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Abstract: Low-field time-domain proton Nuclear Magnetic Resonance (NMR) spectroscopy is an
attractive and powerful tool for studying the structure and dynamics of elastomers. The existence
of crosslinks and other topological constraints in rubber matrices (entanglements and filler–rubber
interactions, among others) renders the fast segmental fluctuations of the polymeric chains non-
isotropic, obtaining nonzero residual dipolar couplings, which is the main observable of MQ-NMR
experiments. A new software, Multiple quantum nuclear magnetic resonance analyzer for Elastomeric
Networks v2 (MEW2), provides a new tool to facilitate the study of the molecular structure of
elastomeric materials. This program quantitatively analyzes two different sets of experimental data
obtained in the same experiment, which are dominated by multiple-quantum coherence and polymer
dynamics. The proper quantification of non-coupled network defects (dangling chain ends, loops,
etc.) allows the analyzer to normalize the multiple quantum intensity, obtaining a build-up curve
that contains the structural information without any influence from the rubber dynamics. Finally,
it provides the spatial distribution of crosslinks using a fast Tikhonov regularization process based
on a statistical criterion. As a general trend, this study provides an automatic solution to a tedious
procedure of analysis, demonstrating a new tool that accelerates the calculations of network structure
using 1H MQ-NMR low-field time-domain experiments for elastomeric compounds.

Keywords: rubber network; software; automatization; low-field NMR spectroscopy; MQ-NMR;
vulcanization

1. Introduction

Elastomers are unique polymeric materials characterized by a long-range elasticity
obtained after a process called vulcanization [1–3]. As the crosslinks formed during this
process are permanent, it is able to generate materials with high technological interest from
the point of view of industry. Theredore, the properties and performance of elastomers are
directly related to the polymer structure in terms of the number and nature of crosslinks,
filler–rubber interactions, the spatial distribution of constraints, and the fraction of network
defects (mainly dangling chain ends and loops). Characterization of the network structure
of those materials can be carried out from several different experimental approaches,
the most well known of which are swelling experiments and dynamic mechanical properties.
However, time-domain solid-state MQ-NMR spectroscopy has been demonstrated over
the years [4,5] to be a versatile, powerful, and successful tool for investigating the network
structures of different rubber materials. MQ-NMR experiments have proven to be a good
quantitative experimental approach for obtaining the network parameters (including the
crosslink density) needed to understand the macroscopic behaviour of different rubber
compounds. In combination with other experimental techniques, they represent a powerful
tool that allows researchers to analyze the unique properties that elastomers exhibit on the
macroscopic scale from a molecular level point of view [4]. The theoretical background
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of MQ-NMR experiments has been widely explained in previous works [5–7]. Several
works [8,9] have been published that use general tools for analysis of the data with tools
that are not optimized for MQ-NMR experimental data, such as Origin®. While these
calculations remain undisputed, in this work we present a new tool that automates the
process of analysis. Our main objective is to present a new program that can save time and
avoid human error. This software is very useful and suitable for analyzing the data from
MQ-NMR experiments in an almost automatic way.

The importance and application of MQ-NMR approaches to obtain the macromolecular
behaviour of different compounds are based on the capability of MQ-NMR to elucidate
the molecular structure while distinguishing between structure and dynamics. A large
number of advances have been developed using this technique in the study of crosslinked
networks with different matrices, crosslinking systems, and additives. In addition, the role
of entanglements in network properties has been discussed [10–14]. Other examples of the
versatility of MQ-NMR experiment include its use in unveiling molecular details across
a range of polymeric materials [15,16], such as swollen gels [17,18], nanocomposites [19],
polymer melts [20], and rubber blends [21]. Finally, it should be noted that the unique
quantitative information from MQ-NMR experiments has been crucial in determining
the degree of devulcanization in several types of rubber, leading to enhanced molecular
characterization of recycled rubbers through this powerful technique [22–24].

