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ABSTRACT
H-MAS NMR is shown to be a powerful and attractive technique for quantifying the comonomer content in
ethene--alkene copolymers, as exemplified by a series of ethene--hexene copolymers. The main
advantages of applying 1H-MAS solid-state NMR are related to; a) the very short experimental sampling
time, on the order of a few minutes b) the bypass of sample preparation, as compared to traditional highresolution liquid-state 13C-NMR which necessitates a high temperature (1300C) preparation period of days,
or even weeks, c) no thermal sample treatment and d) no need for calibration. In particular, it will be shown
that the technique allows the comonomer content of cross-linked LDPE to be probed, which is generally
difficult, or impossible, by solution-state NMR since these polymers are mostly non-soluble.
1
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1. INTRODUCTION
Spectroscopic techniques like NMR [1-6] and IR [7,8] are frequently used to characterize the branching
features (type and relative amount) in copolymers. Generally, liquid-state 13C NMR is considered the main
analytical method for identifying and quantifying the branching distribution in copolymers. Generally,
NMR is used as a calibration technique when applying IR. Hence, a large body of literature exists on this
topic of which a few number of publications are found in the list of references [1-5]. However, liquid-state
NMR suffers from the need to apply long acquisition times in order to obtain reliable, confident and
quantitative chain distribution numbers [6]. An inherent limitation of this technique, however, is that it can
not access the branch distribution of cross-linked polymer samples, since these are not soluble in any
relevant solvents.
In order to reduce the acquisition time and still enable sufficient spectral sensitivity 13C-NMR spectra of
the melt state have been reported [9-13]. In this work, we will present an alternative technique, solid-state
1
H-MAS NMR, to probe the branch content in ethylene--hexene copolymers at ambient temperature. The
general applicability of the technique will be discussed. Throughout in this work we use the term “peak
intensity” to represent peak area.
2.

EXPERIMENTAL SECTION

2.1 Samples
Polyethylene (PE) copolymers of different mole-fractions (fhexene) or mass-fractions (whexene) of comonomer
(1-hexene) were synthesized by Borealis AS, Norway, using a single-site (metallocene) catalyst and
provided in powder form. The samples were stabilized with Irganox B220 (1000 ppm), and after careful
homogenization pressed into plates 50 mm x 50 mm x 2 mm (first kept at 220 oC for 3 min, then cooled at
40oC/min to below 80oC, and subsequently to 20oC at a lower cooling rate). Some characteristics of the copolymers studied are summarized in Table 1.
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Table 1
Molar mass Mw, polydispersity index Mw/Mn1), density () and mole fraction hexene fhexene2) of six (6) ethene-a-hexene
copolymers.

Polymer
A
B
C
D
E
F

Mw (g/mol)
140
135
120
145
150
150

Mw/Mn
2.7
2.9
3.0
2.7
3.0
3.7

fhexene (%)
0.63
0.74
1.55
1.99
2.96
3.85

(g/L)
928.1
933.7
928.3
921.9
918.5
915.9

1

) Determined by size exclusion chromatography (SEC) at Borealis AS.
) Determined by high resolution 13C-NMR, after dissolving the polymer in ODCB at 130oC.[5]

2

2.2 NMR Measurement
1
H-MAS NMR measurements were carried out at ambient temperature (23°C) on a Bruker Avance III
spectrometer (including a PHMASDVT-WB probe) operating at 500 MHz. The PE samples were crushed
and packed into a magic angle spinning (MAS) rotor having a diameter of 3.2 mm. The MAS rate was set to
20 kHz if not otherwise stated in the text. The proton 90o rf-pulse width was set to 2.6 µs. Proton chemical
shifts were referenced to TMS and the proton spin-lattice relaxation time (T1) was determined using an
Inversion Recovery pulse sequence. A total of 16 scans were accumulated with a repetition time of 5 s
between scans to ensure quantitative sampling of the spectrum.
The branch content was determined by high resolution 13C-NMR after dissolving the polymer in ODCB at
130oC for 1 week in order to obtain a homogenous solution [5].
3.

