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ABSTRACT: Itis well-known that short-chain branching (SCB) reactions (intramolecular H-abstraction)
play an important role in determining the properties of ethylene homopolymers produced under high
pressure by free-radical polymerization. There is little information, however, regarding SCB mechanisms
that occur during the synthesis of ethylene copolymers under similar reaction conditions. This work
describes SCB structures for a wide range of ethylene copolymers of varying composition (ethylene with
n-butyl acrylate (nBA), methyl acrylate (MA), vinyl acetate (VAc), n-butyl methacrylate (nBMA), acrylic
acid (AA), and methacrylic acid (MAA)), as determined by proton, 3C, and 2D NMR techniques. Close
examination of the resonances reveals that for many (if not all) of these copolymers, a significant fraction
of the SCBs contain comonomer as a result of CH,-radical to CH, backbiting around a comonomer unit.
In addition, SCBs are formed not only by hydrogen abstraction from CH; polyethylene units but also by
abstraction of hydrogen from the comonomer methine units. This latter mechanism does not occur during
production of E/VAc, E/InBMA, or E/MAA but is important for E/AA and acrylate (E/MA and E/nBA)
copolymers; for these systems 10—20% of the comonomer groups in the polymer are alkylated. Implications
of these findings to the polymerization Kinetics are discussed.

Introduction

The formation of short chain branches (SCB) long has
been known to occur in high-pressure ethylene homo-
polymerization,! with the frequency of SCBs controlling
polymer crystallinity and density.? Backbiting (SCB
formation) is a type of intramolecular chain transfer in
which the growing radical curls back on its own chain
to form a six- or seven-membered intermediate ring,
transferring the radical back along the chain by hydro-
gen atom abstraction. The result is a short-chain butyl
or amyl branch. Shorter branches (methyl, ethyl, and
propyl) are formed through double backbiting mecha-
nisms.® The predominate SCB species formed are ethyl
and butyl branches; amyl, methyl, and propyl species,
formed via seven-membered rings, are less common.*
SCB mechanisms leading to the formation of a butyl
branch (denoted by B4 and formed by a single backbite)
and paired ethyl branches (denoted by B, and formed
by a double backbite) are shown schematically as Figure
1.

Many ethylene copolymers are also synthesized at
high pressures (20—40 kpsi) by free-radical processes.
However, the role of comonomer in SCB reactions has
not been examined to a great extent. This is primarily
because the comonomer side groups (acrylate, acid,
acetate) themselves act as effective SCB units; the type
and number of comonomer groups control polymer
properties to a much greater extent than branches
formed by backbiting mechanisms.2 Examination of
backbiting mechanisms during copolymerization, how-
ever, provides valuable insights regarding these reaction
systems.

The types of backbiting mechanisms that may occur
during copolymerization are illustrated schematically
in Figure 2, for six-membered intermediate rings in an
ethylene/acrylate system:

* To whom correspondence should be addressed.
® Abstract published in Advance ACS Abstracts, January 1,
1997.
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Figure 1. Typical short-chain branching mechanisms for
ethylene homopolymerization: (a) formation of a butyl branch
(single backbite); (b) formation of paired ethyl branches (double
backbite).

A comonomer radical may backbite and abstract
hydrogen from a CH; unit. This structure is
denoted as A;B, to indicate that the acrylate group
is found on the end (or “1”) carbon of the resulting
B4 branch (Figure 2a).

A CH; radical may backbite around a comonomer
unit in the chain, to form an A3;B4 butyl branch
(Figure 2b).

A CH; radical may abstract hydrogen from a
comonomer unit to form a tertiary-centered radical
structure. After subsequent chain growth, the
resulting alkyl SCB is located opposite the comono-
mer side chain to form a quaternary carbon struc-
ture. The notation AgB4 is adopted to indicate that
the butyl branch originates from a quaternary
carbon with an opposing acrylate branch (Figure
2c).

These mechanisms illustrate cases in which only a
single acrylate unit is involved. It is evident that other
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Figure 2. Possible short-chain branching mechanisms involv-
ing polymerization of ethylene with an acrylate comonomer:
(a) H-abstraction by a comonomer radical (formation of A;B,
branch); (b) H-abstraction across a comonomer unit (formation
of AsB4 branch); (c) H-abstraction from a comonomer unit to
form AgB. butyl branch (single backbite); (d) double-backbite
mechanism involving H-abstraction from a comonomer unit,
to form paired AgB,—B; branches.

butyl branch structures containing multiple acrylates,
such as AzAgBa4, are also possible. In addition, double
backbite mechanisms may result in AgB, branches.
Figure 2d outlines one mechanistic pathway to form an
AgB, and B; pair; alternate pathways to the same
structure and even to the formation of paired AgB:
branches can be envisioned. The goal of this work is to
determine which of these mechanisms are important
during high-pressure copolymerization of ethylene with
various comonomers, including n-butyl acrylate (nBA),
n-butyl methacrylate (nBMA), vinyl acetate (VAc),
methyl acrylate (MA), acrylic acid (AA), and methacrylic
acid (MAA).

Although 13C NMR has proven to be a powerful tool
for examining the types and quantities of SCBs found
in homopolymers,*~7 it has seen limited application to
ethylene copolymers. The most widely examined co-
polymer system is E/VAc. Many of the studies examine
copolymers synthesized at much lower temperatures
and pressures than of interest to this work, and
concentrate on monomer sequencing®! or VAc mono-
mer inversion!213 rather than short-chain branching.
However, there are some issues discussed in the E/VAc
literature which are pertinent to the present SCB study.

A few studies examine SCB levels by 13C for E/VAc
copolymers produced at high pressures. Wagner et al.,'4
studying polymers up to 30 wt % VAc, found that total
SCB level (number of CH3 groups) is independent of VAc
content, while the number of butyl branches decreases
with increasing VAc content. Grenier-Loustalot!® also
studied SCB in E/VAc copolymers with 5—25 wt % VAc
by 13C NMR, using model compounds to aid in peak
assignments. Some of the same trends are observed;
the number of butyl and amyl* (of length 5 or longer)

SCB Structures in Ethylene Copolymers 247

branches decrease with increasing VAc level. In addi-
tion, it was found that the number of ethyl branches
remains constant with VAc level. Contrary to the work
of Wagner et al., however, Grenier-Loustalot found that
the total SCB level decreased significantly as VAc
content in the polymer increased. The results of Okada
et al.’® and Bugada and Rudinrudin are in general
agreement with those of Grenier-Loustalot, although
Bugada and Rudin note a more pronounced decline in
ethyl branch concentration with increasing VAc content
in the polymer. All of these studies focus on alkyl
branches and do not consider the role of comonomer in
SCB mechanisms.

However, a careful examination of this previous work
suggests that the presence of VAc may lead to additional
SCB structures. In Grenier-Loustalot’s 13C NMR study
of E/VAC,'® the ethyl 1B, peak is observed at the
expected location of 10.8 ppm (details on peak positions
follow), but an additional peak is seen at 9.8 ppm for
the polymer with the highest VAc level (25 wt %).
Grenier-Loustalot does not identify this new structure
but attributes the signal to a 1B, branch. Okada et al.1®
report the presence of this additional peak at 9.8 ppm,
and conclude that it can be attributed to the influence
of an adjacent VAc unit on a 1B, signal. Evidence
supporting an alternative structure for this 3C NMR
peak is presented in this work.

