but much
further downfield than all the other resonances infgr@imen-

was not evident in HMBC. These cross-peaks are due to protonsion @y = 5.23-5.30 ppm) are due to CVE or GE triads.

resonances of Gy and CHyv groups on either side (cross-
peaks @ and @), respectively.
Addition of carbon monoxide to vinyl acetate is expected to

The HSQC-TOCSY spectrum (Figure 9) gave better connectiv-
ity information; hence, it was used to assign the major methine
resonances. The most downfield resonance (cross-ped t

occur preferentially to the methylene group of V after an inverse = 74.46 ppm andy = 4.93 ppm) is due to Ckb/ee and shows
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Figure 8. Selected regions from the 2D HSQC-TOCSY NMR spectra
of sample C showing®aV cross-peaks of CVE triads.

correlations taVo™ protons aby = 1.56 ppm (k) and tosVo™
protons atoy = 1.33 ppm (4). The CH/evex resonance is
observed abtc = 74.15 ppm andy = 4.91 ppm (cross-peak
t'). Wu and Ovenaft® observed the methine resonance of
EEVEV pentads in polyEV at 74.1 ppm. The next upfield
resonance is assigned to GHec, which is observed alc =
74.00 ppm anddy = 4.91 ppm (cross-peaK') and shows
correlations taxV/° protons aby = 1.80, 1.93 ppm (t'3) and

to theaBY protons abty = 2.38 ppm (§"'). Further correlations
atdy = 1.56 ppm and aby = 1.33 ppm (due taVo™, t;'"" and
BYoT protons, 1) confirms the presence of an ethylene unit
on the other side of “V” in the XXEC pentad.

The methine resonances ofVE triads (Figure 9) occur in
two groups, the first group containing cross-peaks fire¥WV
dyads (cross-peak,dc = 70.84 ppmoy = 5.04 ppm) and a
second group containing cross-peaks froAvV dyads (cross-
peak s,0c = 71.64 ppm,0y = 5.01 ppm) due to the relative
orientations of the acetate branches. At #B€ shift of the
m-CHyve in the HSQC-TOCSY cross-peaks are seen to the
oVoT protons atdy = 1.60 ppm (cross-peaky)sand to the
nonequivalentVo protons avy = 1.79 and 1.93 ppm (cross-
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Figure 9. Selected regions from the 2D HSQC-TOCSY NMR spectra

of sample A showing methine resonances of EVE, VEC, VEV, and
VVE triads.

Examination of the'3C spectrum from sample D in the
methine regiondc = 67.4-69.4 ppm) shows additional peaks

compared to those found in the spectra from the other three
samples. These are attributed to the VVV triads which are much

more probable in this polymer having high V-content. The
HSQC spectrum (Figure 2c) of this sample in the same region

shows that the peaks are widely separated into two groups along

peaks 5). Racemic methine carbon resonances are correlatedihe proton chemical shift dimension. By analogy with our resuts

to aVo™ protons atdy = 1.60 ppm (cross-peak)y and to only
a single proton resonance from equivaleMt protons aty
= 1.80 ppm (cross-peaky}.

for EVV and EVC triads, we can assign the peakdat= 68

ppm andy = 5.1 ppm to VVV and the resonancex (= 67.59
ppm anddc = 68.31 ppm) downfield along the proton chemical

In CVE triads, because of the presence of the ketone carbonylshift (04 = 5.31 ppm andy = 5.34 ppm) to CVV triads. Two

group in theB position relative to the CHg, the methine proton

resonance is downfield (Figure 2b) compared to the correspond-

ing CHeve and CHye resonances. Cross-peaks from these triads
(Figure 10) are clearly observed in the HSQC spectrudcat

= 70.96 ppm andy = 5.27 ppm (cross-peaKY; correlations

to the diastereotopioCo protons are observed at = 2.53
and 2.67 ppm (cross-peaKs Y in the HMBC spectrum.

peaks are observed due most likely to the stereochemical
arrangementsnf andr) of the acetate pendant groups.

