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SYNOPSIS

The characterization of short chain branching in polyethylene using transmission FTIR
spectroscopy is investigated. Traditional methodologies, using the methyl deformation band
for qualitative and quantitative analyses, have recognized shortcomings. The methyl and
methylene rocking bands, which are more characteristic of short chain branch type, were
found to be more useful. Methyl, ethyl, butyl, isobutyl, and hexyl branches are qualitatively
and quantitatively characterized in LLDPE copolymers by FTIR spectroscopy. Methyl
branches were characterized by an absorbance at 935 cm™, ethyl branches at 770 cm™?,
butyl branches at 893 cm™, isobutyl branches at 920 cm™', and hexyl branches at 888
cm™!. Fourier self-deconvolution was used to resolve overlapping bands for ethyl, butyl,
and isobutyl branches. Using calibrations derived for LLDPE copolymers from *C NMR
data, FTIR spectroscopy was also used to characterize LLDPE terpolymers and LDPE
resins. The FTIR and NMR data are in qualitative and quantitative agreement. In some
cases corrections were made to the FTIR results using data obtained from the methyl
deformation band. The FTIR technique is less costly and faster than NMR spectroscopy.
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INTRODUCTION

Short chain branching in linear low density poly-
ethylene (LLDPE) and low density polyethylene
(LDPE) affects many physical properties such as
density, rigidity, hardness, permeability and envi-
ronmental stress crack resistance.! Because of the
commercial importance of these polymers, many
workers have undertaken studies to investigate the
role of short chain branching on physical proper-
ties.Z® There are many important and complicated
questions which remain unanswered; thus interest
in this field remains strong.

The analysis of short chain branching in poly-
ethylene is important for the correlation of molec-
ular structure with physical properties. Although a
variety of techniques have been used, only spectro-
scopic methods provide direct measurements of
short chain branching. While infrared spectroscopy
had been traditionally used, 1*C NMR spectroscopy
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has been more commonly applied during the last 10
years because NMR can readily identify and quan-
tify branch type (up to hexyl branches).®'® The
continuing use of infrared spectroscopy for short
chain branching analysis is a direct consequence of
simplicity, speed, and low equipment cost. As a
practical matter, therefore, advances in infrared
spectroscopic methods for the analysis of short chain
branching in polyethylene are important.

The historical shortcomings of infrared spectro-
scopic measurements are readily apparent. Infrared
spectroscopic methods for short chain branching in
LDPE have focussed on the methyl deformation
band at approximately 1378 cm ™. The first quan-
titative method was reported in 1950'* which sub-
sequently evolved into an ASTM standard method.*®
As additional work was done using infrared spec-
troscopy for the characterization of LLDPE, which
contains specific short chain branch types, limita-
tions of the methyl deformation band became rec-
ognized. For instance, since the 1378 cm™' band
cannot differentiate short chain branches from end
groups, at low branching levels correction factors
must be used to separate the two.!® Additional com-
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plications result because the molar absorptivity of
the methyl deformation band varies with short chain
branch length'”*® and branch ends.’®> Recognizing
these shortcomings, work has been done to correct
for branch ends, '® and to investigate the possibility
of using the 1378 cm ! band as a qualitative tool.’**'
If branch type could be qualitatively analyzed, then
calibrations for a particular branch type could be
constructed from materials previously analyzed by
13C NMR spectroscopy.!” This would solve the
problem of varying molar absorptivity with branch
type. Previous reports,’®2?' and results described
here, indicate that this approach is at best marginal.