The main observable that can be obtained from the analysis of MQ-NMR experiments
is the residual dipolar coupling (Dres), which is a quantity that results as a time average over
the fluctuations of the dipolar tensor covering the time until the plateau in the correlation
function is reached. This contribution behaves as a constant for a certain temperature and
timescale when a macromolecular network structure is held. The characteristics of the
plateau are provided by the square of the order parameter of the polymer backbone:

Sb =
Dres

Dstatk−1 = α
r2

N
(1)

where Sb is the order parameter, Dres is the residual dipolar coupling, Dstatk−1 is the static
limit dipolar coupling constant based on a parameter k that contains information about the
intra-segmental motions, α is a constant that depends on the assumptions of the distribution
of the mobile chains (for Gaussian statistics, α = 0.6), r2 is the ratio of the end-to-end vector
of the chain segment with respect to the non-deformed melt state (therefore, r2 = 1 for
non-stretched samples), and N is the number of Kuhn segments between two consecutive
constraints [25].

It can be seen from Equation (1) that while r2 remains constant for the same elastomeric
matrix (as well as for the same elongation and swelling rate), variations in Dres are directly
related with N. This means that Dres can be directly related to all the topological density
constraints (including both crosslinks and entanglements) for a certain microscopic model.
However, the most accepted models are the affine model, the phantom model [3], and more
recently the Lang–Sommer model [26,27]. All of these assume that N can be related to Nc
(the number of Kuhn segments between two consecutive crosslinks) while the contribution
of the entanglements remains constant. At this point, the assumption of the entanglement
contribution only depending on the elastomeric matrix and its molecular weight is accepted,
although it remains an open issue [28] that exceeds the objectives of this work.

In this work, we present the basic aspects of MQ-NMR experiments analysis, introduc-
ing the details in the Theoretical Background section, followed by an extended explanation
of the performance of the program applied to real experiments. Subsequently, we com-
pare the results of this program and the standard methods, and conclude that software
described in this paper can provide the same network structural parameters at a much
lower time cost.



Polymers 2023, 15, 4058 3 of 14

2. Theoretical Background

MQ-NMR is a well-established experimental approach that provides molecular-scale
information on the degree of cross-linking of an elastomer (more quantitative than the
traditional Hahn-echo T2 relaxometry) [6]. The main observable is the so-called residual
dipolar coupling (Dres), which is a fast-limit dynamic average of the instantaneous and
orientation dipole–dipole coupling between the protons fixed to the polymer backbone
and is measured in the elastomeric state far above the glass transition [29]. It quantifies
the degree of anisotropy of the segmental movement, which is model-dependent with
the inverse number of segments between crosslink or entanglements constraints (see
Equation (1)). The simplest models consider an inversely proportional relationship between
Dres and Nc (or the associated molecular weight Mc) and a proportionality constant (see
Equation (2)) [6]:

MNR
c (kg mol−1) =

617
Dres(Hz)

(2)

where MNR
c represents the molecular weight between two consecutive crosslinks and Dres

is the residual dipolar coupling in Hz.
The relative width of the distribution of Dres and the fraction of non-elastically active

material are proofs of the technique’s sensitivity to the degree of local inhomogeneity. As a
result of the MQ-NMR experiments, two distinct sets of data can be acquired: a double
quantum (DQ) build-up curve IDQ(τDQ), and a reference intensity decay curve Ire f (τDQ).
An MQ-NMR experiment involves the application of the DQ Hamiltonian, which usually
assumes the excitation of all even quantum states orders, hence the terminology MQ-NMR.
At short pulse sequence times, the initial growth of the build-up function is dominated
only by double quantum coherence (DQ), while at longer evolution times it is determined
by higher 4n + 2 quantum orders as well (n ≥ 0). On the other hand, the reference curve’s
decay is determined by the quantum order n = 0, which represents the dipolar-modulated
longitudinal magnetization and contains information from both superior quantum orders
(4n) and the non-elastically active fraction of the sample. Additionally, the NMR signals
IDQ and Ire f are affected by the polymer dynamics.

With the two signal functions, one can extract suitable information of the polymer
network independently of temperature related relaxation effects (polymer dynamics) by
the application of a normalization process to the MQ build-up curve. The latter requires the
proper identification, quantification, and subtraction of low-decaying signal tails deriving
from the non-coupled protons (e.g., the fraction of network defects). As a result of the equal
partitioning among all excited even quantum orders in the large evolution time regime,
the normalized MQ build-up curve reaches a plateau of 0.5 in the large evolution time
regime, which is an independent approximation regardless of temperature. The residual
dipolar coupling distribution (which includes the structural information for the polymer
network) is directly derived by a fast Tikhonov regularization process.