RESULTS AND DISCUSSION

3.1 1H-MAS NMR
Four solid-state 1H-MAS NMR spectra of sample F are shown in Figure 1, illustrating the significant
appearance of spinning sidebands with decreasing MAS-rate.

Figure 1. Solid-state 1H-MAS NMR spectra acquired at four different MAS rates (sample F): 20 kHz, 15 kHz, 10 kHz and 5
kHz (top to bottom). The spinning side bands (ssb) are illustrated by black arrows.

A 1H-NMR spectrum acquired at the highest MAS-rate of 20 kHz is detailed in Figure 2 and reveals three
pairs of spinning-sidebands (ssb). If setting the signal intensity (integral) of the center peak to 100, the
signal intensity of the corresponding ssb (three bands on each side of the center band), amount to 11.1, 3.1
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and 0.68, respectively. The narrow peak at  = 0.89 ppm is of particular importance and will be discussed in
later sections.

Figure 2. 1H-MAS NMR spectrum (MAS-rate = 20 kHz) of sample F. The four solid curves (Lorenzians) represent a
best fit to the observed spectrum and were derived by a non-linear least squares fit. The insert shows the spinning side
bands (ssb) and their relative signal intensities (integrals). No apodization was applied.

It is important to note that even though only 16 scans were acquired, the S/N-ratio was of such a quality
that the FID could be multiplied by an exponential function (apodization) having a positive exponent which
improves the spectral resolution. Improvement of the spectral resolution is of concern since the objective is
to gain quantitative information of the smaller, high-field peak. The effect of apodization is illustrated on
Figure 3.
In order to obtain quantitative sampling of the FID the spin-lattice relaxation time T1 of the different peaks
were measured by applying a simple inversion recovery pulse sequence. Since proton spin-diffusion
between the different domains (amorphous-, intermediate- and crystalline- regions) takes place only a
weighted average T1 (= 0.89s) is expected. However, the high-field peak ( = 0.89 ppm) reveals a slightly
longer T1 (= 1.2 s) and suggests that proton spin-diffusion is unable to completely average the T1 of these
less motional-constrained protons.





Figure 3. The effect of multiplying the FID by an exponential function (apodization) exp  tk / T2* with T2* = 4.0 ms
and k = 10, 0, -5 and -10 (from top to bottom), respectively. MAS-rate = 20 kHz.
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As will become clearer in the next section, these less motionally constrained protons belong to chain/branch
end groups and make the spin-diffusion process (of these protons) less effective.
3.2 Ethylene--Hexene Copolymers
For illustration purposes, 1H-MAS NMR spectra of three out of six samples presented in Table 1 are shown
in Figure 4. A total of four Lorenzian functions were needed to adequately represent the observed spectrum.
It should be emphasized that each of the four peaks was initially fitted to a linear sum of two weighted
component functions, a Gaussian- and a Lorenzian function, respectively. However, within experimental
error, a single Lorenzian function was found to give an adequate representation of each peak.

F
C
A
5

4

3
2
Shift (PPM)

1

0

-1

Figure 4. 1H-MAS NMR spectra of samples A, C, and F (Table 1). The solid curves represent a non-linear
least squares fit to a sum of four individual Lorenzian functions (see text for further details).
The ratio between the proton high-field peak intensity ( I br ) at  = 0.89 ppm and the total signal intensity
( I T ) of all four peaks within the center band of the spectrum is represented by I RH . The numerical value of
I RH is shown in Table 2 for all samples.
Table 2
Relative peak intensity I RH of the high field peak ( = 0.89 ppm) in the centre band and its relative uncertainty (%)
together with the coefficient of determination, R2*).

