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ABSTRACT: Herein are presented the 188.6 MHz *C NMR spectra (corresponding to 750 MHz 'H
resonance frequency) of a series of copolymers from ethylene and 1-octene monomers. These spectra permit
the resolution of unique *3C resonances from hexyl chain branches. The 750 MHz high-temperature pulsed
field gradient (PFG), heteronuclear multiple quantum correlation (HMQC), and heteronuclear multiple-
bond correlation (HMBC) two-dimensional (2D) NMR spectra of ethylene/1-octene copolymers are also
presented. Data are presented from a new probe capable of performing high-temperature PFG coherence
selection experiments at temperatures typical of those used in many polymer analyses. The performance
of this probe is illustrated with PFG—HMQC and PFG—HMBC spectra of copolymers from ethylene/1-
octene at 120 °C. Detailed unequivocal proof of the resonance assignments for poly(ethylene-co-1-octene)
is reported. The 2D NMR spectra were used to confirm 'H and *3C chemical shift assignments previously
determined by empirical methods. Quantitative analyses of the ethylene/1-octene copolymers were also

performed.

Introduction

The multiplicity of active sites from typical supported
Ziegler—Natta systems results in a heterogeneous co-
polymer composition.>? The steric constraints around
the catalytically active center limits the incorporation
and use of higher a-olefins (>Cg). The introduction of
metallocene catalysts has opened a new chapter in the
history of polyolefins. Metallocene catalysts make it
possible to produce stereoregular polymers with a
predetermined structure.2® Their monometallic active
sites give ethylene/a-olefin copolymers that are more
uniform in composition. A detailed knowledge of the
effectiveness of catalysts in producing a homogeneous
structure distribution hinges on the availability of a
good analytical technique for measuring monomer se-
qguence distribution.

High-resolution 13C NMR has been one of the most
useful methods for studying the structures and compo-
sitions of polyethylene and copolymers of ethylene and
o-olefins.#=? It is now possible in 1D NMR to detect
many signals from minor components such as chain
ends and branches, which are present at a level of 1
part in 10*—108. 13C NMR analyses of these materials
are commonly obtained from a sample of the swollen
polymer in a high-boiling solvent such as 1,2,4-trichlo-
robenzene (TCB) at 120 °C. Under these conditions,
relaxation times are several seconds and line widths can
be extremely narrow. Previously, the 13C NMR reso-
nance assignments have been made with the aid of
modified Grant—Paul chemical shift rules,° Lindeman—
Adams methods,! comparison with the spectra of model
compounds, and the study of model copolymers!? which
confirms the presence of short branches. However, NMR
spectra published to date are not completely assigned
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and do not permit differentiation of many of the signals
from chain branches longer than six carbons.

The development of multidimensional NMR methods
makes it possible to increase the spectral dispersion by
introduction of additional frequency dimensions and
permits unequivocal determinations of atomic connec-
tivities. In particular, heteronuclear multiple quantum
coherence (HMQC)!314 and heteronuclear multiple-bond
correlation (HMBC)® NMR experiments have become
valuable techniques for elucidating chemical structures
and proving resonance assignments. HMQC and HMBC
spectra provide correlations between the resonances of
IH and 13C nuclei having one-, two-, or three-bond
J-couplings. These experiments have become effec-
tive methods for investigating the microstructures of
polymers.16-18

The lack of mobility, at ambient temperatures, in a
large percentage of polymers leads to rapid T relaxation
which prevents the use of pulse sequences, such as the
HMBC experiment, that operate based on coherence
transfer via small, long-range J-couplings. To circum-
vent this problem, high-temperature NMR is used to
increase molecular motion with corresponding line
narrowing (e.g., polyethylenes are typically analyzed at
120 °C). The application of pulsed field gradient (PFG)
techniques®®?® has been particularly important in pro-
viding the ability to detect 2D and 3D NMR cross-peaks
from minor structural components in synthetic organic
polymers.2%22 However, until now, the requirement for
high temperature has precluded the use of PFG multi-
dimensional NMR methods to obtain unequivocal reso-
nance assignments for polymers like polyethylene.

Herein are presented the 188.6 MHz 13C NMR spectra
(corresponding to 750 MHz H resonance frequency) of
a series of copolymers from ethylene with 1-octene.
These spectra permit the resolution of unique 13C
resonances from hexyl chain branches. Data are also
presented from a new probe capable of performing high-
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Chart 1

temperature PFG coherence selection experiments at
temperatures typical of those used in many polymer
analyses. The performance of this probe is illustrated
with PFG—HMQC and PFG—HMBC spectra of copoly-
mers from ethylene/l-octene at 120 °C. Detailed un-
equivocal proof of the resonance assignments for poly-
(ethylene-co-1-octene) is reported.

Experimental Section

A. Preparation of Polymers. The copolymer of ethylene/
1-octene with ca. 40 mol % 1-octene content (copolymer B) was
synthesized in the presence of a metallocene catalyst system
[(CsMe4)SiMe,N(t-Bu)] TiMe,/MAO? in isooctane. Small-scale
copolymerizations with ethylene were performed using a Buchi
Mini-Clave reactor under various conditions. Typically, the
copolymerizations were performed at 60 °C and 100 psig with
a titanium/aluminum ratio of 1:1000 and a titanium/comono-
mer ratio in the range of 1:100 000. Monomer concentrations
were within the range 0.25—0.8 mol/L. Polymerizations were
typically allowed to proceed for 15 min, followed by termination
with acidified methanol. The detailed synthesis of ethylene/
o-olefin copolymers with this catalyst will be the subject of a
separate paper.

