
R E S E A R CH AR T I C L E

A multivariate approach to investigate the NMR CPMG
pulse sequence for analysing low MW species in polymers

Federica Aiello1 | Jan Gerretzen1 | Marcel G. Simons1 | Antony N. Davies1,2 |

Paulo Dani1

1ECG-MAS, Expert Capability Group –

Measurement and Analytical Science,
Nouryon Chemicals B.V., Deventer, The
Netherlands
2SERC, Sustainable Environment
Research Centre, Faculty of Computing
Engineering and Science, University of
South Wales, Pontypridd, UK

Correspondence
Federica Aiello and Paulo Dani, ECG-
MAS, Nouryon Chemicals B.V.,
Zutphenseweg 10, 7418 AJ Deventer, The
Netherlands.
Email: federica_aiello@outlook.it;
paulo.dani@nouryon.com

Present address
Federica Aiello, Consiglio Nazionale delle
Ricerche, Istituto per i Processi Chimico-
Fisici, Via G. Moruzzi 1, 56124 Pisa, Italy.

Funding information
H2020 Marie Skłodowska-Curie Actions,
Grant/Award Number: 749083

Abstract

Detection and quantification of low molecular weight components in poly-

meric samples via nuclear magnetic resonance (NMR) spectroscopy can be dif-

ficult due to overlapping signal caused by line broadening characteristics of

polymers. A way of overcoming this problem could be the exploitation of the

difference in relaxation between small molecules and macromolecular species,

such as the application of a T2 filter by using the Carr–Purcell–Meiboom–Gill

(CPMG) spin-echo pulse sequence. This technique, largely exploited in met-

abolomics studies, is applied here to material sciences. A Design of Experi-

ments approach was used for evaluating the effect of different acquisition

parameters (relaxation delay, echo time and number of cycles) and sample-

related ones (concentration and polymer molecular weight) on selected

responses, with a particular interest in performing a reliable quantitative anal-

ysis. Polymeric samples containing small molecules were analysed by NMR

with and without the application of the filter, and analysis of variance was

used to identify the most influential parameters. Results indicated that increas-

ing the polymer concentration, hence sample viscosity, further attenuates poly-

mer signals in CPMG experiments because the T2 of those signals tends to

decrease with increasing viscosity. The signal-to-noise ratio measured for small

molecules can undergo a minimum loss when specific parameters are chosen

in relation to the polymer molecular weight. Furthermore, the difference in

dynamics between aliphatic and aromatic nuclei, as well as between mobile

and stiff polymers, translates into different results in terms of polymer signal

reduction, suggesting that the relaxation filter can also be used for obtaining

information on the polymer structure.
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1 | INTRODUCTION

Polymeric materials are present in all kinds of everyday
objects, from the obvious plastics to, less obvious, metal coat-
ings and food contact materials; they provide specific func-
tional modification to materials like cardboard or paper.

Small molecules are often found in polymeric mate-
rials in the form of stabilisers, additives, residual mono-
mers, residual catalysts or by-products related to the
manufacturing process. They can affect the final proper-
ties of the product (both physical and chemical),[1] and
therefore, knowledge about the polymer composition is
critical in selecting the best product based on the detailed
target application.[2]

Small molecules embedded into a polymeric matrix
often play a key role in the functionality of the end prod-
uct, such as in contraception devices[3] or photovoltaic
systems.[4] Detection of such small molecules could
enable, for example, the investigation of their stability
profiles in the macromolecular environment, as well as
analysis of the interactions between the functional small
molecule(s) and the matrix.[5–7]

Nuclear magnetic resonance (NMR) spectroscopy is a
well-established and powerful technique for the analysis
of polymeric materials[8–12] and small molecules in a
macromolecular environment.[13–15] The proton (1H)
NMR spectra of polymers in solution are usually
characterised by line broadening, signal overlap and loss
of signal multiplicity, hampering quantification by peak
integration. Improvements in spectrometer sensitivity
and resolution have enabled multinuclear correlation
experiments and hence a better characterisation of poly-
mer structures, providing information on, for example,
stereochemistry, regioisomerism, geometric isomerism,
end groups and branching.[16] However, the detection
and quantification by NMR of low molecular weight
(MW) species present in polymeric materials is often
thwarted by the overlap between the polymer signals and
those belonging to the small molecules.

One solution to this problem is suppressing the poly-
mers' contribution to the NMR spectrum, enabling a bet-
ter focus on the signals of the small molecules. This can
be done by exploiting the differences in diffusion and
relaxation between the species.[17]

Diffusion can be measured in NMR by using for
instance diffusion-ordered spectroscopy (DOSY) tech-
niques, some of which use pulsed-field gradients (PFGs)
in combination with a spin-echo pulse sequence.[18–20]

The larger the size of the analyte, the smaller the
corresponding diffusion coefficient; therefore, if a sample
contains low MW compounds together with a bigger
component, for example, a polymer, the smaller species
are expected to have a larger diffusion coefficient.

