
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
7:

33
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Rapid quantitativ
aJilin Business and Technology College, Cha
bState Key Laboratory of Polymer Physics

Applied Chemistry, Chinese Academy of

E-mail: yylong@ciac.ac.cn

† Electronic supplementary informa
10.1039/d1ra08423b

Cite this: RSC Adv., 2022, 12, 5349

Received 17th November 2021
Accepted 6th February 2022

DOI: 10.1039/d1ra08423b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
e 1H–13C two-dimensional NMR
with high precision†

Yu-Shan Wu,a Bai-Xiang Lib and Ying-Yun Long *b

Two dimensional (2D) 1H–13C heteronuclear single-quantum correlation (HSQC) spectroscopy has recently

been proposed for quantitative determination of typical linear low density polyethylene (LLDPE) with high

accuracy. It requires highly precise measurement to achieve further reliable quantification. In this

context, this paper aims at determining conditions that allow the achievement of high precision. On the

basis of the optimized parameters, two time-saving strategies, nonuniform sampling (NUS) and band-

selective HSQC are evaluated on model polyolefins in terms of repeatability. Precision better than 0.3%

and 5% for ethylene content (E mol%) and 1-hexene content (H mol%) of the model poly(ethylene-co-1-

hexene)s are obtained with 50% NUS or band-selective HSQC. Moreover, dramatic precision

enhancements can be achieved with the combination of band-selective HSQC and 50% NUS, in which

repeatabilities better than 0.15% and 2.5% for E mol% and H mol% are observed. The experiment times

are reduced to about 0.5 h. These methods open important perspectives for rapid, precise and accurate

quantitative analysis of complex polymers.
Introduction

One-dimensional (1D) 1H nuclear magnetic resonance (NMR) is
a powerful tool for quantitative analysis in a wide range of
domains, from drug analysis1,2 to natural products3–5 or
metabolomics analysis.6–8 Nevertheless, precise quantitative
analysis of complex mixtures is oen difficult due to the pres-
ence of large overlap between peaks.9 In this case, quantitative
13C NMR is useful and is widely described,10–12 since the 13C
NMR spectrum has a wider chemical shi range. But 13C NMR
typically requires long experiment times and large amounts of
sample to give spectra with sufficient signal-to-noise ratios
(SNRs) for quantication, owing to the weak sensitivity of the
13C nuclei and very long relaxation delays needed.13,14 Interest-
ingly, two dimensional (2D) spectroscopy offers an alternative,
as it offers resonances with much better discrimination than 1D
NMR that is essential for quantitative studies of complex
spectra. There has been a continuous interest among chemists
in applying 2D NMR experiments for the quantitative analysis of
complicated mixtures in recent years.15–30

In spite of their high potentialities, quantitative 2D NMR is
restricted by limitations. The cross peak intensity in 2D NMR is
not directly proportional to the concentration, which is affected
by relaxation times, evolution time, 1JC–H couplings, JH–H
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couplings, T1 and T2 relaxations, off-resonance effects, etc.14,15

Various studies have been reported to address this issue. They
are mostly based on theoretical calculations,24,25 external cali-
bration or adding an internal standard compound.21,31 These
methods lead to high accuracy and high precision for small
molecules in pharmaceutics, metabolomics or natural prod-
ucts,14 but most of them are not suitable for quantifying poly-
mer samples, owning to the more complicated factors arising
from the molecular weight and the molecular weight distribu-
tion.19 If a low molecular weight compound is added to a poly-
mer as internal standard, the resonances from an internal
standard references compound of a low molecular weight can
have rather different 1JC–H couplings, different 13C chemical
shi and different proton T2 proles from the polymer. To
achieve accurate signal quantication in such a system, errors
of all types need to be corrected. As a consequence, there has
been a very limited example describing the use of 2D NMR for
quantitative analysis of polymers up to date. Heikkinen re-
ported the successful use of quantitative HSQC (Q-HSQC) for
the elucidation of wood lignin,32,33 a complex polymer. Later,
Crestini and coworkers used the improved quick quantitative
HSQC (QQ-HSQC) for quantitative evaluation of milled so-
wood and hardwood.34 However; these methods require specic
acquisition and processing programs that are not commercially
available.14