Perhaps because it was recognized that the methyl
deformation band is of limited use for characteriza-
tion purposes, some workers have examined infrared
spectra of LLDPE and LDPE resins for bands char-
acteristic of a given branch type. These workers have
focussed on the methyl rocking region between 1200
and 800 cm™!, and the methylene rocking region be-
tween 770 and 720 cm ™. McRae et al.?* and others*®
have found a band at 935 em™! which is specific for
methyl branches. McRae and Maddams?®* have
found this band to be quantitative for methyl
branching determinations, after bromination of the
sample, to eliminate an interfering band from ter-
minal vinyl unsaturation at 910 cm™!.” Rugg et al.**
and Willbourn?® were the first to observe an absor-
bance at 770 cm™! attributable to the methylene
rocking mode of ethyl branches. Although Willbourn
looked at the 770 cm™! band semiquantitatively,2®
this work has received very little attention.'” The
770 cm™! peak is a small shoulder of the large 730
cm™ ! absorbance from the crystalline portion of
polyethylene, ?® thus limiting its usefulness for char-
acterization purposes. Previous workers have also
shown '®%2?" that a methyl rocking band at 890 cm *
exists for butyl and longer branches. Work by Usami
and Takayama suggested!® that butyl branches can
be differentiated from hexyl and longer branches,
since they reported a 4 cm™* shift between the two
branch types. Finally, Tosi et al.? and Maddams
and Woolmington?’ discuss a methyl rocking band
for isobutyl branches at 920 em™'.

Although this field has received some attention,
little quantitative data has been reported for the
analysis of short chain branching in polyethylene
using the methyl and methylene rocking bands.
Since FTIR spectroscopy is a relatively simple, fast,
and potentially quantitative approach, we have un-
dertaken a study to investigate the use of this tech-
nique for the qualitative and quantitative determi-
nation of short chain branching in polyethylene. In
this paper we report FTIR calibrations for methyl,

ethyl, butyl, hexyl, and isobutyl branching in
LLDPE copolymers based on *C NMR values.
These calibrations are then applied to the analysis
of short chain branching in LLDPE terpolymers and
conventional LDPE. The FTIR results are compared
to data obtained by *C NMR spectroscopy of the
same polymers.

EXPERIMENTAL

Materials

Polyethylene samples originated from a variety of
sources. All LLDPE copolymer samples were sep-
arated from additives prior to analysis by dissolving
in boiling toluene (approximately 2 g of sample in
200 mL of toluene) for 30 min. The polymers were
cooled to room temperature and excess acetone
added to the solution. After precipitation the poly-
mers were filtered through a medium porosity scin-
tered glass funnel. The polymers were then vacuum
dried at 40°C for 16 h. LLDPE terpolymers and
LDPE resins were analyzed as received with addi-
tives present.

Characterization

Samples were prepared for FTIR spectroscopy by
hot pressing approximately 100 mg of polymer be-
tween polyester sheets in a mold, at temperatures
in the range of 110-160°C, depending on the melting
point of the polymer. Samples were pressed for ap-
proximately 60 s at 2000 psi, immediately removed
from the press, and air-cooled to ambient temper-
ature. Film thicknesses were measured in four places
where the infrared beam transmits through the
polymer. Thicknesses used were the mean of the
four measurements. For methyl deformation band
measurements, films were typically 0.1 mm thick.
For measurements in the methyl and methylene
rocking mode regions, films were typically 0.3-0.4
mm thick.

Infrared spectra were acquired using a Nicolet
60SX FTIR spectrometer purged with dry nitrogen
and equipped with a DT'GS detector. Typically 128
scans were signal averaged at 2 cm ™ nominal res-
olution using Happ-Genzel apodization and one
level of zero filling. Spectra were also acquired at
0.2 cm™! nominal resolution using a narrow band
MCT detector (all other parameters remaining un-
changed), to obtain methyl deformation band po-
sition measurements. Band area and position mea-
surements were obtained using standard Nicolet
software.