Until the development of the MEW2 software, the analysis of the data extracted from
MQ-NMR experiments was performed using other software, such as Origin®, Microsoft
Excel®, or Scidavis®, the last being a free application developed for scientific calculations.
As the protocol used for analysis is very similar among all these options, it is briefly
described here to provide a better understanding of the human mistakes that can be
avoided with automated software and the time savings available with the new software
that we present here.

First, the user must load the MQ-NMR data file to their preferred software. The user
has to identify the columns as follows: the first column contains the DQ evolution time,
usually measured in ms (τDQ), the second column can be identified as the reference intensity
Ire f , and the third column contains the double quantum intensity IDQ.
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Then, the re-scaling of the intensities and the tail subtraction have to be performed by
dividing both intensities by the first value of Ire f . The tail subtraction is obtained from a
semi-logarithmic plot of the subtraction intensity Isub, which can be calculated as follows:

Isub = Ire f − IDQ (3)

where Ire f represents the reference intensity, IDQ represents the double quantum intensity,
and Isub is the subtracted intensity obtained by the subtraction of the first ones.

While the mathematical form of Equation (3) is complex due to the different effects of
dynamics and structure at the molecular level, it can be assumed that the first fast decay in
the intensity comes from the rubber network, which is usually the most prominent because
of the dipolar coupling effect. On the other hand, the second decay in the subtracted
intensity has a lower slope (slower decay) and is correlated with the dynamics of the non-
coupled network defects, or more generally the fraction of the sample containing dangling
chain ends and small molecules (e.g., processing oils or plasticizers). This component is
called Itail . Due to the differences between the molecular structure and composition of
the wide range of rubber compounds that can be analyzed by MQ-NMR, Itail can show
different shapes, as is discussed in the next section, although the most usual case for rubber
samples is to observe an exponential behaviour:

Itail = A · e−τDQ/τ (4)

The user has to manually select the optimum evolution time interval at which the non-
elastically active fraction of material dominates, then perform a nonlinear fitting using the
assumed model. Afterwards, it is necessary to calculate the sum intensity mentioned above
(IΣMQ = IDQ + Ire f ), which includes all the excited quantum orders encoded in Ire f and IDQ
in half. Nevertheless, it is required to subtract the intensity from the non-coupled protons
(Itail). In this way, it is possible to perform a point-by-point normalization for the DQ intensity
that only contains structural information, that is, the normalized DQ intensity (InDQ):

InDQ =
IDQ

IΣMQ − Itail
(5)

When InDQ has been calculated, the user builds the file ftikreg.dat, which is a
main input for ftikreg_2.00.exe [5]. One of the fundamental motivations of using a
regularization process and not a nonlinear fitting is that it is impossible to accurately fit a
function for inhomogeneous polymer networks with considerable relative width or even
multimodal distributions of dipolar couplings. For example, this may occur in swollen
polymer networks, network chains with spatially distant bimodal or multimodal chain
length distributions, and filled samples with high filler–rubber interaction contributions.
This is because only a unique residual dipolar coupling constant is considered. A Fredholm
integral equation usually provides a better approach:

g(τDQ) =
∫ ∞

0
K[Dres, τDQ] f (Dres)dDres (6)

where g(τDQ) represents the measured data, f (Dres) is the residual dipolar coupling distri-
bution, and K[Dres, τDQ] is the kernel function, which is approximated from [5]

InDQ(τDQ) = 0.5
[

1 − e−(0.378DresτDQ)
3/2

· cos
(
0.583DresτDQ

)]
(7)

Then, although f distributions are not directly accessible via experimental data, they
are often connected to a measurable quantity g by an operator equation:

g = A f . (8)
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Therefore, if A−1 exists, then
A−1g = f . (9)

If A−1 is discontinuous, then Equation (9) is called ill-posed and the solution is only
available via numerical approaches. A variation algorithm proposed by Tikhonov quantifies
the regularization parameter α, which contains information about the smoothing and shape
of the obtained distribution and stabilizes the solutions. In addition, it has been found that

det(A fα − g) = ε, (10)

where ε is the noise level. One of the advantages of Tikhonov regularization is that it
calculates the parameter α; therefore, the distribution of residual couplings for a given error
ε that results from the calculation is associated with that α value.