An issue that has been examined previously, albeit
with conflicting results, is whether or not a propagating
VAc radical backbites along the chain according to the
mechanism shown in Figure 2a. Theoretical calcula-
tions!® suggest that the formation of acetoxybutyl A;B,
branches is indeed possible, yet the evidence in the
literature is mixed. Wisotsky et al.»® used proton NMR
to study copolymers synthesized at 80—150 °C; they saw
no evidence of CH,OAc protons and concluded that VAc
radicals do not participate in backbiting events. Amiya
et al.,»® however, do find evidence of acetoxyl-terminated
short chain branches. This difference may be explained
by examining details of the two studies; Wisotsky et al.
studied polymers of 30—50 wt % VAc, while the study
of Amiya et al. was for polymers of much higher (80—
90 wt %) VAc content. Even at such high VAc levels,
Amiya found that the number of alkyl branches was an
order of magnitude higher than the number of acetoxyl
branches. The presence or absence of A;B,4 groups is
further examined in this work.

Previous studies on other ethylene copolymer systems
are even more scarce. Bruch and Payne? apply 3C
NMR for the determination of monomer sequences in
E/MA copolymers and terpolymers with CO. However,
the work did not examine SCB. By far the most
comprehensive reference pertinent to the present work
is the NMR study of Randall et al.;?*?2 E/AN (acryloni-
trile) copolymers are the main focus of the work, but
results for E/AA, E/MA, and E/VAc are also reported.
Abundant evidence supporting the abstraction of hy-
drogen from a comonomer unit (mechanisms of Figure
2c,d) is given; 23% of the comonomer units are alkylated
for E/AN copolymer, 16% for E/AA, 10% for E/MA, and
<3% for E/VAc. Branches with terminal AN groups
were identified and were postulated to be formed by the
mechanism shown as Figure 2a; corresponding struc-
tures for the other comonomers examined were not
reported. No mention is made of branches that include
the comonomer unit interior to the branch, as would be
formed by the mechanism shown as Figure 2b.
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The present effort builds upon the insightful work of
Randall et al.,2122 using NMR techniques to determine
the role that comonomer plays in short-chain branching
mechanisms during high-pressure free-radical ethylene
copolymerization. A systematic study of how SCB levels
change as a function of polymer composition is pre-
sented for E/nBA, E/MA, and E/VAc; more limited data
for EInBMA, E/AA, and E/MAA systems complement the
study and reinforce the conclusions. The different SCB
structures seen for the acrylate, methacrylate, and VAc
copolymers are discussed in terms of comonomer struc-
ture and relative radical reactivity.

Experimental Section

All of the samples discussed in this work were synthesized
in a well-mixed continuous-flow pilot-scale autoclave reactor
at a single pressure level in the range typical for ethylene
copolymer production. Conversion was in the range of 10—
20%. Thus the level of short-chain branching formed by
intramolecular reaction is only a function of reactor temper-
ature, comonomer type, and copolymer composition. Synthesis
temperatures of the various samples are included in the
discussion of results.

13C NMR (100 MHz) spectra were obtained on a Varian
Unity 400 MHz spectrometer on 20 wt % polymer solutions
and 0.05 M tris(acetylacetonato)chromium(l11) (Cr(acac)s) in
1,2,4-trichlorobenzene (TCB) unlocked. (For E/VAc samples,
a mixed solvent of 6:1 TCB:benzene-ds was used and the
spectrometer was run locked. This solvent mixture did not
improve the resolution and is not necessarily recommended,
since in some cases it may diminish polymer solubility.) Most
samples were run at 120 °C, although a few ethylene ho-
mopolymer samples were run at 140 °C; no observable change
in chemical shifts resulted from this difference. The spec-
trometer was run using a 90° pulse of 13.4—28.5 us (two
different probes were used), a spectral width (sw) of 35 kHz,
a relaxation delay (d1) of 5 s, an acquisition time (at) of 0.45
s, and inverse-gated decoupling (dm = nny). T; (longitudinal
magnetization relaxation time) measurements under similar
conditions for similar polymers show that relaxation times for
all carbons for these types of polymers under these conditions
are all less than 1s. Thus, the data are quantitative. Samples
were preheated for at least 15 min before acquiring data. Data
acquisition time was typically 12 h per sample. Spectra are
referenced to the solvent (TCB) high-field resonance at 127.8
ppm. Integrals of unique carbons in each branch were
measured and are reported as number of branches per 1000
CH; (including methylenes in the backbone and branches, but
not the methylenes in the comonomer functional group). These
integrals have a relative accuracy of +5% for abundant
branches and +£10—20% for branches present at less than 10
per 1000 CH,. For the copolymer samples, the homopolymer
convention of reporting branch numbers per 1000 CH; is
maintained. To convert to the frequency per backbone unit,
it is necessary to multiply the reported branch number by
1000/(1000 + At), Where A is the tabulated number of
comonomer units per 1000 CH,.

Assignments shown on the NMR spectra are labeled ac-
cording to the following naming scheme:

xBy: By is a branch of length y carbons; x is the carbon
being discussed, with the methyl at the end of the branch
numbered as 1. Thus the second carbon from the end of
a butyl branch is 2B4. xB," refers to branches of length
y and longer and includes end-of-chain (EOC) contribu-
tions.

Greek symbols are used to designate the location of
methylenes along the chain backbone. The first Greek
letter gives the distance in carbon atoms to the nearest
branch; thus § refers to a backbone CH, two carbon units
away from a branch point. If two letters are given, the
second refers to the distance from a second branch point
in the opposing direction. y* refers to methylenes three
or more units away from a branch point.
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xA;By refers to a branch containing a comonomer unit A,
where z is the carbon carrying the comonomer functional
group (following the same numbering pattern as x). Thus
the SCB shown in Figure 2b is labeled A;B4. Consistent
with homopolymer nomenclature, xA,B,* refers to branches
of length y of longer, including EOC contributions.

XAqBy indicates that the comonomer unit is located off
the backbone carbon at the branch point, making it
quaternary. Thus the butyl branch shown in Figure 2c
is labeled AgB4. If an alkyl group (rather than a comono-
mer group) is opposite the SCB, it is labeled RgB,.

Ex, in copolymer spectra, refers to carbon group on the
comonomer ester group, with E; the methyl group at the
end.

Further details on homopolymer peak assignments and
NMR analysis are found in the literature.#~" Discussion of
copolymer peak assignments is included as part of the Results
sections.

All of the polymers examined have number-average chain
lengths (DP,) in the range of 500—1000, giving a maximum
EOC contribution of 1—2 per 1000 CH,. Since acetone was
used as a chain-transfer agent during synthesis of these
polymers, it is expected that the actual number of chain ends
contributing to the EOC *C NMR signals discussed in this
work is even lower.