A “relaxation filter” can alternatively be exploited for
separating different species based on their different spin–
spin (or transverse) relaxation time T2. This filter can be
applied by using the Carr–Purcell–Meiboom–Gill
(CPMG) multi spin-echo pulse sequence (Figure 1).[21–23]

By properly choosing the echo parameters, 2τE and n,
broad signals belonging to macromolecules with short T2

can be attenuated or even eliminated from the NMR
spectrum, whereas the resonances from the small mole-
cules are still detectable thanks to their longer relaxation;
resonances having intermediate T2 will be subjected to
an intermediate attenuation.[17]

The CPMG pulse sequence has been largely employed
for identification and quantification of metabolites in bio-
fluids[24] and in the presence of proteins,[25] as well as for
the analysis of impurities in protein-based biopharma-
ceutical products.[26] In each study, different parameter
settings relative to the spin-echo filter have been chosen,
spanning from a total echo time (2τE * n) of 30 ms[27] to a
much longer time of 269 ms.[24]

A first investigation for evaluating the effect of CPMG
acquisition parameters on the detection of small molecule
signals was performed by Van et al in 2003.[28] The
authors pointed out that increasing the total echo time by
varying the number of cycles (n) determines a loss of the
protein signals; at the same time, the small molecules pre-
sent in the sample (metabolites) are affected, as they
undergo a loss in their signal intensity. This loss is, as
expected, less significant compared with the one experi-
enced by the macromolecule, although it has not been
quantified in the study; when the total echo time is kept
constant, the increase of the echo time (τE) determines the
occurrence of scalar coupling distortions. The authors also
investigated the effect of protein concentration, pointing
out that the higher the concentration, the stronger the
interaction with the metabolites. Consequently, the
metabolites signals have a shorter T2, and hence, they are
more affected by the application of the relaxation filter.

The effect of the T2 filter on the quantification of
metabolites was evaluated in another study, which focused
particularly on the impact of the recycle delay (d1).[29] If
the small molecules and the internal standard (added to
the mixture for enabling quantification) are characterised
by different values of T1 and T2, the quantitative analysis

FIGURE 1 Schematic representation of the Carr–Purcell–

Meiboom–Gill (CPMG) pulse sequence
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can still be performed with reliable results as long as these
differences are taken into consideration and proper correc-
tion factors are introduced in the analysis.

Based on these previous results, it was decided to
investigate the use of the CPMG relaxation filter for quan-
tification of small molecules moving from the met-
abolomics field, in which this tool is widely employed, to
the material science. Particular focus was given to the
analysis of small molecules present in polymeric samples,
with the aim of evaluating whether and how the choice
of experimental parameters affects the reliability of
the quantitative analysis. Polyethylene glycol (PEG)
and polystyrene (PS) were selected as polymeric
probes, whereas dimethyl terephthalate (DMT) and
1,3,5-trimethoxybenzene (TMB) were used to mimic the
presence of small molecules in the samples. These two
compounds were chosen among the standards used for
quantitative NMR analysis on the basis of their very simi-
lar T1 (for their methyl protons: 1.8 s for DMT and 2.2 s
for TMB in CDCl3), which rules out any interference in
quantification due to significantly different spin–lattice
relaxation times, and because the expected signals multi-
plicity, a singlet (for both aromatic and aliphatic protons)
avoids any scalar coupling distortion phenomena.

Whereas previous studies focused on varying one sin-
gle parameter at a time, here, a multivariate approach was
adopted, by using Design of Experiments (DoE). The pur-
pose of applying DoE in our work is twofold: first, it allows
identifying which of the experimental parameters influ-
ence a certain response and second, for the experimental
parameters deemed relevant, one may calculate a mathe-
matical model that relates these parameters to the
response. This can then be used to predict the value of the
response given specific settings of the experimental param-
eters, which in turn enables optimisation (e.g., less phase
distortion and favourable conditions for proper quantita-
tive analysis.). DoE thus systematically examines whether
there are correlations between the experimental parame-
ters (i.e., the acquisition parameters and the sample com-
position) and relevant responses, for example, preservation
of quantification conditions after applying the pulse. The
advantage of using a DoE-based approach is that the num-
ber of experiments (runs) can be kept to a minimum with-
out affecting the level of information that can be obtained
from the results, thereby considerably saving experimental
time and delivering a more robust solution.[30–32]

2 | EXPERIMENTAL DETAILS

2.1 | Materials

PEG with different MW (300, 1,000, 6,000, 11,600, 22,500,
and 41,500 Da), DMT, TMB, deuterated chloroform

(CDCl3) and deuterated water (D2O) were purchased from
Sigma Aldrich (St. Louis, Missouri, United States). PS with
different peak MW (Mp) (30,300 Da, MW/Mn = 1.02;
68,900 Da, MW/Mn = 1.02; 220,500 Da, MW/Mn = 1.02,
629,500 Da, MW/Mn = 1.03) was purchased from Polymer
Laboratories (Church Stretton, United Kingdom).
Dispex™ N40 was purchased from BASF (Ludwigshafen,
Germany). The samples were prepared by dissolving the
polymer in the deuterated solvent to reach a concentration
between 5 and 10 wt% and by adding DMT and TMB to
reach a concentration between 0.1 and 0.3 wt%.

2.2 | NMR measurements

NMR measurements were performed on a Bruker
AVANCE III HD spectrometer equipped with a 5-mm
broadband (BBO) Prodigy™ cryoprobe operating at
600 MHz for 1H nuclei. Two sets of one-dimensional 1H
NMR experiments were performed for all the samples
analysed: CPMG spin-echo[23] with and without water
presaturation and one single-pulse 1H NMR experiments,
recorded over a spectral width of 20 ppm with a free
induction decay (FID) acquired into 64 K data points dur-
ing a 2.7 s acquisition time. Thirty-two scans were col-
lected, and a 90� pulse of 10.25 μs was used.