For a reliable distribution of coupling constants, a robust criterion needs to be de-
termined, which should be independent of the error parameter applied in the regulariza-
tion process.

In this case, the approximate nature of the improved kernel function arises from minor
systematic errors, adding to the problem of the error parameter dependence of the regular-
ization process. For this reason, an alternative protocol is suggested and implemented in a
convenient way via new subroutines with the sole purpose of making the process easier to
the final user.

A first step in the process consists of automating the error parameter ε. Using loga-
rithmic equidistant steps, the regularization can be performed in successive calculations
within a given error interval range. Each distribution f (Dres) is converted to a build-up
curve g(τDQ), assuming the same kernel function as for regularizing the inverse problem
by directly evaluating Equation (6) in a discrete form. A χ2 test calculates the mean square
deviation between the fit and data, and is needed to compare the experimental build-up
curve obtained from the distribution resulting from the regularization process to quantify
the precision of the distribution. Then, the final results are the spatial distribution of the
constraints Dres and the build-up curve InDQ, which should be similar to the one from the
experimental data. This automated process is carried out using the subroutine compiled in
ftikreg, previously published in [5] and adapted from [30].

Several files are provided when the regularization protocol finishes; while in the
previous standard method the user had to handle them manually, plot them, and extract all
the valuable information, the new MEW2 tool is does this automatically, saving time and
avoiding systematic errors due to human factors. This feature becomes very useful when
the user needs to analyze a considerable amount of samples in a short periods of time.

3. Algorithm Performance

One of the main aspects of Multiple quantum nuclear magnetic resonance analyzer
for Elastomeric netWorks v2 (MEW2) is that it works under any Windows version thanks
to the compatibility of the builder from the Python script to the executable application.
The executable includes all the dependencies that are needed for the correct development of
the analysis of the data provided by the MQ-NMR experiment, excluding the regularization
process. Thus, the files ftikreg.dat, ftikreg.par, and ftikreg_2.00.exe are needed,
and must be located in the same folder as both the application and the .txt file from the
MQ-NMR experiment.

The file that contains the MQ-NMR data should be a plain-text file ordered by columns
and with spaces as separators, where the first column is the evolution time in ms (τDQ),
the second column is identified as the reference intensity Ire f , and the third column is the
DQ intensity, called IDQ. The lengths of the columns must be the same; this specification is
controlled from the low-field spectrometer software.

The first feedback that the user receives after launching the software is the raw data
provided by the NMR experiment. Figure 1a shows the reference and multiple-quantum
intensities as a function of τDQ. The next step is to re-scale both intensities to the first value
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of Ire f . The normalisation leads to a re-scaling of the experimental data; therefore, the shape
of both figures remains unchanged, as shown in Figure 1b. Both figures are direct output
from the MEW2 software.

Figure 1. Reference and DQ intensities for a sample of Butadiene Rubber (BR) vulcanized with sulphur:
(a) raw data obtained from the spectrometer and (b) data re-scaled to the maximum value of Ire f .

As shown in Section 2 (Theoretical Background), it can be assumed that the description
of the investigated material consisting only of elastically active network chains is inaccurate.
Usually, additional components such as short dangling chain ends, sol fraction, oils, and
other small molecules may be present. The dynamics of these components are fast enough
to exhibit an isotropic movement in the NMR timescale, providing zero residual dipolar
coupling. These contributions are only detected in the reference data, and as such form
more slowly decaying long-time tails. In order to successfully separate the dynamic and
the structural parts while observing the 0.5 plateau for InDQ, it is crucial to remove these
contributions through suitable fitting while attending to a mathematical model, followed
by subtraction of the tails [6].
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Figure 2 shows a semi-logarithmic plot of Isub against τDQ, where a fast-relaxing phase
corresponding to the network contribution and a slower-relaxing phase corresponding to
the amount of network defects, sol fraction, solvents, etc., can be observed. Both figures
are plotted and displayed by the MEW2 software, and are stored in a folder when the
analysis is finished. It is important to note that the tail subtraction is independent of the
visualization scale of the plot.

Figure 2. Isub plot with the best-fit exponential function of the tails (Model 1).