2D NMR techniques were used on selected copolymer
samples to aid in peak assignments. For E/nBA the HSQC—
TOCSY (Heteronuclear Single Quantum Correlation—TOtal
Correlation SpectroscopY) experiment was run using a 14 wt
% solution of an E/nBA copolymer in 1,2,4-trichlorobenzene-
d; at 120 °C on a Varian Unity 400 MHz spectrometer with a
5 mm Varian indirect detection probe. The low-field residual
proton resonance of the TCB-d3 solvent was referenced as 7.27
ppm. For the carbon reference, the center of the high-field
triplet was set to 127.8 ppm. This gave the chemical shift of
the E; butyl ester as 19.69 ppm; this shift was then changed
to 19.22 ppm in the 2D data set to match the chemical shift
for this sample observed in the one-dimensional 3C experi-
ment (run at 120 °C in protonated TCB with 0.05 M Cr(acac)s)
for this resonance. This procedure adjusts for any consistent
chemical shift change caused by interaction of the Cr(acac)s
with the TCB-d; solvent or an isotope effect on the TCB
chemical shift. The HSQC—TOCSY pulse sequence?*~25 from
the Varian user library 4.3 was used after modifying the pulses
in the BIRD nulling sequence.?® This experiment was run with
at = 0.25 s, proton sw = 3194.4 Hz, 13C sw = 6217 Hz, d1 =
2.47 s, 96 transients per increment, a BIRD null delay of 0.6 s,
with trim pulses and a single homospoil pulse, a window period
of 17 us, an 18.3 us spin lock pulse, a mix time of 60 ms, phase-
sensitive, delay times optimized for a jxh (the proton—carbon
one-bond scalar coupling constant) value of 130 Hz, and with
128 increments in each phase set. The data set was processed
using Gaussian functions, linear prediction, and was zero-
filled. An HSQC experiment was run under identical condi-
tions on the same sample using the same pulse sequence with
the TOCSY period eliminated.

The E/VAc HSQC—TOCSY experiment was run using a 21
wt % solution in TCB-d; at 120 °C, using the hsmqc pulse
sequence in the Varian user library 5.1.26 Parameters were
as described above, with the following slight changes: at =
0.18 s, proton sw = 3199.5 Hz, 13C sw = 8045.1 Hz, d1 = 2.1
s, a null delay of 0.9 s, and 128 transients per increment.

The E/MMA sample (converted from E/MAA by methyl
esterification) HSQC and HSQC—TOCSY experiments were
run on a 21 wt % solution in TCB-d; at 120 °C, using
parameters similar to those described above (mix time of 80
ms, no window, 24 us spin lock pulse, no homospoil pulse,
proton sw = 4514.7 Hz, 13C sw = 6441.2 Hz, at = 0.227 s, d1
= 0.7 s, a null delay of 0.54 s, jxh = 130). These experiments
were run on a Unity Plus 500 MHz Varian NMR using a 5
mm indirect detection probe. A gradient HMBC (Hetero-
nuclear Multiple Bond Correlation) experiment was run on the
same instrument using a gradient indirect detection probe at
75 °C, at = 0.176 s, proton sw = 3999.6 Hz, and °C sw =
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Figure 3. 3C NMR spectrum for ethylene homopolymer
synthesized at 270 °C.
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Figure 4. Details of 7—12 and 21—24 ppm regions from 3C
NMR spectrum for ethylene homopolymer synthesized at (a)
165, (b) 195, and (c) 270 °C.

25141.4 Hz. The experiment was run with 256 increments
and 80 transients per increment. Values of j for directly
bonded carbons of 130 Hz and for multiple bond correlations
of 9 Hz were used to calculate delay times. Other parameters
include d1 = 1.5 s, no null, and no homospoil pulses. 2D data
were processed using linear prediction, zero filling, and sine
bell or Gaussian functions.

Results

Ethylene Homopolymer. It is very useful to ex-
amine 13C NMR spectra for ethylene homopolymers,
since these serve as references to the copolymer spectra
examined later. The level of SCB (branches of length 5
or shorter) increases from about 6 per 1000 CH, for
polymer produced at 165 °C to 20 branches for polymer
synthesized at 270 °C, in agreement with well-docu-
mented trends in the literature.??” Figure 3 shows the
13C NMR spectrum for the 270 °C sample, which has
the highest level of SCB. Peak assignments shown on
this figure were made in accordance with the
literature.*7

For purposes of comparison with copolymer results,
the portions of the spectra of most interest are 7—12
ppm (ethyl branch structures) and 21—-24 ppm (2B4
butyl and 2Bs™ amyl*™ branch structures). Figure 4
shows these regions for homopolymer samples produced
at 165, 195, and 270 °C. It can be seen clearly how peak
intensities increase with polymer synthesis tempera-
ture. (Branch concentration is proportional to peak
area.) Of particular interest is the emergence of the peak
at 7.5—8 ppm, assigned to the formation of a 1RgB>
quaternary-ethyl branch.# This peak is not observable
for the 165 °C polymer, is barely discernible at 195 °C,
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Figure 5. 3C NMR spectrum for E/nBA copolymer (34 wt %
nBA) synthesized at 200 °C.

and is very evident in the polymer produced at 270 °C.
(The peak splitting seen at 270 °C has been attributed
to racemic mixtures of the paired ethyl branches.?) This
guaternary-ethyl structure can be formed either by a
triple-backbiting mechanism or by intermolecular trans-
fer (long-chain branching).*

In the ethylene homopolymer samples examined, only
trace quantities of methyl and propyl branches are
observed. Since these branches, which are formed by
double-backbiting mechanisms involving seven-mem-
bered ring transition states,* are so rare in homopoly-
mer, they are not considered in the discussion of
copolymerization SCB mechanisms below. More com-
plex structures, such as 5-ethylhexyl branches have
been calculated to be possible at equal probability to
paired ethyl branches?8:2° but have been experimentally
found only in much smaller quantities.63%31 These
branches are difficult to detect with 13C NMR tech-
niques* and also will not be considered further in this
work. Instead, we focus on the more abundant ethyl
and butyl branch structures which, as shown in Figure
2, are more likely to involve comonomer methine
hydrogens.

E/NnBA. E/nBA copolymers of varying composition
were synthesized at 165 and 200 °C and examined with
13C NMR. Figure 5 shows the spectrum for a 34 wt %
nBA copolymer produced at 200 °C, with peak assign-
ments as indicated. Comparison with the homopolymer
spectrum of Figure 3 shows that:

Some of the SCB information is lost because of
peaks associated with the butyl ester of the acrylate
(Ex) and adjacent backbone methylene. These in-
clude the 3Bs amyl, 1B, butylt, and 3B¢™ hexyl™
peaks.

The SCB peaks observed for the homopolymer that
are also seen in the copolymer spectrum are the 1B,
ethyl peak at 10.8 ppm, the 2Bs* amyl* peak at 22.6
ppm, and the 2B4 butyl peak at 23.1 ppm.

There are two resonances in the 23 ppm region of
the 2B4 peak. It is argued that the second reso-
nance, which is not seen for homopolymer, is due
to butyl SCBs which have an opposing acrylate
group (2AgBa4).