Recently, Keresztes and Coates reported the use of band-
selective 2D HSQC for rapid characterization of the stereo-
regularity of polyacrylonitrile (PAN) and polypropylene (PP).35

We described the rst use of 2D 1H–13C HSQC for quantitative
analysis of poly(ethylene-co-1-hexene), reducing the experiment
RSC Adv., 2022, 12, 5349–5356 | 5349
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Fig. 1 Precision of 2D 1H–13C HSQC experiments evaluated from their
repeatability, measured on the sample EH-1 and EH-2, on a 400 MHz
Bruker spectrometer equipped with a 5 mm BBFO SMART probe.
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time to less than an hour with a high accuracy.36 As for
a quantitative NMR method, both a high accuracy and a high
precision are indispensable to achieve reliable quantication.
However, the precision has not been mentioned yet among the
examples related with the use of 2D NMR for quantitative
analysis of polymers. Herein we are interested in evaluating the
precision of 2D HSQC for quantitative analysis of poly(ethylene-
co-1-hexene).

According to the previous reports, the limitation of precision
mainly comes from the experimental duration.23 They generate
additional noise in the indirect dimension, namely “t1 noise”,
because of the long time interval separating the physical
acquisition of two successive FIDs.37 As a consequence of the “t1
noise”, SNR is always low in F1 dimension, which then strongly
affects the precision of quantitative 2D experiments. Conse-
quently, many faster 2D acquisition strategies have been
proposed, and most of them are applied in biological extracts
and natural products.22,38–43 All the time-saving strategies are to
shorten the duration of multidimensional NMR experi-
ments.21,22,39With these strategies, a precision of a few percent is
reached in a number of applications.44–46 Giraudeau reported
that a precision of a few per mil could be reached with a 10 ppm
HSQC experiment for a small molecule ibuprofen.17 This paper
aims at analyzing more complicated molecules, poly(ethylene-
co-1-hexene) with high molecular weight and inhomogeneous
composition. The typical linear low density polyethylene
(LLDPE), poly(ethylene-co-1-hexene) with 1-hexene incorpora-
tion #10 mol%, are used as model samples. We want to
determinate conditions, allowing the acquisition of 2D HSQC
for quantitative analysis of these polymers with a high precision
in terms of repeatability. It considers several approaches that
have been proposed to reduce the duration of heteronuclear 2D
experiments, namely band-selective 2D HSQC, 2D HSQC with
non-uniform sampling (NUS) and the combination of band-
selective HSQC with NUS. For comparison, the precision of
traditional 2D HSQC for quantitative analysis of poly(ethylene-
co-1-hexene) is also evaluated. Notably, band-selective 2D HSQC
with 50% non-uniform sampling (NUS) enables the reduction of
experiment time from more than 23 hours to less than 0.5 h
with precision better than 2.5%.

Result and discussion
Traditional 2D HSQC

In our previous work, we have optimized the acquisition and
process parameters of traditional 2D 1H–13C HSQC, making it to
be a method for the content determination of poly(ethylene-co-
1-hexene) with accuracy up to 99.5%.36 Herein, we evaluate the
precision of this method based on the optimized parameters.
Two typical linear low density polyethylene (LLDPE) samples are
chosen as models, with 1-hexene incorporation of 4.08 mol%
(EH-1) and 8.60 mol% (EH-2), respectively. The quantitative 13C
NMR and 1H NMR spectra are shown in Fig. S1–S4,† while the
composition and monomer sequence distributions are listed in
Table S1.† The chemical shi assignments and their regions,
together with the equations for the determination of triads
content, were listed in ESI.†
5350 | RSC Adv., 2022, 12, 5349–5356
As described above, short experiment duration is the key to
obtain a high precision.47,48 The experiment time is always
affected by the number of scans (NS), the number of F1 incre-
ments (TD) and the recovery delay (D1). The most basic
approach to reduce experiment time is to reduce these three
parameters to their minimum acceptable values. The optimal
acquisition conditions obtained previously indicated that NS
could be chosen to 8 and D1 to 2 seconds to preserve a suffi-
ciently high SNR and high accuracy. TD was reduced to 512
while preserving a good resolution along F1. With these condi-
tions leading to a 158 min experiment time, an acceptable
precision can be reached for the polymer composition as pre-
sented in Fig. 1. The values of CV are between 0.23% and 7.14%
for the composition of EH-1 and between 0.23% and 3.48% for
EH-2, respectively. The better repeatability of EH-2 might stem
from its higher signal volumes of the typical regions. The values
of CV for ethylene content (E mol%) are lower than those for 1-
hexene content (Hmol%), probably due to the higher SNR of the
signal in region D (F2: d 1.30–1.45 ppm, F1: d 29.0–31.0 ppm)
related with the Emol% calculation. The average repeatability is
close to 4% and 2% for the triads of EH-1 and EH-2, respectively,
with a maximum value of 7.14% (Table 1), which is still
reasonable for a number of semi-quantitative applications.
However, this does not fully meet the high-precision criteria
required for the quantitative analysis. It can be seen from Fig. 1
that the TD can be reduced to 128 without signicantly affecting
the precision, thus resulting in a shorter experiment time.
However, such a small TD value leads to an obvious resolution
decrease in F1 (Fig. S5†) and thus relatively low accuracy. As
a consequence, it appears more reasonable to consider alter-
native sampling strategies to reduce the experiment duration
while preserving a high accuracy. Due to this purpose, we
choose to evaluate the impact of two approaches to reduce the
duration of 2D HSQC experiments. The approaches described
below are well-described in the literature and easily imple-
mented in commercial soware. All of them rely on a partial
sampling of the indirect dimension.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Repeatability of 2D HSQC for sample EH-1 and EH-2