The recycle delay d1 was varied from 2 to 20 s; the T2

filter was obtained by setting the echo time 2τE between
200 and 1,280 μs repeated (n) from 120 to 620 times.
Resulting data were Fourier transformed after multiplica-
tion with an exponential window function using a line
broadening function of 0.3 Hz. The following pulse
sequences provided by Bruker were used for acquiring
proton spectra: zg (one single-pulse), cpmg1d (T2 filter)
and cpmgpr1d (T2 filter and presaturation). The T1 relax-
ation measurements were performed on a sample con-
taining the small molecules detected in the analysed
commercial polymer and the internal standard. The T1ir
pulse sequence, provided by Bruker, was used, and the
same acquisition parameters employed in the previously
described 1D measurements were used.

2.3 | Design of experiments

An I-optimal response surface design was created sepa-
rately for PEG and PS using Design-Expert 10.0.3.1
(Stat-Ease Inc., Minnesota, United States). Both designs
were set up in the same way, using five factors all having
only discrete factor levels (Tables 1 and 2). In total, five
different responses were studied (see next section). The
designs were built to be able to fit a quadratic model for
each response, and each design featured five lack-of-fit
points and five replicate points, leading to 31 experimental
runs per design: 21 points, 5 lack-of-fit and 5 replicates.
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Runs were performed in a random order to minimise bias.
This set-up allowed the estimation of the main effects of
the five factors, as well as two-factor interactions and the
quadratic factor terms. Optimal settings for any factor
were calculated by optimizing the response models.

Contour plots showing the effects of multiple factors
simultaneously on the responses were generated using
the model that Design-Expert fits.

3 | RESULTS AND DISCUSSION

3.1 | Analysis methodology

For each experimental run, two proton spectra were
recorded: one with and one without application of the

relaxation filter. From both spectra, the following vari-
ables were obtained:

• Signal-to-noise ratio (SNR) for the resonances
belonging to DMT and TMB;

• Integrated area of polymer signal(s) compared with
that of the small molecule (DMT in this case);

• Area ratio between DMT and TMB signals.
From these variables, the responses for the DoE are

expressed as:
• Percentage decrease in SNR for small molecules res-

onances following the application of the filter
(Equation 1);

• Percentage variation of DMT/TMB integral area
ratio (Equation 2);

• Percentage of polymer signal left after the applica-
tion of the filter (Equation 3).

%decrease in SNR small moleculeð Þ
= SNRno filter−SNRfilter

� �
=SNRno filter

� �
× 100

ð1Þ

%variation inDMT=TMBarea ratio

= rationo filter−ratiofilter
� �

=rationo filter
� �

× 100

ð2Þ

%polymer signal left

= integrated areafilter=integrated areano filter
� �

× 100

ð3Þ

The application of the relaxation filter is expected to affect
not only the polymer signals but also (even if to a consis-
tently lesser extent) the resonances belonging to small
molecules. The percentage decrease in SNR between the
nonfiltered and the filtered signals from the peaks of the
small molecules (Equation 1) was examined with the aim
to evaluate the impact of the T2 filter on this variable and
to identify conditions in which the deterioration in SNR
for peaks of small molecules would be minimised.

However, even when their resonances are attenuated,
quantitative analysis may still be possible as long as this
attenuation affects the resonances of small molecules to a
similar extent. Therefore, changes in the ratio between
the integral areas of DMT and TMB after application of
the filter (Equation 2) were investigated. As stated previ-
ously, the choice of DMT and TMB allows to neglect
the effect of different T1 in the quantitative analysis of
the small molecules, thus focusing only on the effect of
the relaxation filter.

Finally, the ratio between the integrated areas of poly-
mer and the small molecule was used for estimating how
much the signals belonging to the polymers are attenu-
ated by the application of the CPMG sequence. The small
molecule signal was used as reference, and the integral
area of the polymeric signals was calculated in relation to
it (Equation 3). If the filter affects in a similar way both

TABLE 1 List of factors and their levels in the design for PEG

MW PEG (Da) d1 (s) τE (μs) n wt%

300 2 100 120 5

1,000 5 150 220 7.5

6,000 8 200 320 10

11,600 10 250 420

22,500 15 300 520

41,500 20 350 620

400

450

500

550

600

640

Abbreviations: MW, molecular weight; PEG, polyethylene glycol.

TABLE 2 List of factors and their levels in the design for PS

MW[a] PS (Da) d1 (s) τE (μs) n wt%

30,300 2 100 120 5

68,900 5 150 220 7.5

220,500 8 200 320 10

629,500 10 250 420

15 300 520

20 350 620

400

450

500

550

600

640

Abbreviations: MW, molecular weight; PS, polystyrene.
aThe polydispersity (MW/Mn) is equal to 1 for all PS samples, Mp is
approximated with MW.
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the polymer and the small molecule, then the relative
ratio between the two species does not change signifi-
cantly, and the filter is not useful for our purpose of
removing polymeric signals so that small molecules can
be better analysed. On the contrary, when the polymer is
much more affected by the filter than the small molecule,
this ratio changes, and as long as the polymeric signal
decreases much more than the small molecule one(s), the
analysis is feasible. Ideally, the polymer signal should be
completely suppressed after application of the filter, and
therefore, this response should be as low as possible.

3.2 | Polyethylene glycol

Twelve different samples of PEG were prepared, each of
them containing DMT and TMB in concentrations
between 1 and 5 wt% with respect to the polymer
(Table S1). This variation was not considered as a factor
in the DoE as it is not expected to have an influence on
the responses. As a matter of fact, in this study, the
responses are obtained by comparison between the NMR
acquisition with and without the filter performed on the
same sample, and because the small molecule concentra-
tion changes between samples but not between the com-
pared spectra, this variation does not affect the results.