It is believed that the resonance structure at 8—8.5
ppm is from ethyl SCBs which have an opposing
acrylate group (1AgBy).

Indication about nBA sequences are contained in
the 40—50 ppm shift region. In particular, the



250 McCord et al.

Table 1. SCB Structures in E/nBA from 13C NMR
Analysis?

rt 1B,,
(C) Wy NBAw NBAq 1AsBs 1A0B; 2B; 2AgB; 2Bst SCBi

165 0.000 0 0 0.9 0 33 0 3.2 7.4
165 0.244 34 3.9 13 1.8 22 24 2.2 9.9
165 0.470 88 9.6 24 35 12 44 15 13.0
165 0.480 92 105 3.3 41 10 50 15 149

195 0.000 0 0 1.7 0 43 O 3.7 9.7
200 0.221 30 4.2 2.3 20 29 22 22 116
200 0.347 55 7.4 3.0 35 22 33 1.7 137
200 0531 110 132 41 6.1 18 44 10 174

a All numbers (columns 3—10) per 1000 CH; units, excluding
those in the ester group.

2B4 2Bs+, EOC 1AsBa+

W A«/\-—A/\/\—\«/\’—w//\"w
1A3B4+, 1B2, *1B2

w
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_,J\m.\w,‘/’\mﬁ

1B2
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23.0 22.0 21.0 11.0 10.0 9.0 8.0 ppm

Figure 6. Details of 7—12 and 21—24 ppm regions from 3C
NMR spectrum for (a) ethylene homopolymer (synthesized at
195 °C), (b) E/22 wt % nBA (200 °C), (c) E/35 wt % nBA (200
°C), (d) E/53 wt % nBA (200 °C), and (e) E/33 wt % nBMA
(190 °C).

fraction of nBA-centered triads (EBE and EBB) can
be calculated from the peaks indicated; no signal
from BBB triads was observed for this sample.

The fraction of nBA units which are alkylated is also
calculated from the 40—50 ppm shift region, with
the quaternary acrylate carbon giving a signal at
49 ppm, as reported in the literature.®> The as-
signment of this carbon has also been confirmed by
DEPT (Distortionless Enhancement by Polarization
Transfer) and off-resonance decoupling techniques.
This signal gives a measure of the fraction of nBA
units which have undergone hydrogen abstraction
during polymerization—either by short- or long-
chain branching.

A complete summary of the NMR analysis is con-
tained in Table 1; further details about the analysis
follow. In Table 1, the total number of nBA units
(NnBA) is easily calculated from polymer composition,
while nBAy, is simply that number multiplied by the
fraction of alkylated nBA units, as measured by the
guaternary carbon signal at 49 ppm.

Before analyzing the trends in Table 1, further
discussion regarding the peak assignments is war-
ranted. Itis very instructive to examine in more detail
the regions of the spectra containing information about
ethyl branches (7—12 ppm) and butyl and amyl*
branches (21—24 ppm). Figure 6 compares these areas
for E/nBA copolymers synthesized at 200 °C (Figure 6b—
d) with homopolymer produced at 195 °C (Figure 6a).
(Figure 6e is for an E/nBMA copolymer sample, to be
discussed later.) It can be seen that the ethyl (7—12
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ppm) and butyl (23—23.5 ppm) branch structures in-
crease with nBA content, while the amyl™ branch
concentration decreases. Some of the peak positions are
shifted relative to homopolymer; these relative shifts,
as well as how the peak intensities vary with nBA level
in the copolymer, are the keys to deducing the polymer
microstructure.

The downfield butyl peak in the 23—23.5 ppm range
increases while the upfield peak decreases in height
with increasing nBA level. The two peaks have been
deconvoluted to obtain the estimates of relative intensity
included in Table 1. Comparison with the homopolymer
sample shows that the upfield peak can be assigned to
2By; the downfield peak has been assigned to a butyl
SCB with an opposing acrylate side group, labeled
2AgB4. The small shift of 0.2 ppm is consistent with
the effect of a substitution at the backbone carbon for
this structure. The quaternary structure has been
assigned to an acrylate side group (rather than another
alkyl group) since the signal is not seen for homopoly-
mer produced at the same conditions, and since its
intensity increases with nBA level in the polymer. A
similar 2B4 to 2AgB4 shift was noted by Randall et
al.2122 in their examination of E/AN copolymers.

No corresponding peak splitting is seen for the 2Bs*
peak. Although ethylene homopolymer contains amyl
branches, an AgBs SCB is very unlikely. Such struc-
tures would be formed via a seven-membered ring
backbiting mechanism, with the acrylate group located
on the sixth carbon from the radical end. This config-
uration is not possible without invoking monomer
inversion, which is not likely for nBA.

Evidence for an AgB; structure can also be seen in
Figure 6, by examining differences in the spectra in the
8—12 ppm shift region for the E/nBA copolymers rela-
tive to homopolymer. For homopolymer, the 1B, peak
occurs at 10.8 ppm; for E/nBA copolymer, a peak at 8.3
ppm is seen, with intensity increasing with increasing
nBA content. Furthermore, this new peak is at a
different position than the 1RgB; peak (7.8 ppm)
observed for homopolymer produced at high tempera-
ture (see Figure 4c). Note also that homopolymer
produced at 195 °C (Figure 6a) shows little evidence of
the 1RgB; peak, strengthening the conclusion that the
peak observed in the E/nBA copolymers cannot be
attributed to this structure. All indications (peak
position, trend with copolymer composition) suggest the
peak is for 1AgB;, an ethyl branch with an opposing
acrylate side group formed through a double-backbite
mechanism shown as Figure 2d. Randall et al.?1??
predict the presence of this peak, but do not observe it
in the E/AN system; their arguments for the AgB:
structure are based upon other evidence.

Confirmation of these assignments has been obtained
in a 2D HSQC—-TOCSY 1H—-13C NMR correlation ex-
periment. In this experiment, correlations from any
observed proton to all protonated carbons in the neigh-
borhood of that proton can be observed. The size of the
neighborhood is determined by the length of the mixing
time used in the TOCSY part of the experiment. Figure
7 shows the results for the 53 wt % nBA copolymer
sample of Figure 6d.

In this figure, the vertical axis is proton NMR data,
and the horizontal axis is 13C NMR data. The spectra
shown along the axes are the corresponding 1D NMR
data. As described in the Experimental Section, Cr-
(acac)s was not used in this 2D experiment, although it
was used in all 1D 13C experiments in this work. No
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relation spectrum for E/nBA copolymer of Figure 6d (53 wt %
nBA).

evidence of selective relative chemical shift changes due
to the presence or absence of Cr(acac); was found, in
agreement with other work.3® Carbon correlations at
8.2 and 27.1 ppm from the 1H methyl at 0.83 ppm can
be seen. These are assigned to the 1AgB; and 2AgB;
carbons, respectively. Close examination of the trace
shows no further correlations along this row, even
though the signal to noise ratio is adequate and the mix
time is long enough (60 ms) to observe all carbon
correlations in the four-carbon butyl ester fragment.
This is exactly as would be expected—the third carbon
in the AgB> branch is a quaternary carbon, not observ-
able in this HSQC—TOCSY experiment. Correlations
to the B, half of AgB,—B; paired branches (formed by
the mechanism in Figure 2d) are shown along the proton
methyl row at 0.92 ppm. These are labeled with an
asterisk to indicate that the other ethyl branch in the
pair is AgBy, rather than B,. Correlations are indicated
to the carbons *1B,, *2B,, and tentatively *MB, (where
M indicates the methine carbon of the branch). The
different chemical shifts of 2AgB; and *2B; also support
these assignments. There are correlations from many
different kinds of methyls overlapping along this row;
three correlations to the butyl ester methyl are marked
as E1, E, and Es.