Sample

IH
R (%)

(%)

R2 a)

A
B
C
D
E
F

0.41 + 0.07
0.86 + 0.06
1.60 + 0.03
1.88 + 0.04
2.75 + 0.06
4.10 + 0.03

16.9
6.8
2.0
1.6
2.2
0.7

0.99917
0.99941
0.99994
0.99944
0.99968
0.99993

___________________________________________________________________________________
a)

Derived from peak-fitting using the Origin software, Version 8.1.

The coefficient of determination (R2) gives a rather poor representation of the quality of the fit since it is
represented only by a scalar value. A much better way to portray the quality of the fit is illustrated in Figure
5 which shows the residual curve (difference between observed and calculated spectra) together with the
high field resonance peak at  = 0.89 ppm. The spectrum of sample A represents the worst case scenario, as
this sample contains the smallest amount of 1-hexene. For illustration purposes, the corresponding spectrum
of sample C, which contains an intermediate amount of 1-hexene, is also shown.
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Figure 5. Residual curve obtained after model-fitting to a linear combination of four Lorenzian functions to the
observed 1H-NMR spectrum (Figure 4) of samples A and C (see Table 1). The smaller and narrow peak at  = 0.89
ppm is clearly shown.

The 1H-NMR spectrum of sample A, which contains the smallest fraction of 1-hexene (mole fraction <
0.5%), suggests that the signal intensity of the smaller peak can be quantitatively and reliably determined.
3.3 The relative number of protons ( I HR ) contributing to the high-field peak ( = 0.89 ppm)
It is important to keep in mind that we do not know a priori the number of protons contributing to the highfield peak, although from its chemical shift we expect it to be assigned to methyl protons. From more
general considerations we may derive a simple relation between I RH and the mole fraction fX of comonomer
X:
I HR 

I br
qH NX
fX

 qH
I T 4N E  q 0 N X
4  (q 0  4)f X

(1)

where q H and q 0 represent the number of protons contributing to the high-field peak intensity and the total
number of protons within the comonomer X, respectively. The number 4 in Eq. 1 arises from the four
protons constituting the ethene monomer unit. For example, if X represents 1-hexene, q0 equals 12 and Eq.
1 simplifies to:
I HR 

qH fX
q
 H fX
4 1  2f X
4

(2)

The term on the right hand side of Eq 2 represents an approximation and differs by less than 10% from the
correct value of I RH when fX < 0.05. A second and implicit assumption used in deriving Eq 1 is that the
number of main chain methyl end-groups is small, i.e., that the average molecular weight is not too small.
For instance, after some simple algebra it can be shown that for f > 0.006 (= 0.6%) and M w >> 104 g/mol
the main chain methyl end group protons will have practically no significant effect on I HR , i.e., only the
methyl protons of the branch ends will contribute significantly to I HR . In the present case, with MW 
1.4.105 g/mol (Table 1), I HR will be smaller than 0.03% and should therefore have little effect on the
estimation of the comonomer content. However, for MW < 104 g/mol, the contribution from main-chain
methyl end group protons to I HR may affect the estimation of the comonomer content. Considering the
spectrum depicted in Figure 5A we may estimate the detection limit of I HR to be approximately 0.1% (if
applying the same experimental parameters as described in a previous section, i.e., with a number of
transients N equal to 16). However, this detection limit may be improved by increasing N.
A plot of I RH as a function of the hexene comonomer content f(C) is depicted on Figure 6 for two different
cases; (□) exclusion of ssb-intensities (see Figure 2) and (■) inclusion of ssb-intensities (see insert in Figure
2), respectively.
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Figure 6. I RH as a function of the mole fraction f(C) of hexane of six different ethene-1-hexene copolymer samples (see
Table 1). The signal intensity ratio I HR is determined by two different approaches; a) exclusion of spinning-side-band
intensities (□) and b) inclusion of spinning-side-band intensities (■). The solid curves were calculated by simple linear
least squares fits to Eq. 2 with slopes qH/4 = 1.03 + 0.10 (□) and 0.81+ 0.08 (■), respectively.