The other ethylene/1-octene copolymer sample (copolymer
A) used in this work, having ca. 4 mol % 1-octene content, was
purchased from Aldrich Chemical Co. The properties for this
synthesized poly(ethylene-co-1-octene) were reported as fol-
lows: melting point 124°, density 0.900, and melt index 3.5.

B. NMR Analysis. 1. Preparation of Ethylene-Based
Polymer Samples for NMR Analysis. About 10% (w/w)
copolymer was dissolved in 40% benzene-ds and 1,2,4-trichlo-
robenzene solvent. The sample was heated to 120 °C for 0.5 h
in an oil bath, and then it was rotated at 20 rpm in a Kugelrohr
oven at the 120 °C for ca. 2 h, after which a clear solution was
obtained.

2. Acquisition of 1D *C NMR Spectra. The 1D *C NMR
spectra were obtained on a Varian UNITYplus 750 MHz
spectrometer with a 10 mm broad-band (**N—3'P) probe, at
120 °C, with a 14.8 us (90°) pulse, 25.3 kHz spectral width,
2.5 s acquisition time, and 30 s relaxation delay for quantita-
tive analyses. Under these conditions, it has been determined
that the nuclear Overhauser enhancement is full for all of the
carbon resonances, so spectra were obtained with continuous
Waltz-16 modulated decoupling. The data were zero-filled to
512K and Fourier-transformed without weighting. Typical
half-height line widths were 0.5—1.5 Hz. The *C chemical
shifts are reported relative to internal hexamethyldisiloxane
at 2.03 ppm.

3. Acquisition of 2D HMQC and HMBC NMR Spectra.
The 2D NMR spectra were collected on a Varian UNITYplus
750 MHz spectrometer with a Nalorac *H/?H/*3C/X 5 mm PFG
probe designed to operate up to 130 °C. The spectra were
obtained with 90° pulse widths for *H and **C of 11.5 and 30.0

58 45 \35.~ " 2¢ ésH3

us, respectively, a relaxation delay of 2.0 s, A = 2.0 ms (based
on Jcy = 125 Hz), and a 0.0495 s acquisition time (with
simultaneous ¥C GARP1 decoupling). Thirty-two transients
were averaged for each of 512 increments during ti;. The
evolution time was incremented to provide the equivalent of
a 13.9 kHz spectral width in the f; dimension. A 6.0 kHz
spectral width was used in the f, dimension. The PFG pulses
were 2.0 ms in duration and had amplitudes of 0.2000 and
0.1006 T/m for the first and second PFG pulses. The experi-
ment times were ca.18 h. Data were zero-filled to a 4096 x
2048 matrix and weighted with a shifted sinebell function
before Fourier transformation.

Results and Discussion

Structures and Nomenclature. A general structure
for copolymerized product from ethylene and 1-octene
is shown by 1 (see Chart 1). The carbons in this
structure are labeled based on nomenclature first
defined by Carman?* and modified by Dorman?> and
Randall.?6 Methylene carbons along the backbone of an
ethylene—1-olefin copolymer chain are identified by a
pair of Greek letters to indicate the distance to branches
in either direction. Carbons in the side chains are
identified by iB, where “i” indicates the position in the
branch, starting with the methyl carbon in position 1,
and the subscript “n” indicates the length of the branch.
The saturated carbons at the end of the main chain are
identified as 1s(CHj3), 2s(CHy), 3s(CHy), etc. The unsat-
urated carbons at the end of the main chain are
identified as 1u(CHy=), 2u(=CH-) and 1a(CHy), 2a-
(CHy), 3a(CHy), etc. In this paper, “E” and “O” are used
to indicate ethylene and 1-octene monomer units, re-
spectively, in the descriptions of monomer sequence
distributions. The polymer with high octene content has
a large number of additional possible structures due to
the higher probability of forming triad monomer se-
guences containing two or more octene units, as shown
in Scheme 1. In addition to monomer sequence effects,
the relative stereochemistry at neighboring branch
points can also influence the chemical shifts of 1H and
13C atoms in the vicinity.

Before attempting to perform an in-depth study of
these polymers using 2D NMR, it was of interest to
perform a systematic study of the influence that NMR
experimental conditions have on the appearance of the
13C 1D NMR spectrum.

Variation of Polymer Concentrations. Increased
signal-to-noise ratios in the spectra can be obtained from
samples having higher concentrations of polymer. How-
ever, more concentrated samples have increased solu-
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Scheme 1. Some Possible Structures Formed with Two or More o-Olefin Monomer Units in a Tetrad
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Figure 1. The 188.6 MHz 3C NMR spectra of ethylene/1-
octene copolymer samples (ca. 4 mol % 1-octene content) with
different polymer concentrations represented by weight per-
centage: (a) 2%, (b) 4%, (c) 10%, and (d) 20%. The hexameth-
yldisiloxane (HMDS) peak was used as a reference (6c = 2.00).

tion viscosity, resulting in shorter T, relaxation times
and broad lines in the spectra. It was also of concern
that the chemical shifts might be concentration depend-
ent. For these reasons, the influence of polymer con-
centration (in the range 2—20% w/w) on the appearance
of the 13C NMR spectra was carefully examined. Figure
1 shows 188.6 MHz 13C NMR spectra obtained from
samples of copolymer A having different concentrations
in the range 2—20% (w/w).