Ester Carbonyl ResonancesThe ester carbonyl carbons are
away from the main chain and hence are not as sensitive to the
changes in the monomer structure two or three units down the
chain. Nevertheless, they show some sensitivity toward the
monomer sequence effects in triads. The HMBC slices show
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Figure 10. Selected regions from the 2D HSQC (top) and HMBC
(bottom) NMR spectra of sample A showing methine resonances of
CVE triads.

correlations between the ester-carbonyl carbon and methyl
proton resonances. Very weak correlations can also be observed
to the methine protons. Figure 11 shows the correlations of ester
carbonyl carbons in various triads to the methyl protons and
the corresponding methine protons. The three easily identified
ester carbonyl carbon resonances are fromfVEE, XEVVE,

and XCVEX pentads. All the XKEX ester carbonyl carbon
resonance aic = 169.70 ppm show correlations to the methyl
protons at)y = 1.96 ppm (cross-peaki) and to the methine
proton resonance & = 4.91 ppm (cross-peaK ).

Replacement of an E unit in EVE triads Wi V unit to
produce B/V triads shifts the ester carbonyl carbon resonance
upfield (Oc = 169.59 ppm). Correlations from this carbon
resonance are observed with the methyl protondsat 1.93
ppm (cross-peak'ly) and methine proton resonancedgt =
5.00 ppm (cross-peak’y). Replacement of E unit in EVE triads

with a C toproduce (/E triads also shifts the ester carbonyl 5.20-

carbon resonance up fieldd = 169.40 ppm), but only slightly. ; © ux™

Correlations from this carbon resonance are observed with the 5.35-

methyl protons atyy = 1.93 ppm (cross-peaK'li) and to the 17'1 0 1é9 0

methine proton aby = 5.27 ppm (cross-peak’ly). ’ )
C-Centered Triads. The ketone carbonyl carbon resonances F1 (6c ppm)

are observed in three groups, centered near 208 p@EXE Figure 11. Selected regions from the 2D HMBC NMR spectra of
207 ppm (VECXX, CECXX), and 206 ppm (XEVX) (Figure sample A showing ester carbonyl resonances.

12). The ketone carbonyl carbon at 208.68 ppm is due to ECE

triads and shows correlations to th€5* andS¢6+ protons at oCyVY protons at 2.34 ppm (cross-peak)wThe highest ketone
2.30 ppm (cross-peak,x and 1.58 ppm (cross-peaki)x carbonyl carbon resonancedt = 206.00 ppm (cross-peak v)
respectively. Addition ba V next to an E in ECE triad shifts  is due to XECVX pentads. The carbonyl carbon shows cor-
the ketone carbonyl resonance upfield. Thus, the resonance atelations to the3® protons at 1.57 ppm and a set of resolved
207.93 is due to VEEX pentad, and it shows correlations to  correlation to thex®aV diastereotopic protons at 2.52 ppm and
oCBY protons at 2.38 ppm (cross-peak)ywC protons at 2.29 2.67 ppm (cross-peaks)v Correlations to the protons could
ppm (cross-peak ¥, and o3¢ protons at 1.80 ppm (cross- not be resolved and assigned here as the resonances fall on the
peak w). The resonance @c = 207.62 ppm is observed due tails of the more prominent resonances~&08 ppm.

to the occurrencefa C and a V next to E in the ECE triad and Figure 12 (sample A) shows the correlations observed for
gives rise to CEEV pentad. The ketone carbonyl shows ECV triads atdc = 205.95 ppm in the HMBC spectrum. The
correlations ton®s¢ protons at 2.57 ppm (cross-peaksyand ketone carbonyl carbon shows correlations to only the two
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high vinyl acetate content (sample D) nor in the polymer with
high carbon monoxide content (sample C).

Chain Ends and Short-Chain Branching (SCB).As the
polymer is a terpolymer, various chain ends are possble.
Additionally, terminal methyl resonances due to short-chain
branching (SCB) are also possible. McCord ef&ave studied
SCB in E/V copolymers and identified the terminal metkg
resonance aic = ~9.5 ppm to be the B4+ structure. Others
have studied E/CO copolymers and identified resonances from
characteristic CO-containing branches and chain eAdAll
the polymers studied here show three distinct peak&cat
8.0, ~9.4, and~ 13.9 ppm (Figure 13)ppsitions slightly
different in the spectra of indidual samples may be due to the
effect of adjacent groupsthe intensities change depending on
the relative concentrations of the three monomers in the
polymers. Sample C with high carbon monoxide content shows
increased intensity of the cross-pealdgt= 7.97 ppm andy
= 1.00 ppm (cross-peak a) in the HSQC spectrum (Figure 13),
and it is assigned to a CE branch end or chain-end methyl group.
It shows a correlation in the HMBC @t = 35.75 ppm (cross-
peak a) to the methylene carbon of the CE ethyl group; no
correlation to the carbonyl carbon could be observed in the
HMBC spectrum.