To enhance the analytical usefulness of many of
the bands used for short chain branching analysis,
Fourier self-deconvolution was used to mathemat-
ically resolve overlapping bands. This technique
makes some analyses possible and others easier by
obviating the need for bromination to eliminate in-
terfering vinyl group unsaturation peaks. The
method used is similar to that described by Kaup-
pinen et al.,” and graciously supplied by Nicolet
instruments. In all cases since? apodization was
used, only halfwidth and K-values were varied. For
methyl deformation band position measurements,
halfwidth = 5, K-value = 2. For methyl deformation
band area measurements, halfwidth = 7, K-value
= 2. For the methylene rocking band at 770 cm™!,
halfwidth = 20 and K-value = 1.5. For the methyl
rocking mode of butyl branches, halfwidth = 12 and
K-value = 1.3. Finally for the methyl rocking band
of isobutyl branches, halfwidth = 8 and K-value
= 1.5.

Sample preparation for NMR analysis consisted
of dissolving 0.2 g of polymer in 1.3 mL of a 1,2,4-
trichlorobenzene /benzene-d6 (4 : 1) solution. The
mixture was heated to 125°C for approximately 2-
4 h with frequent agitation or until the solution ap-
peared homogeneous.

NMR analyses were conducted on a Varian
Unity-300 spectrometer operating at 75.4 MHz for
3C. The results were obtained at 125°C, using an
acquisition time of 3.0 s and a sweepwidth of 14,000
Hz. An cbserve pulsewidth of 18 us (7 /2) was used
with a 15 s recycle delay time. The proton decoupler
remained on for the complete cycle. The data was
processed using 1 Hz of line broadening and baseline
correction in all instances.

The number of branches per 1000 total carbons
was determined from the appropriate integral re-
gions. Accurate branching levels could be calculated
using resonances with sufficiently short relaxation
times. For LLDPE copolymer and terpolymer
branching determinations, resonances with spin
lattice relaxation times of less than 3.5 s were used.
For LDPE resins, the signal overlap in the methine
region (37-40 ppm) and the alpha methine regions
(33-36 ppm) required that single specific resonances
be used to determine branching levels. For the LDPE
resin containing methyl side chains, the number of
branches was determined from the methine reso-
nance at 33.3 ppm, which in this instance was ad-
equately resolved. Ethyl branching in LDPE resins
was determined from the methyl resonance at 11
ppm. The T, for this signal was estimated to be 6.4
s, indicating that only 94% of the magnetization had
recovered during the 18 s delay between pulses. In
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this case the resonance was increased by a factor of
1.06 in order to obtain quantitative results. The butyl
branching determination was obtained from the sig-
nal at 23.4 ppm (T, = 4.2 s) with a 1.02 scaling
factor applied to this signal. The number of amyl
branches and longer were obtained from the signal
at 22.8 ppm (7T, = 6.2 s) with a scaling factor
of 1.08.

RESULTS AND DISCUSSION

Linear Low Density Copolymers

The set of linear low density copolymers studied are
shown in Table . Investigations of the use of the
methyl deformation band for qualitative and quan-
titative analyses of short chain branching were un-
dertaken. It has been previously found that the mo-
lar absorptivity of the methyl deformation band de-
creases with increasing branch length.!® Qur data
support these conclusions but provide no additional
information, so that no further discussion of the data

Table I Data for LLDPE Copolymers

Branch Branch
Type Content

Me Deformation .
Band Position

Me Rocking
Band Position

Methyl 3 1377.09 935
Methyl 21 1377.13 935
Methyl 24 1377.14 935
Methyl 33 1377.25 935
Ethyl 5 1379.05 886.9°
Ethyl 11 1378.76 887.1°
Ethyl 17 1379.11 887.2%
Ethyl 21 1379.14 886.8%
Ethyl 28 1379.16 886.9°
Butyl 8 1377.74 893.2
Butyl 11 137775 893.8
Butyl 15 1377.78 894.2
Butyl 16 1377.79 894.0
Hexyl 3 1377.61 888.6
Hexyl 7 1377.60 889.2
Hexyl 13 1377.72 889.1
Hexyl 18 1377.69 889.1
Hexyl 22 1377.71 889.0
Isobutyl 5 1383.20 920
Isobutyl 7 1383.22 920
Isobutyl 8 1383.19 920
Isobutyl 10 1383.20 920
Isobutyl 11 1383.21 920
Isobutyl 17 1383.20 920
Isobutyl 22 1383.23 920