The concentration of PEG in CDCl3 was varied
between 5 and 10 wt% to evaluate the impact of polymer
concentration in the analysis. An increase in polymer
concentration and/or MW has a direct influence on the
viscosity of the sample and hence on the dynamics of the
system; therefore, it was included as a factor in the DoE.
PEG with an MW ranging from only 300 up to 41,500 Da
(Table S1) was included in the study. Even though it is

more intuitive to consider a 300 MW PEG as a small mol-
ecule rather than a polymer (it contains about five mono-
meric units), it was decided to include it in the design for
estimating the filter effect when analysing oligomers or
if, on the contrary, there is a recommended minimum
polymeric MW.

Figure 2 shows the 1H NMR spectrum of PEG
300 with DMT and TMB. The aromatic signals of DMT
and TMB are centred at 8.10 ppm (H1 DMT) and at
6.08 ppm (H3 TMB), respectively, whereas the methoxy
protons resonate at 3.95 ppm (H2 DMT) and at 3.77 ppm
(H4 TMB), that is, in the same region where PEG signals
are expected (4.40–2.80 ppm).

The effect of the relaxation filter on the responses
(percentage variation of SNR, polymer integrated area
and DMT/TMB ratio) is shown in Table 3. The SNR mea-
sured for the methoxy groups of DMT is affected by the
application of the filter, and apart from a few cases, the
signal experiences a loss in intensity between 20% and
70%. The lowest loss in SNR does not seem to be strongly
related to the relaxation time (d1 + acquisition time) or
to the polymer MW or concentration but rather to the
total echo time (2τE * n). The SNR for H2 proton
undergoes a loss less than 10% when n and τE have either
comparable numerical values (e.g., n = 420 and
τE = 400 μs, run 5) or τE (in μs) is much higher than the
number of cycles (e.g., τE = 640 μs and n = 320, run 6).

The decrease in SNR was measured for all DMT and
TMB resonances, and a comparable trend was observed.
In this work, only the decrease in SNR of H2 protons (see
Figure 2) is reported. From the statistical analysis [analy-
sis of variance (ANOVA), Table 4], it can be inferred that
the significant main factors for this response are d1
(factor A, although the relaxation time is the sum of d1

FIGURE 2 1H NMR

(600 MHz, CDCl3, 300 K)

spectrum of polyethylene glycol

(PEG) [molecular weight

(MW) 300 Da, 5.3 wt%] with

DMT (0.17 wt%) and TMB

(0.16 wt%). DMT, dimethyl

terephthalate; TMB,

1,3,5-trimethoxybenzene
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and the acquisition time) and polymer MW (factor D).
This means that the two parameters seem to influence
the decrease in the small molecules SNR. Furthermore,
τE (factor B) and n (factor C) are significant in the qua-
dratic terms B2 and C2, implying that the square of their
setting has a linear relation to the decrease in SNR. There
is no statistically significant influence of the polymer con-
centration (factor E) on the SNR decrease. Only the

relevant factors (in this case, those with p value lower
than 0.05) are reported in the ANOVA tables (Tables 4,
S2, S3, S6, S7, S9 and S10). However, in Table 4, even if
the AB, B and C factors have a p value higher than 0.05,
they are still included because B2 (p value 1.04E-03) and
C2 (p value 9.75E-05) are significant. The same rationale
was applied in all subsequent ANOVA analyses. In gen-
eral terms, a two-factor interaction effect such as AB can

TABLE 3 Responses for PEG samples

Run
#

Factors Responses

d1
(s)

τE
(μs) n

MW PEG
(Da)

PEG
(wt%)

SNR H2
(decrease %)

PEG area (signal
left %)

DMT/TMB ratio
(variation %)

1 2 640 120 41,500 10 35.7 99.0 −8.1

2 8 200 420 22,500 5 32.5 90.5 0.0

3 8 350 320 300 10 36.4 63.7 5.0

4 15 350 120 22,500 5 38.7 93.0 2.4

5 20 400 420 22,500 7.5 3.5 80.6 2.0

6 10 640 320 1,000 7.5 0.1 84.3 1.9

7 20 100 220 300 5 45.3 87.3 13.9

8 20 640 620 300 5 53.3 70.7 4.2

9 2 100 120 41,500 5 47.9 106.2 −0.7

10 2 640 120 300 5 49.5 99.1 14.4

11 8 350 320 300 10 28.8 64.5 −1.4

12 20 640 120 300 10 42.1 66.3 −0.9

13 20 640 620 41,500 10 21.5 55.5 −3.2

14 2 100 620 300 5 50.8 100.1 2.6

15 2 100 620 41,500 10 45.7 97.4 −0.7

16 20 400 420 22,500 7.5 23.2 82.2 5.2

17 10 100 120 300 7.5 63.5 74.0 7.6

18 10 640 320 1,000 7.5 8.6 82.9 1.4

19 15 400 120 22,500 10 23.4 93.1 −3.0

20 20 100 620 300 10 53.9 68.3 0.6

21 10 350 620 41,500 7.5 42.6 74.6 4.3

22 2 640 620 300 10 67.9 54.8 −7.0

23 10 640 420 22,500 5 33.5 79.0 −1.0

24 20 100 120 41,500 10 40.3 95.8 −6.0

25 20 400 420 22,500 7.5 10.7 82.4 4.6

26 2 600 620 41,500 5 43.6 75.2 −4.3

27 20 640 120 41,500 5 30.0 92.7 −1.2

28 10 350 620 6,000 7.5 44.2 77.9 −8.6

29 20 100 620 41,500 5 41.9 89.0 4.6

30 2 100 120 11,600 10 46.5 106.4 −3.9

31 10 640 420 22,500 5 32.5 79.0 −2.4

Abbreviations: DMT, dimethyl terephthalate; MW, molecular weight; PEG, polyethylene glycol; TMB, 1,3,5-trimethoxybenzene.
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be interpreted as follows: the effect that factor A has on
the response (here decrease in SNR) depends on the set-
ting of factor B.