Therefore, the fraction of these contributions within the analysed material is encom-
passed under the same exponential fitting. However, owing to the high versatility of
MEW2, the software provides three different fitting modes for this step; in addition to the
model, the user can choose the time interval (see Figure 3) in which the isotropic dynamics
regime dominates. The three fitting modes are as follows:

1. A single exponential fitting:
Itail = A · e−τDQ/τ (11)

2. A stretched exponential with stretched coefficient b

Itail = A · e−(τDQ/τ)b
(12)

3. A two-component exponential fitting

Itail = A1 · e−τDQ/τ1 + A2 · e−τDQ/τ2 (13)

The selection of the tail model depends on the material or, in other words, on the
molecular structure and composition of the non-coupled fraction. Highly plasticised
compounds might need a complex model (Equation (13) [31]), while most of the vulcanized
compounds analyzed by MQ-NMR in the literature [22] only exhibit one component
decay, as shown in Figure 2. Figure 2 shows that a constant behaviour in the long time
regime contribution might be ignorable due to the low contribution to the InDQ signal
(lower than 1%). This means that the optimum model is the single exponential shown in
Equation (11) [31] for most cases.
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Figure 3. Screenshot of the output, where the user can choose the fitting model and the interval for
the T2 isotropic component.

After the mathematical model for the tail has been chosen, the use is asked for the
range in τDQ and introduces the desired limits for the fitting, leading to the red fitting line
in Figure 2, where A is the fraction of non-coupled network defects, τ is the relaxation time
for the slow-relaxing phase, and b is the independent exponent. The expression chosen for
the fitting is shown in the picture, as the fitting shown by the a red line is only a visual
guide indicating the quality of the fitting. It is important to note that if no end-point is
selected for the interval of the tail subtraction, all the registered points are used. Then, the
normalization process is applied to obtain the build-up curve from the experimental data:

InDQ =
IDQ

Ire f + IDQ − Itail
(14)

Figure 4 shows InDQ as a function of τDQ, obtaining the plateau in 0.5, which means
that the structure and the dynamics have been successfully separated. If the plateau is
not obtained, then the tail subtraction must be revised [6]. Then, the data of InDQ and τDQ
are collected in the ftikreg.dat file and the regularization process starts, as described
in [5]. The non-integration of the Tikhonov regularization files in the MEW2 application
have the advantage of allowing the user to modify ftikreg.par if needed. As it is the
configuration file for the ftikreg_2.00.exe application, it can be modified as required,
for example to customize the kernel function or (depending on the material) the minimum
or maximum dipolar coupling limits. A more detailed information about all the features
that ftikreg_2.00.exe provides can be found in the Supporting Information of [5].

After the preparation of the ftikreg.dat file that respectively contains the evolution
time in ms and InDQ in the first two columns, the ftikreg.par file is modified to optimize
the parameters of the regularization process. The regularization process then takes place
and the obtained results for the χ2 statistics are plotted and displayed (see Figure 5a). Next,
the console requires the interval of the calculated distributions that the user wants to display
onscreen. It should be taken into account here that if the chosen distribution is typically on
the low-χ2 region it may be affected by mathematical artifacts or results that might not have
any physical meaning, as already explained in the previous sections and in [5].

Figures 4 and 5a–c report the plots shown to the user during the analysis process; if the
user decides to save the analysis data, all the plots are stored in a folder with the name of
the MQ-NMR file. Alternatively, it is possible to save each of them individually when they
are displayed. The distributions are shown in the form of the example in Figure 5b, where
Dres is the average value of the distribution, D∗

res is the maximum value of the distribution,
and δ is the relative width, calculated as

δ =
σ

Dres
(15)
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where σ is the standard deviation of the distribution. The fraction of previously calculated
defects is shown as well.

Figure 4. Normalized build-up curve; the red line is a visual guide.

Finally, the user can choose the distribution that best suits the physical behaviour
of the material; the information of this distribution is stored in a folder along the same
route as the files (see Figure 6). In addition, a comparison between the experimental data
and InDQ as determined by the regularization process is shown (see Figure 5c) in order
to compare the agreement between the mathematical method and the experimental data.
The consistency of the comparison between the experimental InDQ and the one provided
by the regularization process should be considered in the region where InDQ < 0.45, which
is the region that mostly determines the calculation of Dres. A maximum in InDQ can be
observed for narrow distributions, and does not have a considerable impact on the final
results [6].