Sample EH-1 EH-2

Method

Triads Content Triads Content

EEE EEH EHE E H EEE EEH EHE E H

HSQC (TD ¼ 512), 158 min Mean 0.874 0.084 0.042 0.958 0.042 0.742 0.172 0.086 0.914 0.086
SD 0.002 0.003 0.002 0.003 0.003 0.002 0.003 0.003 0.003 0.003
CV% 0.23 3.57 7.14 0.31 7.14 0.27 1.74 3.48 0.33 3.48

HSQC (TD ¼ 128), 40 min Mean 0.894 0.076 0.037 0.963 0.037 0.763 0.158 0.079 0.921 0.079
SD 0.002 0.003 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002
CV% 0.22 3.94 5.40 0.21 5.40 0.26 1.90 2.53 0.22 2.53

HSQC (TD ¼ 512)/NUS 50%, 80 min Mean 0.877 0.082 0.041 0.959 0.041 0.745 0.170 0.085 0.915 0.085
SD 0.002 0.002 0.002 0.002 0.003 0.001 0.002 0.002 0.002 0.002
CV% 0.22 2.42 4.86 0.20 4.86 0.14 1.18 2.36 0.22 2.36

bs-HSQC (TD ¼ 256 ), 58 min Mean 0.871 0.086 0.043 0.957 0.043 0.736 0.176 0.088 0.912 0.088
SD 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002
CV% 0.13 2.32 4.65 0.21 4.65 0.27 1.13 2.22 0.12 2.22

Fig. 2 Precision of 2D 1H–13C HSQC with different NUS level evalu-
ated from their repeatability, measured on the sample EH-1 and EH-2,
on a 400 MHz Bruker spectrometer equipped with a 5 mm BBFO
SMART probe.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
7:

33
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Non-uniform sampling

One of the most famous technique is the non-uniform sampling
(NUS),49–54 which permits high-resolution spectra to be obtained
from short data records, drastically reducing experiment time to
several minutes by acquiring data points in the time domain in
non-consecutive time increments.55 In order to yield clean
artifact-free spectra, NUS must be associated with an appro-
priate processing procedure such as Compressed Sensing (CS)
which are well-described in the literature and easily imple-
mented in commercial soware. It has enabled advanced
applications of multidimensional NMR spectroscopy to study
metabolomics,53 biological macromolecules56,57 and natural
products.58,59 Moreover, 2D NMR method with NUS is reported
to be successfully applied in a few examples of quantitative
analysis. For example, Cooper used 2D HSQC with 25% NUS for
the successful quantitative analysis of active lignans in Sam-
bucus williamsii.20 We have used NUS/CS for quantitative anal-
ysis of poly(ethylene-co-1-hexene), successfully reducing the
experiment time to less than a hour. Here we evaluate the
precision of this method.