Confirmation that the methylene assigned to 2AgB4
is indeed part of a short chain branch is also shown in
this HSQC—TOCSY experiment. Although the 1AgB4
carbon is overlapped by E;, the 2AgB4 resonance cor-
relation to the methyl protons can be observed. Further
methylene carbon correlations to the AgB4 methyl are
not observed. A very small single correlation at about
7.8 ppm is assigned to 1B, in a pair of B, ethyl branches
not involving an acrylate group.

Perhaps the strongest argument supporting the claim
that H-abstraction from the nBA group through back-
biting occurs frequently is the unity of the evidence.
SCB levels as a function of composition are plotted in
Figure 8. Although the total number of SCBs (Figure
8a) is increasing with nBA content, a significant number
of these branches are the result of hydrogen abstraction
from a comonomer unit. Figure 8b contains two mea-
sures of alkylated nBA groups; the first is calculated
from the quaternary carbon signal at 49 ppm (NBAg
from Table 1), and the second is calculated by summing
the 2AgB4 and 1AgB; contributions discussed previ-
ously. The two numbers are in very good agreement,
with the difference possibly a measure of long-chain
branch points at nBA groups or quaternary 5-ethylhexyl
branches. Finally, Figure 8c plots the number of SCB

SCB Structures in Ethylene Copolymers 251

Total SCB
g
scB ,,j -
(per 1000 CHZ) q o
] a
] [S)
10 -d a
] {
3 o  200°C
] A 165°C
5 —— I s e e e e e S LA s
0.00 0.05 0.10 0.15 0.20
1
j SCB with Opposing d
] Acrylate Group
10 - a -
SCB 1 “a
(per 1000 CH2) 1 ° -
A L 2
5j ez o nBAqu (200 °C)
g A nBAqu(IGS °C)
0,4 24,8, + 14,8,
00 " ) " ) 0.0[5 ! j " 0,)'0 " ) ) 0. \]S j j ’ ' 0.20
10
Remaining SCB ©  SCB,-nBAj, (200°C)
2 A SCB,,-nBA,, (165°C)
b ° o, A Amyl+
= a ©
ScB
(per 1000 CH,) , | - d
[d -
Z-J ® A - .
L
o — 7T — T
0.00 0.05 0.10 0.15 0.20
nBA

Figure 8. SCB in E/nBA copolymers as a function of mole
fraction nBA in copolymer. See Table 1 and text for definitions.

that do not have an opposing acrylate group, as calcu-
lated by (SCBwt — NBAg). This quantity represents the
number of SCBs formed by H-abstraction from a CH,
group and decreases with increasing nBA content in the
polymer, as would be expected simply from composition
arguments. A decrease in the number of amyl™ branches
is also seen; as previously discussed, formation of amyl
branches cannot occur opposite an acrylate group since
the branches are produced via a seven-membered
backbiting ring. (For homopolymer, a large fraction of
the amyl* signal comes from branches of length 6 or
greater. Although the signal can include chain ends,
the contribution is expected to be small since the
polymers were synthesized with acetone present as a
chain-transfer agent.) It is clearly evident that H-
abstraction from an nBA group is much more prevalent
than from a CH; group; over 10% of the nBA groups
are quaternary, whereas in homopolymer at the same
temperature, the short chain branching level is only
2—4% (10—20 SCBs per 1000 CHy).

We next turn our attention to the questions of
whether nBA radicals can themselves participate in
backbiting mechanisms (Figure 2a) and if backbiting
can occur around an nBA unit (Figure 2b). The four
branch methylenes of the A;B,4 branch should have 3C
chemical shifts of about 34.1 (1A:B4, based upon a
measured value for methyl eicosenoate), 25.5—26.1
(2A1B4, based on either a § COOR substituent value of
+3 added to a butyl branch 2B, methylene at 23.1 or a
0 substituent value of +0.6 for the 3-carbon of methyl
eicosenoate), 28.0 (3A1By4, based on a y COOR substitu-
ent added to a 3B4 carbon at about 30), and 34.8 ppm
(4A1B4, based on a y substituent value of 0.6 added to
a 4B, carbon at 34.2).3* There are other 13C NMR
signals from the polymer in these regions which might
obscure the A1B,4 resonances, if they are present. The
protons of the methylene adjacent to the carbonyl carbon
of the ester should be at about 2.25 ppm. This area is
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also obscured by other resonances in the proton spec-
trum of this polymer (for example, from acetone-derived
ketone end groups). However, in the 2D NMR spec-
trum, this possible signal is free of interferences—no
other correlations are expected in the region of H =
2.25 ppm and 3C = 34.1 ppm. As seen in Figure 7, no
peaks are seen in this area. Since other methyl cor-
relations (1AqgB> and *1B;) are seen when present at
levels of 3 per 1000 CHy, it can be concluded that A;B4
branches, if present at all, are at a level of less than 2
per 1000 CH,. The 2D correlation for the related 1A;B,
structure was also not observed in the expected 31.2
ppm 12C by 2.25 ppm H region.

The second question—whether the mechanism shown
as Figure 2b occurs—cannot be definitively answered for
E/nBA. There is some direct evidence that it does occur,
as seen by subtle differences in the ethyl peak region
(10.5—11.5 ppm) in Figure 6. For homopolymer, the 1B,
peak occurs at 10.8 ppm. For E/nBA copolymer, mul-
tiple peaks are present in this region, with a definite
peak occurring at 11.5 ppm and growing with increasing
nBA content. These peaks could result from the the
influence of an 1AgB; structure on the paired 1B; ethyl
branch. Alternatively, as also indicated on Figure 6,
the peaks could indicate the presence of a AsB,4 struc-
ture. (Note that the peak for 1A3B, cannot be dif-
ferentiated from longer branches or chain ends; thus,
on Figure 6 the structure is labeled 1A3B4%.) Even
though A3By, is a substituted butyl branch, it gives a
signal in the 11 ppm range due to the presence of the
acrylate group on the side chain. At this time, the exact
structures leading to the extra peaks in the 11 ppm
region are not known; in Table 1, the contributions are
all included under the heading “1B,, 1A3B4”. It should
be noted that if A3B4 branches are formed, they are
likely to convert to paired B,—AgB; ethyl branches
through a second backbite, because of the higher
reactivity of the methine proton.