® Interfering absorbance from end groups and/or trans-viny-
lidenes.
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will be made here. However, using the polymers
shown in Table I, high resolution spectra to precisely
determine methyl deformation band position pro-
vides a more complete set of data compared to pre-
vious reports.’®?! Inspection of the methyl defor-
mation band position (Table 1) shows that ethyl
and isobutyl branches are readily distinguishable
from the other branch types. There is a greater than
1 cm™! shift between ethyl and isobutyl branches
from the other branch types, whereas the reproduc-
ibility of the peak position measurement was found
to be better than 0.1 cm™. With this high level of
precision, it is also possible to differentiate methyl
branches using the band position. Distinguishing
butyl and hexyl branches using the methyl defor-
mation band is not currently possible. Previous
workers have reached similar conclusions.?

Maddams and Parker? reported approximately
a 1 cm ™! shift in methyl deformation band position
with constant branch type and increased branch
content. They suggested that the peak position of
methyl groups in the crystalline region are at slightly
lower frequency than the peak position for methyl
groups in the amorphous region. Although the data
in Table I shows the same trend (peak position
shifting to higher frequency with increased branch
content), we find these shifts are 0.1-0.2 cm™.
These shifts are very small and somewhat polymer-
dependent. It is thus very difficult to assign the band
shifts to a particular structural feature.

This discussion highlights some drawbacks con-
cerning the usefulness of the methyl deformation
band for characterization purposes. While previous
workers have also recognized this and identified ab-
sorbances attributable to certain branch types,#*%%
quantitative studies have not to our knowledge been
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Figure 1 FTIR spectrum of an ethylene /propylene co-

polymer containing approximately 20 methyl branches/
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Figure 2 Calibration for methyl branching using 935
cm™ absorption.

reported. As Table I indicates, a relatively complete
set of LLDPE copolymers has been compiled for
this study. This makes quantitative investigations
possible.

As previously discussed, McRae and Maddams 22
used an absorbance at 935 cm ™! to quantitate methyl
branching after bromination to eliminate a band
from terminal vinyl unsaturation (910 em™!). The
infrared spectrum of an ethylene/propylene co-
polymer is shown in Figure 1. At this resolution (2
cm™!) no interference from the terminal vinyl un-
saturation band is seen, thus obviating the need for
bromination or deconvolution. Spectra of the series
of ethylene /propylene copolymers shown in Table
I were obtained, and the 935 cm™ absorbance was
integrated. The resulting calibration line is shown
in Figure 2. Since no other polyethylene bands ab-
sorb at 935 cm™!, this absorbance is useful for both
qualitative and quantitative analyses of ethylene/
propylene copolymers.
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Figure 3 FTIR spectrum of an ethylene/1-butene co-

polymer containing approximately 30 ethyl branches/
1000C.
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Figure 4 Calibration for ethyl branching using 770 cm™

absorption.

An absorbance attributable to ethyl branches has
been previously identified at 770 cm™ .24?® In Figure
3, a spectrum of an LLDPE containing ethyl
branches is shown. This band rests on the side of a
strong band at 730 cm ™. To our knowledge, suc-
cessful quantitative data using the 770 cm™! absor-
bance has not been reported. Using Fourier self-de-
convolution to mathematically resolve the 770 cm™!
absorbance from the 730 cm ™! band, followed by in-
tegration, the calibration line shown in Figure 4 was
obtained. This suggests that ethyl branches can be
quantitatively analyzed using deconvolution and the
770 cm ™! band.