Several percentages of NUS are tested. The representative
data are presented in Fig. 2 as a plot of repeatability CV against
the monomer and triads content. The NUS rate of 50% is found
to obtain the smallest CV values. The average repeatability is
about 2.5% and 1.3% for the composition (E mol% and
H mol%) of EH-1 and EH-2, respectively, which is increased by
more than half. The values of CV are between 0.20% and 4.86%
for the composition of EH-1 and between 0.14% and 2.36% for
EH-2, respectively. In addition, the content of triads EEH and
EHE also show much higher precision than those from tradi-
tional HSQC. Similarly, the precision of the content of E and
EEE is very satisfactory (better than 0.25%, see Fig. 2). Notably,
it takes only one half of the traditional 2D HSQC experiment
time to obtain a spectrum with a similar high F1 resolution to
the one that is acquired with regular sampling (Fig. 3a vs. 3b).
Therefore, while traditional 2D 1H–13C HSQC is an interesting
tool for quantitative analysis of polyolens due to its high
accuracy and acceptable repeatability, the introduction of NUS
© 2022 The Author(s). Published by the Royal Society of Chemistry
can speed up the analysis of these polymers with its improved
precision.
Band-selective HSQC

The other way to reduce measurement time is the use of band-
selective 2D HSQC, which reduces the spectra width in the
indirect dimension and only includes a narrow band centered
on the chemical shi range of interest. This method combines
the improved sensitivity of 1H detection with the capability to
approach natural linewidth resolution in the 13C NMR dimen-
sion. This benet is mainly used for structure elucidation of
complex structure. We applied this procedure for the quanti-
tative content determination of poly(ethylene-co-1-hexene), by
choosing a 28 ppm spectral width (SW) along the 13C dimension
where all the peaks except the solvent were in the range. As
a consequence of this smaller SW, a smaller number of indirect
increments (TD ¼ 256) can be used while preserving good
RSC Adv., 2022, 12, 5349–5356 | 5351
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Fig. 3 1H–13C HSQC spectra of poly(ethylene-co-1-hexene) EH-2 in
1,1,2,2-tetrachloroethane-d4 at 383 K, recorded with NS ¼ 8, D1 ¼ 2 s,
on a 400 MHz Bruker spectrometer equipped with a BBFO probe,
illustrating the time-saving strategies whose precision is evaluated in
this study. (a) Traditional 2D HSQC spectrum recorded with a 75 ppm
spectrum width and 512 increments in F1 dimension. (b) Spectrum
recorded with a NUS rate of 50% and 512 increments in F1 dimension.

5352 | RSC Adv., 2022, 12, 5349–5356
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resolution in F1. The corresponding spectrum is shown in
Fig. 3c. Compared with the traditional 2D HSQC with 512
increments in F1 dimension, it shows excellent agreement
regarding the composition and triad monomer sequence
distributions (Table 1), by saving about 60% experiment time,
thus demonstrating that band-selective HSQC is compatible
with the accuracy.

The average precision of the monomer content (E% and H%)
are about 2.4% and 1.2% for EH-1 and EH-2, respectively. The
CV values obtained from triads EEE show much higher preci-
sion than those from triads EEH and EHE (CV: 0.1% vs 1.1–
2.3%), similar to the results obtained by traditional HSQC.
Signicantly, the precision of the content of E is extremely high
(about 0.1%), which can match the high-precision criteria
required for the quantitative analysis. We therefore decided to
keep this reduced 28 ppm spectra width for the rest of the study.
Band-selective HSQC with 50% NUS