According to the backbiting mechanisms, ethyl
branches will always occur in pairs. Thus for a B,—
AgB: pair, the overall intensity in the 10—12 ppm region
should be equal to the signal at 8.25 ppm; if additional
resonances (e.g., AsB,) are present, the signal in the 10—
12 ppm region should be greater than the 8.25 ppm
signal for 1AqB,. As can be seen from Table 1, however,
the 1B; level (which includes all peaks in the 10—12
ppm region) is usually less than that of 1AgB,. This
may be due to tacticity effects leading to multiple small
peaks at low signal intensity.* In addition, mechanistic
pathways for paired 1AgB; structures from nBA diads
can be constructed, which would give signals only in the
8 ppm region.

E/NnBMA. Additional verification of these mechanis-
tic arguments and NMR assignations for E/nBA is
obtained by a comparison with E/nBMA copolymer. The
7—12 and 21—24 ppm portions of the 13C NMR spectrum
for a 33 wt % nBMA copolymer synthesized at 190 °C
are included as part of Figure 6. Significant differences
are expected, since nBMA has a CHj; unit opposite the
acrylate side group rather than an extractable hydrogen.
The E/NnBMA (Figure 6e) spectrum can be directly
compared with a E/nBA copolymer of similar composi-
tion and synthesis temperature (Figure 6c¢). It is seen
that:

The major fraction of the E/nBMA butyl peak at 23
ppm is located at the same position as the 2B,
homopolymer peak, rather than at the shifted
position seen for E/nBA. This is to be expected,
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Table 2. SCB Structures in E/MA from 13C NMR

Analysis?
1B»,
WpMA  MAgt MAqu 1A3Bs 1AgB2 2Bs 2AgBs 2Bst SCBiot
0.000 0 0 0.9 0 33 0 3.2 7.4

0.238 48 6.1 3.0 32 27 35 28 152
0.370 87 95 41 54 12 44 19 170
0.493 137 149 44 65 05 53 09 176
0590 190 169 4.9 6.3 01 49 03 165
0.637 222 18.2 53 66 01 6.2 1.8 20.0
0739 316 151 9.0 80 00 22 03 195

a All numbers (columns 2—9) per 1000 CH> units.

since nBMA does not provide an extractable hydro-
gen for the formation of a AgB4 structure. The
cause of the downfield side peak off the E/nBMA
butyl peak is presently unknown, although 2AsBs™
(including end groups) and 2RgB4 structures would
give a signal in this region.

The E/NBMA polymer shows no sign of a 1AgB;
peak at 8.25 ppm. A new peak, however, is ob-
served at 8.9 ppm which has been assigned to a
1A3B,4* branch containing an nBMA unit. Since the
signal strength of 3.1 occurrences per 1000 CH,
units is much greater than is explained by end-of-
chain contributions, it may be concluded that the
bulk of the signal must be from A3B,4 branches,
formed by the mechanism shown as Figure 2b. The
1A3B," peak for EInBMA gives a signal in the 9 ppm
region since the 3-carbon is quaternary; the equiva-
lent E/NBA structure gives a 3C NMR signal at
roughly 11.5 ppm where, as discussed earlier,
several small peaks are observed which are not
present for ethylene homopolymer or E/nBMA.
Further evidence supporting the A3;B,4 assignment
is found in 2D NMR experiments for E/MMA
(methylated E/MAA) copolymer, as presented later.

The methyl carbon of the A;B4 structure would be
expected to have a 13C NMR chemical shift of about
17.1 ppm. No methyl groups are observed in this
region.

For the E/nBMA sample, there are 1.6 ethyl (1B,)
branches, 3.7 (2B4) butyl branches, 2.2 amyl+
(2Bs™) branches, and a total of 10.6 SCB per 1000
CH; (3.1 from the peak at 8.9 ppm). These numbers
are in reasonable agreement with the corresponding
195 °C homopolymer from Table 1, as would be
expected for a polymer containing only 9 mol %
comonomer.

These E/nBMA results provide a clear contrast to the
E/nBA case. The presence of the methyl group elimi-
nates the possibility of backbites occurring to nBMA
units in the chain; corresponding backbites in the E/nBA
system are plentiful. Clear evidence showing the pres-
ence of nBMA-containing SCBs is seen; these branches
can be formed from the backbiting mechanism shown
as Figure 2b. Although less convincing, NMR evidence
for similar E/nBA AzB,; branches was also found.
Finally, it can be concluded that, within spectroscopic
detection limits, neither nBA- nor nBMA-ended radicals
participate in SCB mechanisms (Figure 2a).

E/MA. It is expected that E/MA copolymers should
show the same structures as observed for E/nBA. As
summarized in Table 2, the results and trends with
polymer composition are similar. All compositions were
produced at similar temperatures, and the nomencla-
tureisasin Table 1. The 7—12 and 21—24 ppm portions
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Figure 9. Details of 7—12 and 21—-24 ppm regions from 3C
NMR spectrum for E/MA copolymers: (a) ethylene homopoly-
mer; (b) 24 wt % MA; (c) 37 wt % MA; (d) 49 wt % MA.

of the 13C NMR spectra for a subset of the data are
shown as Figure 9.

As observed for E/NBA, SCBy increases with increas-
ing comonomer content, as do 1B, (and/or 1A3B,),
1AgB2, and 2AgB, levels; amyl*™ branching decreases.
All of the results can be explained using the backbiting
mechanisms shown in Figure 2. The structures indi-
cated by the 1AgB, and 2AqB4 signals are formed by
backbiting from the acrylate methine unit; the AgB4
(2AgB. signal) branch is formed from a single backbite
(Figure 2c), while the AgB; ethyl (1AgB; signal) branch
is formed from a double backbite (Figure 2d). The main
portion of the “1B,, 1A3B,4” signal is observed at 11.5
ppm, a different position than the 1B, peak of ethylene
homopolymer. As discussed for E/nBA, this signal may
be from an A3B, structure (formed through the mech-
anism shown as Figure 2b), but may also be explained
through the influence of an AqB; branch on the paired
1B, signal. HSQC and HSQC—TOCSY 2D experiments
on E/MA gave identical results for those shown in
Figure 7 for E/InBA. For E/MA, the expected peaks from
the correlations of 3C 1B," and 1AgB, with the H
methyl region are observed; these peaks are hidden
under the nBA E; signal in Figure 7.

A closer examination of Table 2 reveals that the
number of quaternary branches (1AgB; and 2AqB4)
reaches a plateau or even decreases at high MA levels;
the same is observed for the number of alkylated MA
units (MAq). This plateau/decrease at high MA content
is easily explained by mechanistic arguments. These
E/MA copolymers contain a much higher comonomer
mole fraction (74 wt % MA copolymer = 57 mol%) than
the E/nBA copolymers examined. In order to form an
AgBy4 structure, it is necessary to have two ethylene
units at the propagating chain end; this probability
decreases as the MA content in the polymer increases.
Similarly, as the ethylene content of the polymer
decreases, a smaller fraction of the growing chains in
the system will end in an ethylene-radical, decreasing
the number of total SCB events and the number of MA
units which become alkylated.

E/VAc. Incontrast to the acrylate copolymers, E/VAc
shows branching structures more similar to homopoly-
mer. Polymers of varying composition were synthesized
at 165 and 200 °C and analyzed by 13C NMR, with the
results summarized in Table 3. Figure 10 shows some
of the E/VAc results for the 200 °C samples in the key
7—12 and 21—24 ppm regions.