As the concentration of the solution was increased,
the signal-to-noise ratio increased and the lines broad-
ened, especially for the 676 peak (ca. 30 ppm) as shown
in Figure 1la—d. The resonance labeled y'(4Bg), which
is well resolved in Figure 1a, appears as a shoulder on
the 070" resonance in Figure 1b and is completely
obscured under its base in Figure 1c,d. The resonance
labeled ydt is separated by baseline from the large 676
resonance at concentrations of 10% or less. Despite the
better signal-to-noise in Figure 1d, the peak is no longer
separately integratable from the 676" peaks. The spec-
trum of the low octene content poly(ethylene-co-1-
octene) sample (10% w/w), shown in Figure 1lc, gave
slightly poorer signal-to-noise ratio. However, this solu-
tion provided the best signal-to-noise level without loss
of peak resolution. No significant variations of chemical
shifts with changes in concentration can be detected.

Variation of Analysis Temperature. Temperature
variation experiments were conducted on copolymer B,
poly(ethylene-co-1-octene) containing ca. 40 mol %
1-octene. Unlike copolymer A this polymer was soluble
from room temperature to 120 °C. Additionally, there
are many small resonances, from structure with neigh-
boring branches, observed in the spectrum of copolymer
B, that cannot be detected in the spectrum of copolymer
A. There might be a similar chemical shift dependence
for copolymer A with low octene content, but it could
only be examined over a limited temperature range of
100—120 °C.

Figure 2 shows the chemical shift variations of
copolymer B with temperature ranging from 20 to 120
°C. The hexamethyldisiloxane (HMDS) peak was used
as an internal reference (6c = 2.0) in the 1D 188.6 MHz
13C NMR spectra of copolymer B. The resonances 1B,
2Bg, and 3Bs were essentially unaffected when the
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Table 1. Comparison of Chemical Shift Changes from 20 to 120 °C (ppm)

group Q00000 0L0LOOOE OLOEEOOE CHeoe CHeoo CHooo Yy BPeoeocE BPeoeoo o0+o+
120 °C 41.62 40.97 40.25 38.28 36.00 33.84 31.09 24.66 24.51 30.15
20 °C 40.50 39.99 39.10 37.72 35.06 32.58 31.03 23.93 23.68 30.26
difference 1.12 0.98 1.15 0.56 0.94 1.26 0.06 0.73 0.83 0.11

temperature was increased from 20 to 120 °C. Some new
resonances labeled with asterisks (in Figure 2f) are
resolved, which were hidden by the adjacent resonances
at room temperature. Also, the chemical shift differences
between ao™ and o' (6Bg), S0+ and 5'(5Bs), and 676* and
ydT increase at higher temperature. The best temper-
ature to resolve these resonances appears to be ap-
proximately 120 °C.

The spectra in Figure 2 exhibit broadened 3C line
widths at lower temperature, which result from re-
stricted mobility. In contrast, narrower 13C lines indicate
high segmental mobility at elevated temperature. Table
1 summarizes the data for the resonances in Figure 2,
which show significant chemical shift dependence on
temperature. The resonances from aa, 33, vy, oy, and
CHooo are shifted downfield by up to 1.1 ppm as shown
by the data in Table 1. The chemical shifts in the NMR
spectra can be related to the molecular structural
differences, the internal conformations, and the in-
tramolecular interactions of a macromolecule.

Considering four bond units in a chain, the nine
possible conformations can be denoted by tt, g*t, g°t,
tg™, g'g", g g%, tg-, g*g~, and g g~. Their average
conformational energy is (E) — Eo = kT%(9 In Z/9T).28
The observed position of the resonance is the population-
weighted average of the chemical shifts for these nine
conformers.

At room temperature, the structural groups in the
polymer will preferentially populate internal conforma-
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Figure 2. The 188.6 MHz 3C NMR spectra of poly(ethylene-
co-1-octene) (ca. 40 mol % 1-octene content) obtained at
different temperatures: (a) 20, (b) 40, (c) 60, (d) 80, (e) 100,
and (f) 120 °C. The hexamethyldisiloxane (HMDS) peak was
used as an internal reference (6c = 2.00).

tions with lower energy levels (i.e., those containing
more trans conformations for long sequences of meth-
ylene groups), and the observed shifts at lower temper-
ature will therefore be closer to the average shifts of
those conformers having a high percentage of the trans
conformations. When molecules acquire energy at el-
evated temperatures, molecular mobility increases. The
structural components in the polymer will populate
conformations that approach a statistically random
distribution, with a higher percentage of gauche con-
formations than would normally be found at room
temperature. This should lead to an upfield shift of
resonances from carbons that are in the middle of long
methylene chains from the y gauche effect.?® It was
reported?® that the chemical shifts of the 676 carbons
of polyethylene in the solid-state orthorhombic and
monoclinic phases (all-trans conformations) exhibit a
downfield chemical shift relative to the resonance posi-
tion of these carbons in the amorphous phase (more
random distribution of trans and gauche conformations)
by solid-state 13C NMR. The chemical shift of the main-
chain CHp, carbons move upfield slightly upon increasing
the temperature. However, the effect is small, indicating
a relatively high degree of mobility for these chains.
Prediction of the 13C shifts for carbons near branch
points is somewhat more complicated,®® and the ob-
served changes are uniformly downfield.