The third way to reduce the experiment time while preserving
good resolution in F1 is to combine the two approaches
described above. Combining NUS with a reduced 28 ppm
spectral width, we adjusted the acquisition parameters, such as
TD (F1), NS and the amount of NUS level to reduce the experi-
ment time to less than half an hour. The typical spectra are
shown in Fig. 3d and 4. Obviously, there are more noises
observable in the HSQC spectra with NUS rate of 25% than
those with NUS rate of 50% (Fig. 4A vs. 4B and C). Fortunately,
the noises are not overlapped with signals that used for content
calculation. The corresponding results are summarized in Table
2. It is indicated that all the precisions of sample EH-2 are better
than EH-1. The precision decreases with the monomer content,
probably stem from the relatively low signal-to-noise of their
corresponding signals. The precisions of H, EEH and EHE are
calculated from signals assigned to bd+, while those of E and
EEE are calculated from signals attributable to dd, gd+, bd+ and
2B4. The values of CV are between 0.11% and 2.42% for the
composition of EH-1 and between 0.10% and 1.17% for EH-2,
respectively, when the HSQC spectra are obtained with TD of
512 in the indirect dimension and the NS is decreased to 4. It
indicates that the concentration of the polymer is high enough
for the achievement of good 1H NMR spectrum and the reso-
lution of the 2D spectra plays a more important role for the
precision and accuracy. However, further increasing the TD to
1024 in the indirect dimension does not work much more for
the precision (Table 2). In addition, the TD number can be
reduced to a value as small as 128 without signicantly affecting
the relative volume of each region, while preserving a resolution
identical to the traditional one. The corresponding spectrum is
shown in Fig. 3d. On the whole, both excellent precision and
satisfactory accuracy can be obtained under the conditions that
TD and NS are not less than 256 and 4 with 50% NUS. As
(c) Band-selective 2D HSQC spectrum recorded with a 28 ppm
spectral width and 256 increments in F1 dimension. (d) Band-selective
2D HSQC spectrum recorded with a 28 ppm spectral width, 256
increments in F1 dimension, and a NUS rate of 50%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Band-selective HSQC spectra of poly(ethylene-co-1-hexene)
in 1,1,2,2-tetrachloroethane-d4 at 383 K, with a 28 ppm spectral width
in 13C dimension, on a 400 MHz Bruker spectrometer equipped with
a BBFO probe during 29 min (A) TD ¼ 512, NS ¼ 4, 50% NUS; (B) TD ¼
512, NS ¼ 8, 25% NUS; (C). TD ¼ 1024, NS ¼ 4, 25% NUS.
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a consequence of this smaller SW and smaller number of
indirect increments or smaller number of scans, the experiment
time reduces to less than 0.5 h. As can be seen in Fig. 5, the
average precision of the composition content are 1.3% and
0.7% for EH-1 and EH-2, respectively, which is very excellent.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The precision of the content of E and EEE is still extremely high
(about 0.1%), comparable to the one measured with band-
selective HSQC. Especially, the results highlight dramatic
precision enhancements in the content of H and triads EHE,
EEH, which probably benet from the less experiment time and
thus less t1 noise. In addition, the combination of band-
selective HSQC with NUS is compatible with the high accuracy
for the content determination of EH-1 and EH-2. It appears that
the combination of band-selective HSQC with NUS is more
convenient and more efficient for similar quantitative analysis
of polyolens.

Experimental
Sample preparation

Poly(ethylene-co-1-hexene) samples were obtained from Jilin
Petro-Chemical Industry Corporation. The number molecular
weights of sample EH-1 and EH-2 are about 38 kg mol�1 and 32
kg mol�1, while their polydispersities of the average molecular
weight are 2.8 and 2.7, respectively, determined by Gel Perme-
ation Chromatography (GPC).

A poly(ethylene-co-1-hexene) sample of 45 mg were placed in
the NMR tube and dissolved with 0.6 mL C2D2Cl4 solvent in
order to obtain a concentration of 75 mg mL�1. This concen-
tration corresponds to the conditions typically used in poly-
olen analysis. The sample was sealed and horizontally
positioned in a hot air oven at 383 K for about 10 hours until
a homogenous solution was observed.

NMR experiments

All the NMR acquisitions were performed at 383 K on a Bruker
Avance III 400.13 MHz spectrometer equipped with a 5 mm
BBFO SMART probe, utilizing Topspin 3.6 with the standard
Bruker library pulse programs. Before acquisition, all NMR
samples were thermally equilibrated at 383 K for at least 15 min
inside the spectrometer, the probe was automatically tuned and
matched, and the 90� hard pulses for both 1H and 13C were
carefully calibrated. All series of experiments were performed
with automatic shimming to preserve the B0 eld homogeneity.

The traditional 2D HSQC spectra

The HSQC experiment (Bruker pulse program: hsqcetgpsp.3)
was performed at 383 K, by using 16 dummy scans; 8 scans; 2.0 s
relaxation delay; 126 JCH

1 value; 203 receiver gain; 6.5 ppm (F2)
and 75 ppm (F1) spectral width; transmitter offset was set at
3.2 ppm (F2) and 40 ppm (F1); chemical shi region is from
0 ppm to 6.5 ppm in F2 and from 5 ppm to 80 ppm in F1. The
spectra were acquired with 256, 512 or 1024 t1 increments. The
FIDs were recorded with 1024 or 2048 data points. A 1H 90� hard
pulse was automatically calibrated before acquisition.