Figure 10 shows that there are now two peaks in the
ethyl region—a true ethyl 1B, peak at 10.8 ppm, and a
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Table 3. SCB Structures in E/VAc from 13C NMR

Analysis?
Trt (°C)  Wp¥A®  VAcw: 1B, 2Bs  1A3Bst  2Bst  SCBiot
165 0.000 0 09 33 0 3.2 7.4

165 0142 26 11 37 07 33 9.0
165 0235 48 07 34 07 33 83
165 038 93 14 28 16 40 100

195 0.000 0 1.7 43 0 3.7 9.7
200 0.140 26 19 57 0.7 4.9 13.8
200 0.219 44 14 438 12 4.9 12.8
200 0.230 46 15 53 1.2 5.1 13.4
200 0.381 91 09 37 2.2 4.9 12.0

1A3Ba+

%
H

' 23‘.0 ' 22‘.0 I 21‘.0 ' 11’.0
Figure 10. Details of 7—12 and 21—24 ppm regions from 3C
NMR spectrum for E/VAc copolymers: (a) ethylene homopoly-
mer (195 °C); (b) 14 wt % VAc (200 °C); (c) 22 wt % VAc (200
°C); (d) 38 wt % VAc (200 °C).
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new peak at 9.5 ppm. This new peak can be assigned
to 1A3B,* and is a strong indication that A3B,4 branches
are formed by a backbite reaction between an ethylene
radical and an ethylene unit in the chain around a VAc
unit (see Figure 2b). A 2D NMR experiment (not
shown) confirms this assignment. The HSQC—TOCSY
technique has previously been used to examine mono-
mer sequencing in E/VAc copolymers,! but not SCB
structures. We find 'H—13C correlations connecting the
AsB4 methyl carbon at 9.5 ppm to a methylene carbon
at 28.2 ppm and then a very weak correlation to a
methine carbon at about 72 ppm. There is also a very
weak correlation at 28.2 ppm 13C by 5.0 ppm !H, as
expected for the AzB4 structure in E/VAc.

The confirmation of the A3B4 structure refutes the
hypothesis of Okada et al.,1® who suggest that the signal
at 9.5 ppm can be attributed to the influence of an
adjacent VAc unit on a 1B; signal. We feel the assign-
ment of Okada et al. is also improbable, since the
backbiting events necessary to form such a structure—a
seven-membered ring followed by a second backbiting
event—occur too infrequently to result in the branch
concentration suggested by the peak intensity. Note
also that the size of the A3B,4 peak increases with VAc
content in the polymer (Figure 10), while the level of
“normal” butyl branches decreases (2B, signal at 23.1
ppm); the sum of the two contributions remains rela-
tively constant. The numbers of amyl* (2Bs*) and 1B,
branches also appear independent of VAc level, as does
the total number of SCBs.

The comonomer groups in E/VAc, in contrast to
acrylate systems, show no sign of being susceptible to
H-abstraction. There are several pieces of evidence
supporting this conclusion:

There is no sign of a 1AgB; peak in the 3C NMR
spectra (8—12 ppm region).
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Figure 11. Details of 7—12 and 21—24 ppm regions from 3C
NMR spectrum for (a) E'MMA (methylated from E/MAA) and
(b) E/IMA (methylated from E/AA).

T

There is no sign of a 2AgB4 peak in the 23 ppm
region. (The origin of the side peak on 2B, signal
is not presently known. The trends with polymer
composition are not consistent with a 2AgBy4 struc-
ture; although its relative size increases with VAc
content in the polymer, the absolute size remains
constant, in contrast to the E/nBA resonances at
23—23.5 ppm shown in Figure 6.)

A well-defined A3;B,4 peak is observed, in contrast
to E/nBA copolymers. For E/nBA polymers, we
believe that a large fraction of the A3;B, structure
is converted to an AgB; ethyl branch by a second
backbiting reaction. This second backbite does not
occur in E/VAc, suggesting that the Az hydrogen is
not easily extracted.

A search over the complete NMR spectrum and use
of the DEPT pulse sequence technique also showed
no evidence of a quaternary C structure that would
result from abstraction of the H opposing the
acetate group.

Randall et al.?122 report quaternary carbons of <3%
for VAc. However, they admit that their evidence for
this structure is weak.?! We find no evidence that
H-abstraction from VAc units occurs in the E/VAc
system.

It was reported in the Introduction that literature
evidence regarding the presence of acetoxyl-terminated
short chain branches is contradictory. Proton NMR
spectra for these E/VAc copolymers do show a peak at
4.2 ppm, indicating the presence of a CH,; OAc proton
characteristic of acetoxyl-terminated structures.!® Lev-
els are low, however, in the range of 0.3—0.8% of the
total VAc in the polymer. These structures would be
formed if VAc radicals participate in short-chain branch-
ing mechanisms (Figure 2a), but also may be simply an
indication of VAc-ended chains.

E/AA and E/MAA. Figure 11 indicates that differ-
ences in E/AA and E/MAA polymer microstructure are
totally analogous to differences between E/nBA and
E/nBMA shown in Figure 6. The 13C NMR spectra (7—
12 and 21-24 ppm regions) of Figure 11 are for the
alkylated E/'MMA and E/MA versions of the original acid
copolymers. Randall et al.?222 also report that the E/AA
system has a high level of quaternary groups.

2D NMR was used to confirm the identity of the
resonances assigned to the AzB4 structure for a E'MMA
(methylated E/MAA) copolymer. In addition to HSQC
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Figure 12. 2D 500 MHz NMR correlation spectra for E'IMMA
copolymer (methylated from E/MAA): (a) HSQC,; (b) HSQC—
TOCSY; (c) HMBC. See text for further discussion.

and HSQC-TOCSY techniques, a gradient HMBC (Het-
eronuclear Multiple Bond Correlation) experiment was
employed for this sample. The HMBC experiment gives
correlations between a particular proton and the car-
bons that are two and three bonds away.3® Figure 12
shows expanded regions of the HSQC, HSQC-TOCSY,
and gradient HMBC experiments. Figure 12a shows
the HSQC correlations of the methyl (“1”) carbons for
AsBg4, By, and B4+ branches to the methyl protons. (As
mentioned in the nBA discussion, 1A3;B4 and 1A3Bs*t
have the same chemical shifts.) Figure 12b shows the
HSQC-TOCSY correlations. As for the other copolymer
samples, the carbon chemical shifts were adjusted by
setting the 2D 13C signal for the A3;B4 methyl carbon to
8.7 ppm, the same value as observed in the 1D 13C
experiment at 120 °C run with Cr(acac)s. A correlation
from the methyl proton of A3;B, to methylenes at 32 and
33 ppm is observed, which are assigned to 2A;B4. The
reason for two peaks at 32—33 ppm is not completely
understood; it may be due to a seven-membered ring
backbiting mechanism and/or EOC structures (2A3B4
and 2A3Bs™), or it may be steric effects. In the HMBC
experiment shown in Figure 12c, two correlations from
the methyl proton of the A3B4* signal are observed.
These are assigned to the second (also observed in the
HSQC-TOCSY) and third (quaternary) carbon of the
AsB4 branch. Quaternary carbons are not observed in
HSQC-TOCSY experiments, due to the nature of the
experiment, but are observable in HMBC experiments.
This particular quaternary carbon is observed as a
result of a 3-bond correlation to the methyl protons, and
gives strong support to the proposed AsB, branch
structure.