13C 1D NMR Spectra of Poly(ethylene-co-1-
octene). Figure 3 shows a series of 13C 1D NMR spectra
from ethylene/1-octene copolymers. Figure 3a shows the
75 MHz 13C NMR spectrum of copolymer A (ca. 4 mol
% 1-octene), and Figure 3b shows the 188.6 MHz 13C
NMR spectrum of copolymer A. Figure 3c shows the
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Figure 3. The ¥C NMR spectra of poly(ethylene-co-1-
octene): (a) 1D 75 MHz 3C NMR spectrum of copolymer A;
(b) 188.6 MHz **C NMR spectrum of copolymer A; and (c) 188.6
MHz 33C NMR spectrum of copolymer B. The assignments of
each region are labeled across the top of each spectrum.
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Figure 4. PFG HMQC and HMBC 2D NMR spectra of copolymers of ethylene/1-octene: (a) HMQC spectrum of copolymer A; (b)
HMBC spectrum of copolymer A; (c) HMQC spectrum of copolymer B; (d) HMBC spectrum of copolymer B.

188.6 MHz 13C NMR spectrum of copolymer B (ca. 40
mol % 1-octene).

The 75 MHz 13C NMR spectrum of copolymer A in
Figure 3a is dominated by the resonance from main-
chain 676" repeat units. The intensities of the unique
resonances associated with the branching are 2 orders
of magnitude weaker than the signals from the main-
chain repeat units. Separate integration of peaks in the
29—31 ppm region is not possible. The resonances from
main-chain, oo™, 0", and yd* carbons as well as those
from 1Bs, 2B, and 3Bg are clearly resolved. In com-
parison to this 75 MHz 13C spectrum, the 188.6 MHz
13C NMR spectrum (Figure 3b) has some interesting
features. The yo* is clearly resolved in the 188.6 MHz
spectrum and is separated from the 676" resonance
region by a significant region of baseline. A new peak
attributed to the y'(4Bg) resonance is resolved (right
inset in Figure 3b); this peak is completely obscured by
the 676" resonance in the 75 MHz spectrum. The
resonances of the main-chain methylene groups oo+,
Bot, and yo™ are resolved from the resonances of side-
chain methylene groups o'(6B¢), 5'(5B¢), and y'(4Be) of
the branch points. The differences between these reso-
nances are Ao = 4 Hz, A = 11 Hz, and Ay = 77 Hz,?’
and they exhibit the expected 2:1 area ratios. Two
resonances with intensity ratios of ca. 20:1 are also
resolved in the regions near 22.9 and 32.2 ppm. The
more intense peaks in each of these regions are at-
tributed to 2Bs and 3Bg. The weaker signals in these
regions can be attributed to the 2s and 3s carbons at
the saturated end of the main chain. The 4s and 5s
carbons at the end of the main chain can also be seen
in the 1D 188.6 MHz 3C NMR spectrum of copolymer
A.

Figure 3c shows the 188.6 MHz 13C NMR spectrum
of copolymer B with assignments for each of the resolved
groups of peaks. The resonances from the main-chain,
oo™, 0T, and yoT carbons and from side chain, 1B, 2B,
and 3Bg carbons are clearly resolved. When the spec-
trum is compared to that of copolymer A as shown in

Figure 3b, many new resonances are observed for the
copolymer with higher octene content. Neighboring
monomer units produce a large number of additional
possible structures, due to the higher probability of
forming triad monomer sequences containing two and
three octene units. Resonances for at least six methine
groups have been attributed to CH (38.84 ppm), CH
(38.68 ppm), CHeoe (38.28 ppm), CH (36.18 ppm),
CHEOO/OOE (3600 ppm), and CHooo (33.84 ppm) The
methylene resonances between 40 and 43 ppm have
been attributed to adeooE, 0oooE/E000, and 0oooo
methylene carbons.?6 The methylene resonances of
BPeoeoe, fPooeok, and Sfooeoo carbons are expected to
fall in the range 24—25 ppm. The methylene resonances
of yy carbons are expected to fall in the range 30.4—
31.8 ppm. A group of signals are seen to the left of the
aot/o'(6By) resonances; these have been attributed to
the ad™ and/or 6B,, carbons from OOE/EOQO or OO0 and
the ovy carbons. A group of signals are seen to the right
of the $67/5'(5Bn) resonances; these are attributed to
the 0™ and/or 5B, carbons from OOE/EOO or OOO
structures.

HMQC and HMBC 2D NMR Spectra of Poly-
(ethylene-co-1-octene). Prior NMR data on ethylene-
based copolymers do not allow unambiguous assignment
of the resonances with similar chemical shifts by
comparison with the peaks in the spectra from model
compounds. The use of combinations of 2D NMR experi-
ments, such as HMQC and HMBC, can provide unam-
biguous resonance assignments and an improved struc-
ture determination. Employing a high-temperature PFG
probe extends the use of multidimensional PFG experi-
ments to high-melting and/or low-solubility polymers
and materials such as polyethylenes, which must be
heated to increase mobility. Spectra with better disper-
sion and increased signal-to-noise ratios can be ob-
tained,3? enabling detection of the resonances from
microstructures which are present at low occurrence
levels in the polymer. With PFG coherence selection,
more t; increments can be collected with fewer tran-
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Table 2. Chemical Shift Assignments of Copolymers from Ethylene (E) and 1-Octene (O)