The factors listed in Table 4 are used to calculate a
mathematical model, relating these factors to the

decrease in SNR (this model represents the so-called
response surface). This model can then be studied to
obtain optimal parameter settings to, for example, have
only a small decrease in SNR. The graph in Figure 3a
shows for this specific system the best compromise

TABLE 4 Analysis of variance (ANOVA) for response surface reduced quadratic model, analysis of variance table for the response %

variation in signal-to-noise ratio (SNR) of H2 proton of dimethyl terephthalate (DMT) in PEG

Source Sum of squares df Mean square F value p value Prob > F

Model 4698.29 8 587.29 13.15 1.93E-06 Significant

A-d1 263.80 1 263.80 5.91 0.02

B-τE 172.86 1 172.86 3.87 0.06

C-n 110.45 1 110.45 2.47 0.13

D-MW PEG 899.14 1 899.14 20.14 2.25 E-04

AB 145.87 1 145.87 3.27 0.09

A2 204.40 1 204.40 4.58 0.04

B2 655.51 1 655.51 14.68 1.04E-03

C2 1049.51 1 1049.51 23.51 9.75E-05

Residual 892.94 20 44.65

Lack of fit 665.78 17 39.16 0.52 0.84 Not significant

Pure error 227.16 3 75.72

Cor total 5591.23 28

Abbreviation: PEG, polyethylene glycol.

FIGURE 3 Contour plots of PEG

data: decrease % for SNR depending on

τE and polymer molecular weight

according to the fitted response model,

with n set at 320 and d1 equal to (a) 20 s

or (b) 2 s (polymer concentration

5 wt%). Percentage of polymer signal left

after the application of T2 filter:

(c) dependence from τE and MW for

d1 = 20 s, n = 620 and concentration

equal to 10 wt% and (d) dependence

from d1 and MW for τE = 400 μs,
n = 320 and concentration equal to

10 wt%. In all experiments, the

acquisition time is set to 2.7 s. MW,

molecular weight; PEG, polyethylene

glycol; SNR, signal-to-noise ratio
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between the four relevant factors: by using a 22.7-s relax-
ation delay (d1 = 20 s + acquisition time = 2.7 s) and a
total echo time falling within 190 and 380 ms for a poly-
mer with an MW higher than 26 kDa, the loss in SNR is
lower than 10%. For smaller polymers, the minimum
expected loss in SNR is 20%. A smaller relaxation delay
equal to 4.7 s (d1 = 2 s + acquisition time = 2.7 s,
Figure 3b) implies a larger reduction in SNR throughout
the full space of echo time and MW PEG (20% reduction
seems to be the lowest reduction possible).

PEG resonances are affected by the filter, but in a
rather marginal extent, because reductions in polymer
signal of no more than approximately 45% were obtained
in the DoE (and hence there is approximately 55% signal
left, see runs 13 and 22 in Table 3). The ANOVA analysis
(Table S2) highlights the contribution of all factors to the
PEG resonance, thus making it difficult to obtain an opti-
mal combination of factor settings to achieve a strong
reduction in polymer signal. The data would suggest
though that for the studied MW interval (300–41,500 Da),
the efficacy of the T2 filter is limited. Nevertheless, the
best results (i.e., strongest reduction in PEG signal) can
be achieved, for the whole MW range analysed, by using
the longest relaxation time tested (22.7 s) and a total echo
time of at least 300 ms (Figure 3c). In the case of MW
lower than 1,000 Da, the same reduction can be obtained
with a minimum relaxation delay of 9 + 2.7 s and a total
echo time around 250 ms (still in the range of the optimal
parameters for a small loss in SNR, Figure 3d). Overall,
the reduction of polymer signal seems to be more effi-
cient in those samples where the polymer concentration
investigated is the highest (i.e., 10 wt%). This outcome
can be explained by the fact that an increase in polymer
concentration leads to an increase in sample viscosity,
probably reducing the T2 values of the polymer signals.
This translates into shorter relaxation times and conse-
quently higher efficacy of the filter. Because this model
has a significant lack-of-fit, it cannot be studied further
to examine the exact relations between the input factors
and the response.

Ultimately, the quantitative analysis is reliable for
almost all the experimental runs. Except for two runs,
the difference between the DMT/TMB ratio measured
without the filter and with the filter falls within 10% and
in 70% of the runs the difference in DMT/TMB ratio is
within 5%. This result confirms that the quantitative
analysis is not directly dependent on any of the analysed
factors (Table S3), and as long as the small molecules
have comparable dynamics, there is no need to introduce
a correction factor.[29]

3.3 | Polystyrene

Eleven different samples of PS were prepared, each of
them containing DMT and TMB between 1 and 5 wt%
with respect to the polymer (Table S4). The PEG samples
analysed had an MW between 300 and 41,500 Da,
whereas a higher MW range was investigated with PS,
namely, between 30,300 and 629,500 Da. Figure 4 shows
the 1H NMR spectrum of PS 629,500 with DMT and
TMB. In this case, the polymer signals are in a different
spectral region than those of the small molecules, with
only aromatic signal H3 close to the aromatic cluster of
the polymer.