Zero lling was applied to 2048 in F2 and 1024 in F1; a 90�

shied squared sine bell function was applied in both dimen-
sions. The integration of 2D peak volumes was performed using
the integration routine in the Bruker soware. All the integra-
tion results are the average of ve experiments. We chose to rely
on the direct integration of 2D signals. The integration box
RSC Adv., 2022, 12, 5349–5356 | 5353
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Table 2 Repeatability of 2D band-selective HSQC with NUS for sample EH-1 and EH-2 during about 29 min

Sample EH-1 EH-2

Method

Triads Content Triads Content

EEE EEH EHE E H EEE EEH EHE E H

bs-HSQC/50% NUS, TD ¼ 128, NS ¼ 16 Mean 0.891 0.066 0.033 0.967 0.033 0.772 0.152 0.076 0.924 0.076
SD 0.003 0.002 0.002 0.003 0.002 0.003 0.002 0.002 0.003 0.002
CV% 0.33 3.03 6.06 0.33 6.06 0.26 1.32 2.64 0.33 2.64

bs-HSQC/NUS 50%, TD ¼ 256, NS ¼ 8 Mean 0.877 0.082 0.041 0.959 0.041 0.739 0.174 0.087 0.913 0.087
SD 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
CV% 0.14 1.25 2.50 0.12 2.50 0.15 0.60 1.15 0.12 1.15

bs-HSQC/25% NUS, TD ¼ 512, NS ¼ 8 Mean 0.886 0.076 0.038 0.962 0.038 0.754 0.164 0.082 0.918 0.082
SD 0.003 0.002 0.002 0.003 0.002 0.003 0.002 0.002 0.003 0.002
CV% 0.34 2.63 5.26 0.33 5.26 0.40 1.22 2.44 0.33 2.44

bs-HSQC/50% NUS, TD ¼ 512, NS ¼ 4 Mean 0.877 0.082 0.041 0.959 0.041 0.745 0.170 0.085 0.915 0.085
SD 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
CV% 0.11 1.21 2.42 0.11 2.42 0.10 0.58 1.17 0.11 1.17

bs-HSQC/25% NUS, TD ¼ 1024, NS ¼ 4 Mean 0.876 0.084 0.042 0.958 0.042 0.742 0.172 0.086 0.914 0.086
SD 0.002 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.002 0.001
CV% 0.22 1.25 2.50 0.22 2.50 0.26 0.60 1.20 0.26 1.20

Fig. 5 Plots of precision CV and experiment time versus different
methods used for the determination of monomer contents of sample
EH-1 and EH-2. The hollow and solid squares plot the precision of E%
and H% of sample EH-1, while the hollow and solid triangles represent
the precision of E% and H% of sample EH-2, respectively. The solid
circles indicate the experiment time of different methods.
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widths were carefully adjusted for all experiments so that to
obtain the same level of truncation for all peaks. Peak volumes
were exported to Microso Excel 2010 for statistical analysis.
2D HSQC spectra with nonuniform sampling

The acquisition parameters of 2D HSQC with NUS were the
same with those of traditional HSQC except that the NUS mode
was used. HSQC with 25%, 35%, 50% and 75% level of NUS
were performed with these parameters. An exponential
weighting was applied to this NUS scheme. Zero lling was
applied to 2048 in F2 and 1024 in F1; a 90� shied squared sine
bell function was applied in both dimensions. The integration
of 2D peak volumes was performed using the integration
routine in the Bruker soware. All the integration results are the
5354 | RSC Adv., 2022, 12, 5349–5356
average of ve experiments. We chose to rely on the direct
integration of 2D signals. The integration box widths were
carefully adjusted for all experiments so that to obtain the same
level of truncation for all peaks. Peak volumes were exported to
Microso Excel 2010 for statistical analysis.