region o13ch integral value®
this assignments DEPT results®  conolymer A copolymer B copolymer A copolymer B
lit. work  carbon polymer sequence s/d/t/q E/O = 96:4 E/O = 60:40 E/O = 96:4 E/O = 60:40
A Al ao 0000 t 41.625/41.866 4.99
A2 oo OOOE/EOOO t 40.966/41.175 13.78
A3 oo EOOE t 40.288 40.247/40.299 0.326 10.06
B Bl CH EOE d 38.838 0.65
B2 CH EOE d 38.683 3.78
B3 CH EOE d 38.209 38.281 16.19 28.71
C C1l CH OOE/EOO d 36.182 1.28
Cc2 CH OOE/EOO d 35.923 35.998 0.93 33.72
D D1 oy OOEO/OEOO t 35.650 6.08
D2 oy OEOE/EOEO t 35.526 6.55
D3 6Bsg 000 t 35.111 8
D4 oo™ OOE/EOO t 35.105 35.030 2.16 85.51
D5 6Bg OOE/EOO t 35.037 34.954 1.94 9
D6 oo™ EOE t 34.566 34.640 46.9 78.08
D7 6Bg EOE t 34.543 34.564 9 9
D8 CH 000 d 33.838 0.38 12.14
E El 3Bs EOE, OOE/EOOQ, OO0 t 32.229 32.264 19.69 90.76
E2 3s chain end t 32.195 32.170
F F1 Yy OEEO t 31.639 1.86 5.13
F2 Yy OEEO t 30.991 31.095 3.03 9.31
F3 yot EOE, OOE/EOO, OO0 t 30.519 30.599 29.95 46.02
F4 4Bg (e]e]6] t 30.212 790.49 221.258
4Bg OOE/EOO t 30.175
4Bg EOE t 30.115 30.143
otot (EEE)n t 30.027 30.090
5s chain end t 29.932
4s chain end t 29.594
G G1 pot EOE t 27.319 27.390 45.177 85.01
G2 5B EOE t 27.257 27.290
G3 pot OOE/EOO t 27.161 27.220/27.169 1.63 47.68
G4 5Bg OOE/EOO t 27.092 27.125 15
G5 5B 000 t 26.894 13.99
H H1 pp EOEOE t 24.638 24.657 0.91 5.83
H2 BB OOEOE t 24.510 6.22
H3 BB OOEOO t 24.370 1.19
| 11 2B EOE, OOE/EOOQO, OO0 t 22.920 22.946 18.73 91.58
12 2s chain end t 22.885 22.850 0.19 1.28
J J1 1Bs EOE, OOE/EOOQ, OO0 q 14.082 14.092 17.69 88.08
J2 1s chain end q 14.060 14.000 0.19 0.89

a A DEPT experiment results; s, d, t, and g are quaternary, methine, methylene, and methyl carbon resonances. ? Relative to internal
hexamethyldisiloxane (HMDS), estimated error 0.005 ppm based; digital resolution is 0.1 Hz/point (0.0005 ppm/point) and the average

line width of 2 Hz.

sients per increment to provide a spectrum with better
signal-to-noise as well as better resolution in the f;
dimension. Furthermore, much better dynamic range
performance is achieved enabling detection of weak
signals.

Figure 4a shows the PFG—HMQC 2D NMR spectrum
of copolymer A. This spectrum exhibits one-bond cor-
relations between the 1H and 3C resonances of directly
bound atoms in methine, methylene, and methyl groups.
Because of the low level of octene in copolymer A, its
spectrum primarily shows the resonances from the
structures with isolated hexyl branches. Two unique
groups, the CH and CHgs, are present in this spectrum.
They can be identified on the basis of the DEPT?? data
summarized in the fifth column of Table 2. The one-
bond C—H correlations from the methine group (cross-
peak A at 38.3 ppm, from carbon CHgog) and the methyl
group (cross-peak M at 14.1 ppm, from carbon 1Bg) can
serve as starting points for 2D NMR resonance assign-
ments. This information can be used together with
HMBC data to definitively assign the resonances from
branches formed by incorporating isolated octene mono-
mer units in the polymer backbone.

Figure 4b shows the PFG—HMBC 2D NMR spectrum
of copolymer A. This spectrum exhibits correlations
between the aliphatic *H and 13C resonances of atoms

separated by two and three bonds. In the methyl region,
multiple-bond C—H correlations at the shift of the
methyl proton (04 = 0.91) are seen (cross-peak M; and
cross-peak My). These result from correlations between
the methyl proton and carbons 2Bg (6c = 22.9) and 3B
(0c = 32.2). A weak doublet from HMQC leakage is
observed at the 13C chemical shift of 1B¢ carbons (¢ =
14.1); the one-bond correlation is also observed in the
HMBC spectrum.

Figure 5 shows expansions from the PFG—HMBC
spectrum of copolymer A in the proton chemical shift
region between 1.25 and 1.38 ppm (Figure 5a—g) along
with expansions from the methylene and methine
regions of the HETCOR spectrum (Figure 5h—k). The
one-bond C—H correlation from the methine group
(cross-peak A in Figure 5h) can serve as a starting point
for 2D NMR resonance assignment. Multiple-bond C—H
correlations at the shift of the methine proton are seen
in parts b (cross-peak A; ) and e (cross-peak Ags 4); these
result from correlations of the methine proton with ad*/
6B¢ and S07/5Bs carbons, respectively. These cross-
peaks are somewhat wider than the other cross-peaks
in the same f; region (e.g., compare A;, with B; in
Figure 5b) due to the fact that the oot and 6Bs
resonances are not resolved in the low digital resolution
2D spectra, and the B; cross-peak is a correlation to only
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Figure 5. Expansions showing the methine and methylene regions of the 2D NMR spectra of copolymer A: (a—g) from the
HMBC spectrum in the proton chemical shift region between 1.25 and 1.38 ppm shown in Figure 4b; (h—k) from the HETCOR
spectrum in the proton chemical shift region between 1.25 and 1.38 ppm. (The HETCOR spectrum was used because sensitivity
was not a problem, and it provided much better digital resolution in the 3C chemical shift dimension without resorting to an
inordinately long experiment needed to collect many t; increments as would be required in an HMQC experiment.)

the ad™ resonance (see below). Separate peaks are
resolved in the 1D spectra, and from their 2:1 intensity
ratios, it is possible to assign the low- and high-field
peaks in the 13C dimension to ad"™ and 6Bg carbons,
respectively.