In contrast with PEG, the relaxation filter performed
better with all PS samples by causing a substantial loss in
PS signal intensities (Figure 5), which is expected because
of the higher MW range investigated. The resonances
belonging to aliphatic protons (low frequency signals)
undergo a much larger reduction in intensity compared
with the aromatics (high frequency signals) due to
shorter relaxation times (Table S5).

This difference is clearly shown in Table 5: the
amount of signal left from PS changes depending on the
parameter settings, but in every case, the reduction is
more significant for the aliphatic region than the aro-
matic one. In almost 50% of all runs, the aliphatic signal
left is less than 10%, and correspondingly, the percentage
of aromatic signal left is not higher than 54%.

FIGURE 4 1H NMR (600 MHz, CDCl3, 300 K) spectrum of polystyrene (PS) [molecular weight (MW) 629,500 Da, 5.0 wt%] with DMT

(0.09 wt%) and TMB (0.12 wt%). DMT, dimethyl terephthalate; TMB, 1,3,5-trimethoxybenzene
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The contour plots presented in Figure 6 confirm this
trend: for example, a filter of 105.6 ms (τE = 440 μs and
n= 120 cycles) leaves only 20% of polymer signal in the ali-
phatic region in comparison with 70% still present in the
aromatic one (comparison between graphs a and c) for a
polymer of approximately 350 kDa. Furthermore,
420 cycles lead to a very efficient reduction for the ali-
phatic region throughout the whole range of echo times
(less than 25% signal left, Figure 6b). On the contrary,
reaching the same result for the aromatic region requires
620 cycles and at least 1 ms of echo time (total echo time
620 ms, Figure 6d). In general, the best results (i.e., largest
reduction in PS signal) are obtained when using high
values of repetition and echo time; the recycle delay does
not have a significant influence. The results of the ANOVA
analysis are reported in Tables S6 and S7.

It is interesting to compare the effect of the T2 filter
on PEG and PS with the same MW. Figure 7 shows con-
tour plots for both PEG and PS with an MW of 40 kDa,
highlighting the influence of echo time and n on the
percentage of polymer signal left. From this comparison,
it can be inferred that a quite long relaxation filter is
required for suppressing the signals belonging to PEG
(top right region of Figure 7a), but even in this case,
there is at least 60% of polymer left in the 1H NMR spec-
trum. On the contrary, for PS, almost all combinations
of echo time and repetitions deliver a minimum of 40%
reduction in polymer signal, and a much better reduc-
tion can easily be achieved by choosing several combina-
tions for the filter.

This difference in response between PEG and PS
could be explained by considering the different flexibility
of the two polymer chains. PEG is more flexible than PS,
and this characteristic influences the viscosity of the solu-
tion and hence the relaxation properties as already seen.
Solutions of polymers with more rigid molecular chains
are expected to have higher viscosity than those with
more flexible ones. Accordingly, the graphs reported in
Figure 7 show that for PEG, a longer echo time in combi-
nation with a large number of repetitions (longer T2 fil-
ter) are required to obtain a reduction in signals, which is
in any case not so efficient as for PS. This result indicates
that the relaxation filter can be used not only for facilitat-
ing the analysis of small molecules but also for having
more information on the polymer flexibility and conse-
quently on its possible applications, demonstrating once
again the importance of relaxation measurements in
polymer characterisation.

Analogously to the PEG case, SNR was measured for
DMT and TMB resonances; only the SNR for H3 protons
of TMB is reported in Table 5. It is important to under-
line that in all the measurements performed by applying
the T2 filter, the SNR ratio detected was much higher
than 10 (Table S8), which is conventionally indicated as
the limit of quantification (LOQ),[33] thus indicating that
the detection and quantification of impurities could be
performed even when their concentration is 50 times less
than what was used for DMT and TMB in these experi-
ments. This means that it is possible to quantify low MW
compounds present in polymers in a concentration up to

FIGURE 5 1H NMR (600 MHz, CDCl3, 300 K) spectra of polystyrene (PS) without (bottom spectrum) and with (top spectrum) the

relaxation filter: (a) Mp 30,300 (10 wt%), (b) Mp 68,900 (5 wt%), (c) Mp 220,500 (5 wt%) and (d) Mp 629,500 (5 wt%)
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20 mg/kg. This trend has been observed both for PEG
and PS measurements.

ANOVA analysis on the SNR (Table S9) indicates that
its decrease mainly depends on polymer MW (as already
seen in PEG experiments) and echo time: those two fac-
tors are the only two main factors that are statistically
significant (p value < 0.05). A minor loss in SNR will

likely be obtained by using low values of echo time in
combination with a low value of repetitions for cases
when MW is lower than 120 kDa. It is worth to note that
with a lower polymer MW, a longer relaxation filter is
recommended (τE = 400 μs, n = 320).