When considering the total signal intensity of the spectral region (including ssb) we notice from Figure 6,
that the slope of the straight line (Eq. 2) equals q H/4 = 0.81 + 0.08 (□), implying that the apparent number
qH of protons contributing to the high field resonance peak at  = 0.89 ppm equals 3 (3.2 + 0.3). This result
shows unumbigiously that the signal intensity contributing to the high-field peak originates from only three
protons, i.e., methyl protons. If excluding the spinning-side-band intensities in the calculation an apparent
number of protons contributing to the high field proton peak equals four (4). If increasing the MAS rate, the
signal intensity of the spinning-side-band intensity decreases and the apparent number of protons
contributing to the high field peak approaches a value of 3.
That the high field peak ( = 0.89 ppm) is represented only by methyl protons is not unexpected, as a
chemical shift analysis of the PE spectrum in solution shows that the methylene protons resonate at a
somewhat lower magnetic field compared to the methyl protons. Moreover, the smaller line width of the
methyl peak (83 Hz), as compared to the larger line width of the other peaks in the spectrum (130 Hz, 385
Hz and 1342 Hz), suggests that the former peak represents protons possessing a faster internal motion. As a
consequence, the methyl protons will not contribute to the spinning-side-band intensity due to their strongly
reduced dipole-dipole coupling, at least at the high MAS rate of 20 kHz applied in this work. Importantly,
for much smaller MAS-rate (less than the residual dipole-dipole coupling of the methyl protons) the signal
intensity of the methyl protons will contribute to the spinning-side-band intensity and thus make the above
analysis somewhat more complicated.
3.4 Branch content in cross-linked LDPE
Pellets of non-cross linked LDPE (containing peroxide) was dissolved in ODCB for 1 week at 150 0C. The
high-resolution 13C-NMR spectrum was acquired at 1200C on a varian GEMINI 2000 instrument operating
at 300 MHz. The spectrum is depicted in Figure 7.
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Figure 7. Proton-decoupled 13C-NMR spectrum with NOE of pellets (non-cross-linked) dissolved in ODCB acquired at
1200C. Each peak was model-fitted to a Lorenzian function, a shown by the solid curves.

A total of 10000 transients, corresponding to an overall acquisition time of 33 hours (using a repetition time
of 10 s between successive scans and an acquisition time of 1.5s) was applied. The spectrum size was set to
32K and was zero filled to 256 K before FT. Each peak in the spectrum was fitted to a Lorenzian function
in order to obtain a reliable intensity value. The signal intensities (area) of the main peak ( = 30 ppm) and
the additional five assigned peaks shown in Figure 7 were quantitatively sampled (T 1 < 2 s) and enabled the
amount of short-chain branches (butyl; B4) to be determined [14].
From Figure 7 the total number of methyl groups was determined to be (17 + 1) per 1000 chain carbons.
Since we are only interested in the relative number of branches R(C H 3 ) , i.e., the relative number of methyl
carbons N (C H 3 ) to the total number of carbons N (C ) , we notice that;
R(C H 3 )  N (C H 3 ) / N (C )

(3)

After some simple algebra (see Appendix) we find that R(C H 3 ) can be expressed by:
R(CH 3 )  3 / 2  R(C H 3 )

(4)

where R(CH 3 ) represents the 1H-NMR signal intensity ratio between the methyl protons ( = 0.89 ppm) and
the total number of protons (see Figure 2). Inserting R(C H 3 )  1.7 , as obtained from the
spectrum, we obtain R(CH 3 ) = 2.6 by applying Eq 4.