On the basis of the above discussion, the HETCOR
cross-peak B in Figure 5k is the one-bond C—H correla-
tion from the 6+ methylene group. At the *H shift of
the 6™ methylene, cross-peaks B; and B; are found in
the regions from the HMBC spectrum shown in Figure
5b,d. These are multiple-bond correlations between the
BT IH resonance and the ad™ and yo* 13C resonances,
respectively. It is possible that there is also a correlation
to the 676 13C resonance in Figure 5d. However, this
is not resolved due to the breadth and intensity of the
01O cross-peak.

Cross-peak C in Figure 5k results from the 5Bg
methylene group. Multiple-bond correlations at the 'H
shift of cross-peak C are seen in Figure 5b (C; not well
resolved, from carbon 6Bg) and Figure 5c (cross-peak
C,, from carbon 3Bg). The cross-peak from correlation
to the 4Bg carbon is not resolved from the broad 670+
cross-peak.

Cross-peak D in Figure 5i results from the 6Bsg
methylene group. While cross-peak D is not resolved
from the E cross-peak in the low-resolution 2D spec-
trum, the asymmetry of the peak is evident and con-
sistent with the presence of 0™ and 6Bg resonances in

this region. Multiple-bond correlations at the 1H shift
of cross-peak D are seen in Figure 5a (cross-peak D;
from carbon CHegog), Figure 5b (cross-peak D,, from
carbon ad™), and Figure 5e (cross-peak D3, from carbon
5B¢). The cross-peak from correlation to the 4B¢ carbon
is not resolved from the broad 6™6™ cross-peak.

Cross-peak E in Figure 5i results from the ao*
methylene group. Multiple-bond correlations at the 1H
shift of cross-peak E are seen in Figure 5a (cross-peak
E; from carbon CHgog), Figure 5b (cross-peak E;, from
carbon 6Bg) and Figure 5e (cross-peak Es, from carbon
Bo™). The results of the chemical shift assignments are
summarized in the sixth column of Table 2.

Parts c and d of Figure 4 show the PFG—HMQC and
PFG—HMBC 2D NMR spectra of copolymer B, respec-
tively. The methine resonances from three triads (EOE,
OOE, and OO0O) are resolved and labeled in Figure 4c.
These were identified on the basis of the DEPT data
summarized in Table 2. At least three groups of cor-
relations along different methine proton chemical shifts
are shown in Figure 4d. These cross-peaks are impor-
tant for determining resonance assignments for OOO,
OOE, and EOE triads.

Figure 6 shows expansions in the proton chemical
shift region between 1.1 and 1.6 ppm from the PFG—
HMBC spectrum of copolymer B (Figure 6a—f) along
with an expansion showing the methine region of the
PFG—HMQC spectrum (Figure 6g). The expansions
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Figure 6. Expansions showing the methine and methylene regions of the PFG—HMBC and the PFG—HMQC spectra of copolymer
B: (a—g) from the HMBC spectrum in the proton chemical shift region between 1.42 and 1.62 ppm from Figure 4d; (h) from the
HMQC spectrum in the proton chemical shift region between 1.42 and 1.62 ppm from Figure 4c.

from the 13C 1D NMR of the corresponding regions are
shown at the top of 2D spectra. In addition to the
resonances from the backbone and isolated hexyl
branches, the cross-peaks from numerous other struc-
ture fragments are observed. In the HMQC spectrum
of copolymer B (Figure 6g), three relatively strong
methine resonances along different proton chemical
shifts in the 1.1—1.6 ppm region are observed. They can
be identified on the basis of the DEPT data summarized
in the fifth column of Table 2. One of them has been
assigned to CHgog (cross-peak A, oc = 38.28) on the
basis of the interpretation of the spectra from copolymer
A described above. The assignments of the other two
methine resonances, CHoog/eoo (cross-peak F, oc =
36.00 ppm) and CHooo (cross-peak G, oc = 33.84 ppm),
can be confirmed by following analysis. These one-bond
C—H correlations from the methine groups can serve
as starting points for 2D NMR resonance assignments
of copolymer B.

Multiple-bond C—H correlations at the shift of the
CHooe methine proton (0 = 1.44) are seen in Figure
6¢ (cross-peaks F, and F34) and Figure 6e (cross-peak
Fs6). These result from correlations between the me-

thine proton and the a61/6Bg as well as 507/5B¢ carbons,
respectively, as shown in the structure for the OOE
triad in Figure 6. At the shift of the CHooe methine
proton, cross-peak F; is found in the aa region of the
HMBC spectrum shown in Figures 6a which results
from multiple-bond coupling between the methine pro-
ton and the aa carbon. Cross-peak F, in Figure 6c¢
results from multiple-bond coupling between the me-
thine proton and the adjacent methine (CHoog/eo00) 12C
atom. This adjacent methine, which produces F,, should
have similar proton and carbon chemical shifts to the
starting methine F, since they are the same type
methine group. The parent methine is attributed to
CHoog, and the adjoining methine is most probably a
CHeoo. The structure producing these resonances can
then be defined as an EOOE tetrad.