The variation in the DMT/TMB ratio, that is, the pos-
sibility of quantifying the small molecules after applying

TABLE 5 Responses for PS samples

Run #

Factors Responses

d1 (s) τE (μs) n MW PS (Da) PS wt%
SNR H3
(decrease %)

PS area
(signal left %)

DMT/TMB ratio
(variation %)Arom Aliph

1 2 100 120 629,500 5 58.5 96.6 73.5 −3.2

2 8 150 120 68,900 10 22.2 90.2 61.7 1.2

3 10 300 520 68,900 7.5 34.0 45.4 5.3 1.2

4 20 100 320 30,300 7.5 13.3 85.0 46.8 2.0

5 2 400 320 220,500 7.5 43.3 51.0 6.7 4.3

6 20 400 120 220,500 7.5 40.1 78.8 31.4 −1.3

7 15 200 620 220,500 10 55.7 48.4 5.8 20.2

8 10 350 320 629,500 7.5 37.5 53.9 6.6 −1.6

9 2 550 620 629,500 5 70.1 20.1 1.4 −6.4

10 20 600 320 30,300 10 46.5 38.3 3.8 −8.1

11 10 640 520 220,500 7.5 55.0 18.3 1.3 −20.0

12 10 200 420 220,500 5 44.3 64.2 17.4 2.7

13 20 640 320 629,500 5 66.4 35.7 3.0 −5.0

14 10 200 420 220,500 5 44.2 64.0 17.3 2.4

15 20 400 120 220,500 7.5 35.8 77.3 30.7 −0.6

16 8 640 120 30,300 5 33.7 70.2 24.3 1.3

17 20 100 220 629,500 10 42.7 86.1 43.6 −5.2

18 20 450 620 30,300 5 47.2 28.6 2.6 1.1

19 2 100 620 30,300 7.5 17.8 73.1 24.7 8.0

20 2 100 520 629,500 10 31.6 68.2 16.0 4.3

21 20 100 620 629,500 5 46.3 71.2 20.6 −4.8

22 20 600 620 629,500 10 64.4 11.4 1.2 −34.5

23 10 640 520 220,500 7.5 49.9 18.4 1.4 −18.8

24 20 100 620 220,500 5 40.8 71.4 22.5 −4.0

25 15 640 220 68,900 7.5 40.3 47.6 6.6 −4.2

26 10 350 320 629,500 7.5 37.0 53.4 6.0 −0.2

27 2 400 320 220,500 7.5 40.2 50.9 6.4 3.7

28 10 250 520 629,500 5 23.1 50.6 7.1 1.8

29 2 550 620 30,300 10 38.3 19.0 1.3 −4.1

30 2 640 120 629,500 10 41.8 59.9 10.5 4.0

31 2 100 120 30,300 5 31.0 95.1 75.9 6.6

Abbreviations: DMT, dimethyl terephthalate; MW, molecular weight; PS, polystyrene; SNR, signal-to-noise ratio; TMB,
1,3,5-trimethoxybenzene.
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the relaxation filter, was kept within the reasonable
boundaries of less than 5% in most of the experiments.
The largest deviations (i.e., >10%) in quantification were
observed in the experiments where a long total echo time
(>600 ms) was used for analysing the highest MW sam-
ples (220,500 and 629,500 Da, runs 11, 22 and 23 with
exception of run 7, which applied a shorter total echo
time and is not considered further in the analysis due to
its strongly deviating result). For these high MW poly-
mers, very different dynamics are expected compared

with the small molecules present; therefore, it is in gen-
eral not necessary to increase the application of the filter
to this extent. A total echo time < 300 ms guarantees an
error in quantification lower than 5%.

3.4 | Application to a commercial product

For testing the applicability of the T2 filter on a real sam-
ple, we analysed a commercial polyacrylic dispersing

FIGURE 6 Contour plots

of PS data: percentage of

polymer signal left after the

application of T2 filter for (a and

b) the aliphatic and (c and d)

the aromatic regions; depending

on τE and MW according to the

fitted response model for (a and

c) n = 120, (b) n = 420 and

(d) n = 620. MW, molecular

weight; PS, polystyrene

FIGURE 7 Contour plots of

(a) polyethylene glycol (PEG) and

(b) polystyrene (PS) polymers with

molecular weight (MW) 40 kDa;

relaxation delay: 20 s (d1) + 2.7 s

(acquisition time), polymer

concentration 10 wt%
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agent (Dispex™ N40) employed in water-borne systems
where signals superimposition is expected. The polymer
was dissolved in D2O with a final concentration of
15 wt%, as the study performed on PEG and PS indicated
that a high polymer concentration contributes to better
results after the application of the filter.

A standard 1H NMR spectrum was recorded to select
an appropriate internal standard based on the spectral
profile of the sample. N,N-dimethylformamide (DMF)
was chosen, whose methyl signals resonate at 2.94 and
2.78 ppm (Figure 8a). This proton spectrum shows
already some low intensity and isolated signals from
potentially low MW species, as well as a singlet centred
at 1.84 ppm that suffers from a heavy superimposition
(Figure S1).

Considering that the MW of the polymer is unknown,
the total echo time was set to 420 ms, whereas the d1 was
set to 15 s. Two different acquisitions were then per-
formed aiming to better detect and quantify these compo-
nents: a 1H NMR spectrum with relaxation filter
(Figure 8b), and as there is a considerable amount of
water (the very intense singlet centred at 4.71 ppm), a 1H
NMR spectrum with relaxation filter and water
presaturation (Figure 8c). It is worth to underline that
presaturation should be used carefully in quantitative
analysis as several factors may affect the accuracy of the
results: proximity of the signals of interest to the
suppressed spectral region, presence of labile protons
which can exchange with the water ones, indirect satura-
tion of small molecules resonances when interacting
with the ones belonging to macromolecules affected by
presaturation.