A band at approximately 890 cm™! has been as-
signed to a methyl rocking mode for branches larger
than ethyl.'®%2?" A series of polyethylenes with
varying amounts of butyl branches were obtained
with spectra (normalized to film thickness) shown
in Figure 5. These spectra illustrate the significant
overlap between the 910 em ™ terminal vinyl unsat-
uration band and the 890 cm™ band predominantly

IV Butyl Branch
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Figure 5 FTIR spectra of ethylene/1-hexene copoly-
mers.
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Figure 6 Calibration for butyl branching using 893 cm™
absorption.

from butyl branches, making deconvolution neces-
sary. Spectral subtraction is not viable since differ-
ent polymers containing varying amounts of unsat-
uration makes it impossible to reliably subtract the
910 cm ™! band. After Fourier self-deconvolution, the
data was quantitatively analyzed. The resulting cal-
ibration line shown in Figure 6 indicates that the
890 cm ! band can be used as a quantitative measure
of butyl branching in polyethylene.

In Figure 7, spectra of a series of octene-modified
polyethylenes are shown (normalized to film thick-
ness). The 910 cm ™ band is resolved from the 890
cm ! band from hexyl branches, so that the 830 cm™!
band can be integrated directly. Upon analyzing data
for hexyl branching quantitatively, the linear rela-
tionship shown in Figure 8 is obtained. The data
suggests that the 890 cm™ band can be used as a
quantitative measure of hexyl branching in polyeth-
ylene.

The discussion thus far has not suggested how to
differentiate butyl from hexyl branches. Following

Hexyl Branch
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Figure 7 FTIR spectra of ethylene/1-octene copoly-
mers.
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Figure 8 Calibration for hexyl branching using 888 cm™

absorption.

the lead of others,'® we have confirmed a 5 cm™!

shift in the methyl rocking band position for butyl
and hexyl branches (Table I). Thus the position of
this band can be used to qualitatively differentiate
between butyl and hexyl branch types. There is also
approximately a 2 cm™! shift between the position
noted for ethyl and butyl branched polymers. The
band detected for the ethyl branched polymers is
not attributable to ethyl groups, however, since the
band area was independent of branch content. This
band may be attributable to endgroups and/or trans-
vinylidene unsaturation.? It should be noted that
(1) the affect of saturated endgroups on the quan-
titative analysis of butyl and hexyl branches may
be significant for low molecular weight polymers and
(2) polymers with large concentrations of trans-vi-
nylidene species may also affect these analyses.
Isobutyl branches are readily identifiable by a
band at 920 cm™!.2"? While we have found that use
of the 920 cm™! band after deconvolution can yield
quantitative data {not shown), from a character-
ization standpoint the more commonly used methyl

deformation band is very diagnostic for isobutyl
branches (Table I). Since isobutyl branches are
readily analyzed using the methyl deformation band,
and 4-methylpentene copolymers of ethylene are less
common, this copolymer system will not be discussed
further.

Results presented in this section suggest short
chain branching type and content in LLDPE co-
polymers can be rapidly and quantitatively analyzed
using conventional FTIR techniques. These char-
acterization methods will next be applied to more
complex LLDPE terpolymers and conventional
LDPE as a test of the applicability of the technique.

Linear Low Density Terpolymers

Having identified bands and developed quantitative
protocols for the analysis of various short chain
branching types in LLDPE, the applicability of these
techniques can be tested with terpolymer systems.
Four different terpolymers were analyzed by NMR
and FTIR spectroscopies. A comparison of results
from the two techniques is shown in Table II. Short
chain branch types are readily identified by FTIR
spectroscopy, thus qualitatively identifying terpo-
lymer type. The quantitative branch content data
obtained by FTIR spectroscopy is satisfactory, al-
though the ethyl branching content data has a larger
error than expected. These data show that it is pos-
sible to rapidly analyze short chain branching type
and content in LLDPE with more than one kind of
short chain branch using FTIR spectroscopy.