Band-selective 2D HSQC spectra

Band-selective HSQC experiments were performed using the
shsqcetgpsisp2.2 pulse program of the manufacturer's pulse
program library with band-selective shaped 13C refocusing
pulse. The shape form Q3.1000 was chosen. To achieve selective
excitation over a frequency range of 2817 Hz (28 ppm), the
length of the pulse was determined to 1750.4 us with a power of
0.690 W for the used probe head. The experiments were per-
formed at 383 K, by using 16 dummy scans; 8 scans; 2.0 s
relaxation delay; 126 1JCH value; 203 receiver gain; 6.5 ppm (F2)
and 28 ppm (F1) spectral width; transmitter offset was set at
3.2 ppm (F2) and 27.0 ppm (F1); chemical shi region is from
0 ppm to 6.5 ppm in F2 and from 13.0 ppm to 41.0 ppm in F1;
512, 256 or 128 increments in F1. A

1H 90� hard pulse was
automatically calibrated before acquisition. Zero lling was
applied to 2048 in F2 and 1024 in F1; a 90� shied squared sine
bell function was applied in both dimensions. The integration
of 2D peak volumes was performed using the integration
routine in the Bruker soware. All the integration results are the
average of ve experiments. We chose to rely on the direct
integration of 2D signals. The integration box widths were
carefully adjusted for all experiments so that to obtain the same
level of truncation for all peaks. Peak volumes were exported to
Microso Excel 2010 for statistical analysis.

Band-selective 2D HSQC spectra with NUS acquisition mode

The acquisition parameters of band-selective HSQC with NUS
were the same with those of band-selective HSQC except that
the NUS mode was used. HSQC with 25%, 35%, 50% and 75%
© 2022 The Author(s). Published by the Royal Society of Chemistry
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level of NUS were performed with these parameters. An expo-
nential weighting was applied to this NUS scheme. Zero lling
was applied to 2048 in F2 and 1024 in F1; a 90� shied squared
sine bell function was applied in both dimensions. The inte-
gration of 2D peak volumes was performed using the integra-
tion routine in the Bruker soware. All the integration results
are the average of ve experiments. We chose to rely on the
direct integration of 2D signals. The integration box widths
were carefully adjusted for all experiments so that to obtain the
same level of truncation for all peaks. Peak volumes were
exported to Microso Excel 2010 for statistical analysis.
The repeatability and precision

To evaluate the variability of the data, the same 2D NMR
experiment were performed in the same laboratory and ob-
tained with the same 400 MHz spectrometer. Five replicates
were performed on ve independent samples. Replicates were
obtained at the same concentration and temperature, and in the
same solvent, with the same relaxation times and coupling
constants. Each spectrum was recorded aer independent eld
homogenization and 1H pulse calibration; under these condi-
tions each run was independent. Mean values, standard devia-
tion (SD) and coefficient of variation (CVs) were calculated on
each composition and triads separately. CVs were calculated by
dividing standard deviation by the general mean, while

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ðxi � xÞ2

n

vuuut
:

Conclusions

We have described the use of 2D 1H–13C HSQC as a tool for the
rapid determination of a typical LLDPE at triads level. It
demonstrates that a very high precision can be achieved with
much less experiment time, because of the introduction of time-
saving strategies. The combination of 2D band-selective HSQC
with NUS not only preserves excellent agreement with the
results from quantitative 13C NMR spectrum regarding the
composition, but also greatly increases the precision in mono-
mer and triads content. The average CVs of composition is
lower than 2.0%, with the highest precision up to 0.1%, thus
satisfying the conditions that needed for the fast quantitative
determination of polyolens. This simple and reliable method
not only supports the structure elucidation of polymers, but
also simultaneously provides the content of composition and
monomer sequence. Especially, this method is well suited for
polyolens because of their narrow range of JC–H coupling
constants, T2,

13C NMR spectra and 1H NMR spectra windows
covered.

We believe the application of band-selective HSQC with NUS
is useful for speeding up the quantitative microstructure
determination of polymers, and then speeding up the batch-to-
batch quality control in polymer production in industry. While
these approaches display high accuracy and high precision for
quantitative analysis, information on quaternary carbons is not
accessible via this method. In this case, one could consider
© 2022 The Author(s). Published by the Royal Society of Chemistry
using alternative 2D acquisition strategies such as
heteronuclear-multiple bond correlation (HMBC). Future work
will focused on the application of 2D NMR for analyzing
microstructures of a wide variety of more complex polymers and
quantitative comparison of results obtained from quantitative
1D 13C NMR.
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