The analysis of the proton spectrum allowed the
identification and quantification (Table 6) of the mono-
mer sodium acrylate (set of signals between 6.10 and
5.50 ppm), in addition to isopropanol (CH at 3.94 ppm),
methanol (CH3 at 3.27 ppm) and acetic acid
(at 1.83 ppm), whose identities were confirmed by spik-
ing the sample with reference compounds. The applica-
tion of the T2 filter contributed in reducing the polymer
signal intensity and delivered a much-improved quanti-
fication of the small molecules present in the sample,
especially in the case of acetic acid (overlapped singlet
at 1.83 ppm). On the contrary, the presaturation did
not improve the results.

The results reported in Table 6 are obtained by com-
parison of the integral area of the internal standard
(DMF) with those of the small molecules, therefore with-
out considering the differences in spin–lattice relaxation
time that might occur among the compounds; as already
mentioned, this difference can lead to an error in
quantification.[29]

Therefore, in order to consider the T1 contribution
and to correct the concentration values calculated, the
relaxation times of the small molecules (acetic acid, acry-
late, isopropanol and methanol) and of the internal stan-
dard were measured (Table S11).

As reported in Table S11, DMF spin–lattice relaxation
is comparable with the values measured for acetic acid
and acrylate, thus making the quantitative analysis
reported in Table 6 reliable for these two compounds. On
the contrary, the two alcohols (isopropanol and metha-
nol) have a longer relaxation than the internal standard,
and this variation has to be considered in the quantitative

FIGURE 8 1H NMR (600 MHz,

D2O, 300 K) spectra of Dispex™ N40

(15 wt%) recorded (a) without T2 filter,

(b) with T2 filter and (c) with T2 filter

and water presaturation

12 AIELLO ET AL.



analysis by using the equation reported by Bharti et al.[29]

By applying this correction factor, the actual concentra-
tion for the two species doubles, being 0.01 wt% for meth-
anol and 0.04 wt% for isopropanol.

4 | CONCLUSIONS

The present study was performed with the aim of evalu-
ating the influence of different parameters on the effec-
tiveness of a T2 relaxation filter, which was applied by
means of the NMR CPMG pulse sequence, in enabling a
reliable quantitative analysis of small molecules present
in polymers. The results obtained on model systems
(PEG and PS with MW spanning from 300 to 600,000 Da)
confirmed that quantitative analysis could be performed,
and more reliable results can be obtained where previ-
ously the polymer severely interfered with the measure-
ment. The data collected highlight the sensitivity of the
NMR technique, as relatively low concentrations of small
molecules can be detected.

It can be concluded that quantitative analysis can be
performed not only by using an internal standard but
also with external standard methods (e.g., ERETIC in
TopSpin or qEstimate in VnmrJ) as long as the viscosity
of the solution is considered. Another important aspect to
keep into consideration is the difference in T1 and T2

among the different species detected in the sample under
analysis, which can affect the intensity of the integrated
signals and hence the quantitative results. This problem
can be overcome by measuring the relaxation parameters
and then selecting the proper d1 for guaranteeing a com-
plete recovery of the magnetisation for the small mole-
cules analysed. Alternatively, the information on the
relaxation properties can be used to apply a correction
factor, for a reliable quantitative analysis even when
short d1 are used.

The relaxation filter proved to work very well in
removing resonances belonging to apolar polymers like
PS, for which a polymer signal reduction of at least 80%
is achieved. Polymer MW has a negligible influence on
the analysed responses in the investigated range for PS
(30,300–629,500 Da) compared with the parameters
directly affecting the length of the spin echo filter,
namely, echo time and number of cycles. In the case of
polar polymers like PEG (MW range investigated
300–41,500 Da), the reduction is less efficient; the longest
relaxation delays used (viz., 12.7 and 17.7 s) and a total
echo time of at least 300 ms guarantee the highest signal
reduction for the polymers analysed. This different out-
come could, in first instance, simply be attributed to the
lower MW of the PEG samples investigated, which are
expected to respond less to the application of the filter. IfT
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this is the case, a longer total echo time is needed to sup-
press the polymer signal(s), and the CPMG pulse
sequence can be replaced with PROJECT or WASTED
pulse sequences, in cases when long T2-filter times can-
not be achieved safely by the CPMG pulse sequence.[34,35]

It is worth to mention that, even in the case that other
pulse sequences are more suitable, a multivariate
approach similar to the one used here can be followed for
selecting a range of optimal parameters.

When the two polymers are analysed at the same
MW, there is still a difference predicted in reduction of
polymeric signal, which can be mainly explained by the
difference in motion between the two polymers. The loss
in SNR for the small molecules can be minimised
depending on the polymer MW. When very high MW
polymers are analysed (as observed for PS), it is rec-
ommended to use a quite short total echo time, which
will also allow a good reduction in polymer signal. In the
case of intermediate MW polymers (PEG), the relative
values of echo time and number of cycles proved to be as
critical as the length of the total echo time. In particular,
when analysing a polymer whose MW is at least equal to
26 kDa, it is recommended to use a total echo time
between 190 and 380 ms, being careful in properly choos-
ing the values of τE and n.

The DoE-based approach yielded good data on the
influence of the investigated parameters on the analysed
responses and helped in reducing the number of experi-
ments. Without this multivariate approach, the analysis
of all the parameters selected and their levels would have
required a much higher number of experiments and con-
sequently significantly more experimental time.
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