Discussion

A detailed examination of the microstructure of
ethylene copolymers by proton, 13C, and 2D NMR
techniques reveals that SCB mechanisms not only occur
between ethylene units and ethylene radicals in the
system but also involve comonomer units in the chain.
Table 4 summarizes the systematic SCB structural
differences observed for copolymers of ethylene with
acrylates (or acrylic acid), methacrylates (or methacrylic
acid), and vinyl acetate. The mechanisms leading to
these structures are summarized as Figure 2.

It can be concluded that for the systems examined in
this work, most of the intramolecular backbiting origi-
nates with ethylene, and not comonomer, radicals. No
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Table 4. SCB Structures in Ethylene Copolymers?

system A1B4 AsB4 AQB4 and AQBZ
E/acrylate, E/AA  no yes (weak) yes
E/methacrylate, no yes no
E/MAA
E/VAC yes (weak) yes no

a Refer to Figure 2 for structure details.

evidence could be found to support the hypothesis that
acrylate or methacrylate radicals participate in backbit-
ing mechanisms. Proton NMR evidence suggests that
a small fraction of VAc radicals may backbite along the
polymer chain, but the weak signal also may be entirely
due to chain-end contributions. Randall et al.?122 report
the presence of a significant number of terminal CN
groups in the E/AN polymerization system, suggesting
that there are some ethylene-based systems where
comonomer radicals do participate in backbiting mech-
anisms.

Backbiting reactions do occur around comonomer
units in the chain. For all of the copolymer systems
examined in this work, there is evidence that AzBa4
structures are formed, indicating that the comonomer
unit does not prevent the formation of the six-membered
ring structure necessary for backbiting. To the best of
our knowledge, this is the first time in the literature
that such structures have been reported. Note that the
secondary carbon radical resulting from this backbite
is similar to that obtained in homopolymer backbiting
mechanisms.

Finally, there is clear evidence that hydrogens op-
posing acrylate and acrylic acid side groups are prone
to abstraction by backbiting, while those opposing the
VAc side group are not. (For methacrylate and MAA
systems, of course, the opposing hydrogens do not exist.)
This backbiting mechanism leads to the formation of a
tertiary carbon radical. A single backbite creates a
butyl SCB opposite the acrylate (or acrylic acid) side
group, while a double backbite leaves an ethyl SCB.
NMR results indicate that a significant fraction of the
acrylate (or AA) units are alkylated (10—20%).

The formation of this tertiary radical structure may
play an important role in controlling overall reactivity
(initiator demand) during production of E/MA, E/nBA,
and E/AA copolymers. To understand why, it is neces-
sary to consider what is known about relative radical
reactivity. It is generally found that tertiary radicals
(formed from methacrylates) have much reduced activity
compared to primary (from ethylene) or secondary (from
acrylate) radicals.3673° Furthermore, experimental stud-
ies indicate that increasing the size of the alkyl side
chain on a monomer reduces activity even further; the
polymerization rate of methyl ethacrylate is an order
of magnitude lower than that of methyl methacry-
late.#941 Thus, the activity of an alkylated acrylate
radical (where the alkyl side chain is an ethyl or butyl
group) is reduced even further than that of the corre-
sponding methacrylate radical (alkyl side chain is a
methyl group).

From the NMR analysis in this work, it is evident that
a significant fraction of acrylate (or AA) units in the
growing polymer chain are transformed, via backbiting
reactions, into much less reactive tertiary radical struc-
tures. Thus the ethylene/acrylate polymerization sys-
tem cannot be thought of (or modeled as) a two-radical
two-monomer reaction system. Three radical structures
exist in the system, with the tertiary radical present as
a significant fraction of the total radical concentration.
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The presence of the tertiary radical structure signifi-
cantly reduces the overall reactivity (increases initiator
demand) compared to the expected reactivity for a two-
radical two-monomer ethylene/acrylate system. Randall
et al. hypothesize this same effect for the ethylene/
acrylonitrile system.?2

In addition to affecting system reactivity, the level of
SCB in comonomer systems can affect physical proper-
ties. Saito et al.*? determine that torsional stiffness of
E/VAc copolymer is related to SCB level as well as
comonomer content. They suggest that it is the sum of
SCB and comonomer side groups that is important;
polymers of identical composition but differing SCB
levels differed in flexibility. Randall et al.?1?2 also relate
polymer properties (DSC peak melting point) to the total
amount of “chain disruptions”—comonomer units and
SCB structures—for E/AN copolymer. The presence of
SCB structures which contain comonomer units (AzB,)
will reduce the number of effective disruptions.

Finally, we note that the susceptibility of comonomer
units in the polymer chain to hydrogen abstraction by
a SCB mechanism should be related to the frequency
of long-chain branching events (intermolecular transfer
to polymer) in the system. The SCB results also give
insight into the debate as to whether LCBs from
comonomer units are formed by H-abstraction from the
main polymer backbone or from the acrylate or acetate
side groups. Lovell et al.®? report significant LCB from
the main polymer backbone for nBA homopolymer, as
do Wolk and Eisenhart;*3 the latter authors also show
that branching from the ester group is not detectable.
These findings are in accord with the present NMR
study—the hydrogen opposite the acrylate group on the
main polymer backbone is very susceptible to abstrac-
tion. Indeed, 10—15% of comonomer units in E/nBA
copolymer are found to be quaternary, much higher than
the 2—4% SCB levels found per ethylene in homopoly-
mer.

The locus of LCB in VAc systems remains a matter
of debate. Sequential saponification and reacetylation
is often used to determine the amount of branching
through the acetate group. Results, however, vary
widely; for VAc homopolymer, reports of the fraction of
branch points that originate from the acetate group vary
from less than 50% to greater than 95%.4* Studies of
E/VAc copolymers conclude that the majority of branch-
ing from VAc units occurs from the acetate group,'44°
with perhaps some branching from the main polymer
chain.?® In this work, no evidence of quaternary carbons
was found, suggesting that abstraction of a backbone
hydrogen from VAc is not favored and indirectly sup-
porting the conclusion that long-chain branching from
VAc units is more likely to occur from the acetate group.

Conclusions

A systematic study of ethylene copolymers reveals
that comonomer units play an active role in backbiting
mechanisms. Short-chain branches originating from
comonomer units (AgB4, AgB2) and containing comono-
mer units (AsB4) have been identified by NMR tech-
niques, with the type and frequency of branches a
function of polymerization temperature, comonomer
content in the polymer, and type of comonomer. No
evidence (with the possible exception of E/VAc copoly-
mer) of branches terminated by a comonomer unit
(A1B4) could be found. A consistent picture of short-
chain branching mechanisms in ethylene copolymer
systems has emerged, providing insights into important
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reaction issues such as relative reactivity and long-chain
branching.
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