Low Density Polyethylene

The applicability of FTIR spectroscopy to analyze
short chain branching in high pressure low density
polyethylene which contain several different branch

Table II Comparison of FTIR and NMR Results for Short Chain
Branching Analysis of LLDPE Terpolymers

Me Branches/1000C

Et Branches/1000C

Butyl Branches/1000C

FTIR data 0
NMR data 0
FTIR data 0
NMR data 0
FTIR data 19
NMR data 18
FTIR data 0

NMR data 0

11
8 1

16
14

4
6

- oo O oW

14
11 10

-
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Table III Comparison of FTIR and NMR Results for Short Chain Branching Analysis of LDPE Resins

Bu/
1000C Total

Me/1000C Et/1000C Bu+/1000C Am+/1000C Total CH3/1000C Corrected Corrected

LDPE-1 FTIR 2 3 15%
LDPE-1 NMR 3 3 6
LDPE-2 FTIR 0 0 17*
LDPE-2 NMR 0 3 7
LDPE-3 FTIR 0 2 31°
LDPE-3 NMR 0 5 9
LDPE-4 FTIR 1 6 31°
LDPE-4 NMR 0 6 9
LDPE-5 FTIR 0 4 28°
LDPE-5 NMR 0 0 14

— 20 19 15° 20
5 17 — — —
— 17 19 17 17
5 15 — — —
- 33 20 18° 20
7 21 — — —
— 38 23 16° 23
6 21 — — —
— 32 17 13 17
3 17 — — —

# Butyl and longer branches.

types was also explored. Five LDPE resins were an-
alyzed by NMR and FTIR spectroscopies; results
are shown in Table III. The data obtained by FTIR
and NMR are in qualitative agreement. FTIR spec-
troscopy cannot qualitatively differentiate butyl
from hexyl branches when both are present, whereas
NMR spectroscopy can. For three of the LDPE res-
ins, the FTIR data for butyl and longer branches is
significantly higher than that obtained by NMR. It
is speculated that this may be caused by interfer-
ences from high concentrations of trans-vinylidene
species, which also absorb in the 890 em™ region.?
Relatively high concentrations of trans-vinylidene
in LDPE (compared to LLDPE) are not uncommon.

When interferences in the branching analyses
occur, additional data work up using the methyl de-
formation band is necessary. The total number of
methyl, ethyl, and butyl and longer branches should
approximately equal the methyl/1000C number ob-
tained using the deformation band at approximately
1378 ecm™!. If the two numbers approximately match
(LDPE 1 and 2), then it is assumed that there are
no interferences. If, on the other hand, the total
number of individual branch types measured far ex-
ceeds that obtained using the methyl deformation
band, then it is assumed that the band at 890 cm™
measuring butyl and longer branches has interfer-
ences ( LDPE 3-5). In these cases corrections were
made to the data. The difference between the total
individual branching number and the number ob-
tained from the methyl deformation band was sub-
tracted from the butyl and larger branching number.
This corrected value is much closer to the data ob-
tained by NMR spectroscopy, as shown in Table III.

It is thus possible to qualitatively and quantitatively
analyze for short chain branching in LDPE using
FTIR spectroscopy.

CONCLUSIONS

Applying conventional transmission FTIR spec-
troscopy, it is possible to rapidly and easily analyze
methyl, ethyl, butyl, hexyl, and isobutyl branching
in LLDPE copolymers. The applicability of FTIR
to characterize short chain branching in LLDPE
terpolymers and LDPE was also explored. Ethene/
propene /butene and ethene/butene/hexene ter-
polymers were successfully analyzed. When butyl
and hexyl branches are simultaneously present, they
cannot be differentiated. Methyl, ethyl, and butyl
and longer branching data have been obtained using
FTIR spectroscopy of LDPE. The methods de-
scribed in this report make FTIR spectroscopy much
more powerful for the characterization of short chain
branching in polyethylenes and provide a rapid, in-
expensive alternative to NMR spectroscopy for these
analyses.

We thank Ian Peat, Mani Shanker, Dave Bailey, and
Quantum Chemical Corporation for supporting and al-
lowing us to publish this work. We also thank Evan Church
for providing the terpolymers, and Amy Galbraith for per-
forming many of the analyses.
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