13

C-NMR

The solid-state 1H-NMR MAS spectrum of the same sample (pellets) is shown in Figure 8 with R(CH 3 ) =
2.3 (including signal intensity of the spinning-side-bands). Within experimental error (+ 5%) this number
equals R(CH 3 ) as determined from high-resolution 13C-NMR (Figure 7).
The solid-state 1H-MAS NMR spectrum of the same sample after cross-linking (at high temperature) is
shown in Figure 9. Unfortunately, a corresponding liquid state NMR spectrum of the sample dissolved in
ODCB was not possible to acquire due to the significant degree of cross-linking.
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Figure 8. Solid-state 1H-MAS NMR spectrum of LDPE pellets (before cross-linking). The MAS-rate was set to 20 kHz
with a repletion time of 10s. The spectrum size was 32K and was zero filled to 256 K before FT. The solid curves
represent non linear least squares fit to five (5) Lorenzian functions after zero filling to 256 K. The peak marked with 
represents protons within the peroxide, or peroxide products.

The value of R(CH 3 ) was found to be 2.5 and equals R(CH 3 ) of the non cross-linked sample (Figure 8),
suggesting that the total number of methyl groups is conserved. Moreover, the amount of
peroxide/peroxide-products detected before cross-linking (see peak marked by  in Figure 8) is significantly
reduced in the cross-linked sample (Figure 9), suggesting that some products of peroxide species have
evaporated or have been transformed into other products [14]. This topic is under investigation in this
laboratory but is not part of the present study.

Figure 9. Solid-state 1H-MAS NMR spectrum of pellets (after cross-linking) acquired with a MAS-rate of 20 kHz and a
repetition time of 10s. The spectrum size was 32K and was zero filled to 256 K before FT. The solid curves represent
non linear least squares fit to five (5) Lorenzian functions after zero filling to 256 K.

Ongoing work in this laboratory suggests that the present technique also works for other ethene-1-alkene
copolymers and will be published elsewhere. It must be emphasized, however, that if any two different
types of branches (having different lengths) are present in the polymer, these branches can probably not be
quantitatively separated by spectral analysis, since the proton chemical shift of these two different methyl
protons can not be distinguished. Also, if the molecular weight is small, the contribution from end-group
methyl protons may be significant and thus obscure the actual signal intensity from the methyl protons of
the shorter branch.
Whether different types of branches existing in PE can be discriminated using various high-spinning 1HMAS relaxation time measurements remain to be investigated. For instance, as already noted, spin diffusion
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is not fast enough to average out T1 of the methyl protons and the protons located along the main chains.
These subtle but important differences need to be considered.
4. CONCLUSION
In this work we have shown that 1H-MAS NMR at high MAS speed (> 20 kHz) represents a fast, reliable
and non-destructive experimental technique to quantify the 1-hexene content in ethene--hexene
copolymers. In particular, the technique has the potential of probing the branch content within cross-linked
copolymers which is not easily amenable to solution-state NMR characterization.
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6. APPENDIX
We define R(C H 3 ) as the number-ratio between the ethyl carbons N (C H 3 ) and the total number of carbons
N (C )  N (C H 3 )  N (C H 2 ) in the polymer, i.e.;
N( C H 3 )
N( C H 3 )

N( C )
N( C H 3 )  N( C H 2 )
The corresponding ratio determined from proton NMR can be expressed by:
N (CH 3 )
N (C H 3 )
3N ( C H 3 )
R (CH 3 ) 


N( H )
N (CH 3 )  N (CH 2 ) 3 N ( C H 3 )  2 N ( C H 2 )
By combining Eqs 1 and 2 we obtain:
3R ( C H 3 )
R (C H 3 ) 
R ( CH 3 )  2
We notice that if R(C H 3 )  2 Eq 3 simplifies to:
R ( CH 3 ) 

(1)

(2)

(3)

2
(4)
R(CH 3 )
3
Eq 4 implies that the relative number of methyl carbons R(C H 3 ) in the polymer, as determined from 13CNMR, can be determined from the corresponding relative number of methyl protons R (CH 3 ) , as
R(C H 3 ) 

determined from 1H-NMR.
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