Multiple-bond C—H correlations at the shift of the
methine proton (6 = 1.53) are seen in Figure 6a (cross-
peak G, from carbon aa), Figure 6c (cross-peak G, from
the CHgoo carbon, and cross-peak Gz, from the 6Bg
carbon), and Figure 6e (cross-peak G4, from the 5Bg
carbon) as shown in the structure for the OOO triad in
Figure 6. Cross-peak G, in Figure 6¢ results from
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multiple-bond coupling between the methine proton and
the adjacent methine (CHoog/eo00) 12C atom. This adja-
cent methine which produces G, should have a different
carbon chemical shift compared to the starting methine
G (CHooo), since they are different types of methine
groups. The adjoining methine at 36.00 ppm was as-
signed to CHoog/eoo from the discussion in the previous
paragraph. Therefore, this parent methine G at 33.84
ppm is attributed to CHpoo. Because no other type of
methine cross-peak has been observed along a line in
the f; dimension with CHooo methine proton chemical
shift (0y = 1.53) in the f, dimension, similar methine
groups must reside on both sides of the starting CHooo.
The structure producing these resonances must there-
fore be EOOO/OOOE tetrads in an EOOOE pentad.

It is notable in the 86T region that the chemical shifts
change according to the progression 361Eor/(5Bs)Eor/EOE
> B0 oormo0/(5Bs)ooreoo > (5Bs)oooiooo, and in the
oo™ region the chemical shifts change according to the
progression a0 gor/(6Bs)eor < adtoorE0o/(6Bs)oorE00
< (6Bg)ooo- These confirm the previously assigned
resonances in the 1D spectra. The assignments in the
methyl and methylene areas of the 1D spectrum are also
confirmed by the PFG—HMQC and PFG—HMBC NMR
spectra, which were described above. The chemical shift
assignments based on the 1D and 2D spectra of ethyl-
ene/l-octene copolymers are summarized in Table 2.

Quantitative Analysis of Poly(ethylene-co-1-
octene). The quantitative determination of the comono-
mer content, monomer sequence distribution, and num-
ber-average molecular weight (M;) is dependent on a
set of correct assignments and the establishment of
experimental conditions that lead to accurate integral
measurements. The 188.6 MHz 3C NMR spectrum
(Figure 3) gives a complete set of assignments confirmed
by 2D HMQC and HMBC experiments. Structural
information can be extracted indicating comonomers
exist as isolated branches or as clusters with 1,3-dialkyl
or 1,3,5-trialkyl branches.

At lower field, unique resonances are not resolved for
each structure unit. To circumvent this problem, Ran-
dall and Hsieh3%3! used a method of collective assign-
ments, where linear combinations of the peak areas (in
regions A—J in the 1D spectrum as defined in Table 2)
from groups of resolvable peaks are related to the
concentrations of combinations of structure units such
as triads and tetrads. A set of linear equations was
obtained relating the integral values in each region to
the concentrations of the n-ads contributing to peaks
in that region. Algebraic manipulation of terms yielded
expressions relating triad concentrations to linear com-
binations of the peak region integrals.

It would be preferable to relate concentrations of
structure fragments directly to individual peak areas.
This latter method would minimize errors, since the
error in the calculation of the amount of a specific
structure unit would be directly related to the error in
measuring a single peak integral rather than the
cumulative error associated with the measurement of
multiple peak areas. Errors of this sort are especially
large when the calculated concentration is the result of
a small difference between two large peak areas.

In addition to the regions designated by Hsieh and
Randall,3* shown in the first column of Table 2, at
higher field, subregions can be resolved and identified
as shown in the second column of Table 2. Assignments
for each of the regions appear in the third and fourth
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columns. The chemical shift assignments based on the
1D and 2D spectra of ethylene/1-octene copolymers A
and B are shown in the sixth and the seventh columns,
respectively. Columns 8 and 9 contain the measured
peak areas for these two polymers, normalized such that
the total area adds to 1000. The main-chain end
resonances from carbons 1s—5s can be observed in the
spectrum of copolymer A. At 188 MHz, the dispersion
is sufficient to resolve and integrate at least one unique
resonance for each of the structures present, with few
exceptions. Since single resonances can be integrated
to provide relative amounts of each structure, more
accurate compositions can be determined.

The number-average molecular weight of a copolymer
can be calculated from the following formula:®

M, =[A; x 14] +
[intensity of a single unique carbon’s resonance]

where At is the total integrated area.

The calculations of My, are summarized in the bottom
four rows of Table 3. Although there are up to five ways
to measure the intensity of a single carbon, in the
spectra of these polymers, only the resonances from 1s
and 2s carbons (regions J, and |, respectively) are
suitably resolved for quantitation. The poorer agreement
in the results for the calculation of My, for copolymer B
reflects the greater difficulty in resolving the chain-end
signals from the very intense signals of hexyl branches.
Also, note that the additional factor of 2 in the calcula-
tion of M, is a consequence of the fact that only
saturated (1s, 2s, 3s) chain ends end resonances were
detected. Therefore, the equation must be doubled to
correct for the fact that there are two saturated chain
ends per polymer molecule.