Correlations consistent with the 1By, at dc = 9.49 ppm
anddy = 0.86 ppm (Figure 13, cross-peak b) were observed in
sample D (Figure 13b). This shows correlations to aBRA
carbon resonance at 27.42 ppm (cross-pegkabhd a weak
correlation to the methine carbon resonance at 75.53 ppm (cross-
peak b). Although the 1AB,4; peak is evident in the 1D spectra
of all the polymers studied, the intensity is very low in sample
D with the highest percentage-55%) of vinyl acetate, while
the intensity grows in polymers with the highest percentages
of ethylene (samples A and B). This suggests that the high
amounts of C in the backbone inhibit the backbiting reaction
sterically and/or electronically.

Cross-peaks labeled c, attributed to the various terminal
methyls (1s) in straight segments of hydrocarbon chains, are
observed neaic = 13.96 ppm andy = 0.87 ppm. Correlations
to the 2s methylene carbons are seedcat 22.66 ppm (cross-
peak g) and to 3s methylene carbondi = 32.29 ppm (cross-
peak in region §).

The cross-peak aic = 23.4 ppm is characteristic of a 2B
carbon of a butyl branch. Some of the cross-peaks igre
26—28 ppm region might indicate a VEE chain end, and there
is likely a peak in the crowdedc = 22.9 ppm region for a
CEE end. This region is complex and resonances in this region
can arise from many different possible structures.

Figure 13c shows the cross-peaks near 13.9 ppm from the
HSQC spectrum of sample A. These are due to methyl groups
at chain ends or the ends of branched structures of length butyl
or higher (1s, B*, B4, VEEc.e, CEEc.e, etc.). Correlations to
various carbons and protons along the chain can be observed
in the HMBC spectrum. Correlations to 2s,2B2s of VEEc.e,
and 2s of CEEc.e can be observed as a cluster of resonances at
dc = ~22.7 ppm (cross-peaks)cwhile correlations to 2B
carbons are observed @& = 23.4 ppm (cross-peaks)c The
3s carbons of VEEc.e and CEEc.e are observed at ~26.2
ppm (cross-peakss); cross-peaks to 3Bcarbons occur in the
more downfield regiondc = ~29.6 ppm (cross-peaks)¢cand
2s, 3B were observed furthest downfield@&t = ~32.3 ppm
(cross-peaks¢}. Because of the probability of forming many
different chain-end structures, the spectrum shows many
overlapping cross-peaks in this region; hence, the resonances

protons. Further correlations were found neither in polymer with in the HMBC spectrum are assigned as a group.
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Figure 13. Correlations from chain ends and short chain branches in sample A (bottom, c), sample C (upper left, a), and sample D (upper right,
b) in the HSQC and HMBC 2D NMR spectra.

Conclusions of McCord et al., no evidence was found for quaternary carbons,
A systematic study of the four poly(ethylerge-vinyl acetate- indicating that backbiting or chain transfer to the acetate methine
co-carbon monoxide) samples with varying amounts of mono- does not occur at a _detec_:table level. Although it was possible
mers demonstrates the utility of 2D NMR techniques in 0 assign all the major triads, many resonances could not be
characterizing complex polymers. The techniques were useful 25Signed due to spectral overlap; hence, work is continuing using
for unequivocal assignments of resonances from a range of triad32 NMR with isotopic labeling to selectively study the
monomer sequence structures and for identifying tacticity "€Senances in congested regions of these spectra.
effects, which was not possible by one-dimensional NMR.  Acknowledgment. The authors thank the National Science
gHSQC experiments allowed separation and identification of Foundation (DMR-0073346 and DMR-0324964) and E. I. du
methyl, methylene, and methine resonances from each other;Pont de Nemours and Co for the support of this work and Kresge
HSQC-TOCSY proved to be a valuable adjunct to gHMBC, Foundation and donors to the Kresge Challenge program at the
often giving information on two-bond correlations which are University of Akron for the funds used to purchase the 750
not evident in the gHMBC spectra. A few chain ends and short- MHz NMR instrument used. The authors also acknowledge J.
chain branching structures can also be identified from the 2D Massey and S. Stakleff for their technical assistance in
NMR experiments. In accordance with the study of EV polymers maintaining the NMR facilities used for this work.
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