The relative triad concentrations can be derived using
the relationships defined by Hsieh and Randall as
shown in the second column of Table 3.3 In all cases, k
is a scaling constant that relates the absolute concen-
trations of structure fragments to the absolute NMR
signal intensities. This constant cancels in the calcula-
tions of triad percentages, which are derived from the
ratios of peak areas. The third column shows the
formulas, which were derived for quantitative analyses
using newly resolved regions in this work. Since there
is much better resolution and dispersion in the 188.6
MHz spectra, it is easier to solve for the relative
concentrations of the six triads. It is possible to relate
all but two triad concentrations (OEE/EEO and EEE)
to a single integral region. In calculating the EEE
content of the polymers, a small correction (E integral)
must be subtracted from the F integral to make up for
the contribution of 4B¢ carbons (from EOE, OOE/EQO,
and OOQO triads) to the F integral. In polymers with
relatively low octene content, the error associated with
the measurement of the F integral is the primary
contributor to the error in EEE triad determination. The
F integral is ca. 100- fold greater than integral E (which
is a relatively small correction factor) so systematic and
random variations of the F integral should be 100-fold
greater than variations associated with determination
of the E integral correction.

Using these higher field data, in some cases it is
possible to identify multiple relationships between peak
areas and triad concentrations. In these cases, the
results from multiple determinations can be averaged
to further reduce the error associated with the composi-
tion calculations. Although there may be many relation-
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Table 3. Calculations of Polymer Compositions

formulas for triad compositional analysis

copolymer triad compositions (%)
copolymer A (E/O = 96:4) copolymer B (E/O = 60:40)

this this
structure lit. this work lit. work  Bernoullian? lit. work  Bernoullian®
[EOE]= kB kB3 3.66 3.74 3.60 14.40 13.64 14.75
k(De+D7)/3 3.62 12.36
k(G1+G2)/3 3.48 13.46
average 3.61 13.15
[EOO+OOE]= kC kC 0.21 0.22 0.30 15.21 16.62 16.59
kD4 0.50
kD5 0.45
K(G3+Gy)/2 0.36
average 0.38 16.62
[OO0]= k(A—CI/2) kD3 —0.03 0.00 0.01 4.92 4.67
kDg 0.09 5.77
kGs 0.00 6.64
average 0.03 6.21
[OEQ]= kH kH 0.21 0.21 0.10 575 6.29 8.29
average 0.21 6.47
[OEE+EEO]= Kk(G—E) k(G—E) 6.47 6.62 7.20 24.30 26.56 29.49
average 6.62 26.56
[EEE]= k(FI2—E/4-Gl4) k(Fa/2-E/2) 89.48 89.14 88.90 35.41 30.99 26.21
average 89.14 30.99
%[E]= [EEE+EEO/OEE+OEQO] [EEE+EEO/OEE+OEO] 96.16 95.97 65.47 64.02
%[O]= [OOO+OOE/EOO+EOE] [OOO+OOE/EOO+EOE] 3.84 3.96 34.53 35.98
Mn 2 x 1000 x 14/3; 145833 31461
2 x 1000 x 14/1, 145078 21875
2 x 1000 x 14/E,
average 145456 26668

a Based on 3.9% O. P Based on 36% O.

ships that provide a measure of the amount of some
triad structures, not all of these will be applicable to
the analysis of all poly(ethylene-co-octene) samples. The
utility of each region will depend on how well-resolved
it is from neighboring resonances, the desired accuracy,
and the desired precision. The resolution will depend
on the sample homogeneity, how well the instrument
is tuned, the relative intensities of the signals from the
component triads, etc. As examples, regions D4 and Ds
result from EOO/OOE triads. Although these regions
are well-resolved and can be separately integrated in
the spectrum of copolymer A, they are not resolved in
the spectrum of copolymer B. Consequently, in the
examples shown here, they are useful in the composi-
tional analysis of the former polymer but not the latter
polymer. Similar arguments apply with regard to the
use of regions Gz and G4 in the analysis of EOO/OOE
triads.

Results from the compositional analysis of copolymers
A and B using this new method are summarized in
columns 5 and 8 of Table 3. For comparison, the
theoretical Bernoullian distributions for copolymers
with 3.9% and 36.0% octene are shown in columns 6
and 9, respectively. The compositional analyses sum-
marized in columns 4 and 7 (labeled Literature) are for
the same 188.6 MHz data, but using the integral regions
as defined in the literature® (based on the limited
resolution that would be obtained at lower field). Based
on these limitations, the errors are expected to be
greater than those obtained using methods that take
advantage of the higher dispersion spectra. The lower
signal-to-noise spectra obtained on older, lower field
instruments would also contribute to increased errors;
however, this is not a factor in the results presented in
Table 3 as the same data were analyzed, using two
different methods of parsing the integrals in the spectra.

Conclusions

The data presented here indicate the tremendous
potential for using the chemical shift dispersion in
ultrahigh field NMR spectra to study structure—
property relationships of important polymers. The high-
temperature PFG 2D HMQC and HMBC experiments
provide better quality spectra than those available using
solely phase cycling coherence selection techniques,
permitting detection of most of the signals in the NMR
spectra of poly(ethylene-co-1-octene) and their unequivo-
cal assignments. These detailed resonance assignments
and the ability to observe newly resolved resonances for
many unique structure fragments permit more straight-
forward quantitative determination of the structural
details in this polymer. A complete set of resonance
assignments is provided, which should be of use to
others in the field. Although stereosequence effects are
evident in some of the 1D spectra, detailed information
regarding resonance assignments is not available from
the data in hand.
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