All the information obtained during the analysis is stored in a folder if the user agrees
(the console asks before saving), making it possible to work with the obtained data after
the analysis is finished. The amount of time spent using MEW2 is less than calculations
carried out “by hand”, while the results do not seem affected. Moreover, the user can
actively interact with the software at each step to guarantee control over all of the steps in
the analysis.

Figure 5. Cont.
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Figure 5. Regularization results: (a) χ2 values as a function of the error, (b) spatial distribution of
Dres, and (c) InDQ compared to the experimental data.

Figure 6. Output of the post-regularization steps.
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4. Experimental Section

The sample called “Rubber” consists of standarized poly(cis-1,4-butadiene) rubber
(BR) with 98% cis-1,4 structures, and was obtained from Polimeri Europa. This sample
was cured using a conventional vulcanization system based on a sulfur–accelerator recipe
containing zinc oxide (5 parts per hundred (phr) of rubber) and stearic acid (2 phr) as acti-
vators, N-cyclohexyl-2-benzothiazolesulphenamide (CBS) as accelerator, and sulfur (7 phr).
The sample was prepared in an open two-roll mill using standard mixing procedures and
vulcanized in a laboratory press at 160 ºC at the respective optimal times (t97) deduced
from the rheometer curve (Monsanto moving die rheometer, model MDR 2000E).

The sample of filled rubber was kindly supplied by Birla Carbon (part of the Aditya
Birla Group); it consists of a natural rubber (NR) reinforced with 50 phr of carbon black of
grade N330 and vulcanized with 2.5 phr of sulphur as part of a conventional vulcaniza-
tion system.

The sample of polyurethane (PU) was kindly supplied by Valora Teruel S.L. (Zaragoza,
Spain); this is a commercial product called Maflex 15. The compound is an elastic polyurethane
highly plastified with chlorinated paraffins and intermediate molecular weight. The poly-
mer is obtained by mixing similar volumes of a prepolymer based on TDI and a polyfunc-
tional polyol based on propylene oxide.

The sample of end-of-life tire powder (ELTp) was kindly supplied by Valoriza Medioam-
biente (Grupo Sacyr S.A. Madrid, Spain). The powder presented a nominal particle size of
550 µm and was composed of different truck tire parts (e.g., inner liner, tread, sidewalls, etc.)
containing different chemical formulations.

All the MQ-NMR experiments were carried out on a Bruker minispec mq 20 (Larmor
frequency 20 MHz, B0 = 0.5 T) at 80 ◦C with a 90◦ pulse length of 2.2 µs and a dead time
of 13 µs. The experiments and the analysis of the measured raw data were performed
following the previously published procedures [22,32,33], including subtraction of the
small contributions of signal tails related to network defects prior to calculating InDQ.

5. Results and Discussion

To demonstrate the versatility and potential of the new MEW2 tool, elastomeric
samples with different natures were analysed, from vulcanised rubber samples to highly
plasticised polyurethanes. All the samples described in the previous sections were analysed
in a low-field NMR spectrometer. For comparison, the structural and dynamic information
of these polymeric networks was extracted from the signal sets using the long and tedious
Origin ® protocol described above as well as using the MEW2 software. The results of the
analysis are reported in Table 1.

Table 1. Comparison between MEW2 analysis and standard analysis using Origin.

Rubber Filled Rubber ELTp PU

MEW2 Std MEW2 Std MEW2 Std MEW2 Std

D∗
res (Hz) 401 401 169 170 211 210 105 104

Dres (Hz) 447 446 189 189 264 262 189 187

δ 0.346 0.346 0.288 0.288 0.488 0.468 0.791 0.795

A (%) 3.82 3.58 3.62 3.94 14.86 14.76 57.33 59.48

The results show an agreement of more than 95% between the two methods in therms
of relative errors, while MEW2 takes less time to achieve the same results. The mea-
surements of relative width should consider the propagation of the errors derived from
Equation (15), where it is clear that the obtained results are basically the same for the
same dataset.

Figure 7 shows the agreement between the two methods and the versatility over a wide
range of residual dipolar coupling (1000 Hz for the studied samples) that can be obtained
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with MQ-NMR experiments applied to elastomers. The differences in width, skew, and
other quantities related to the distributions can be related to the molecular structure of
each material.

Figure 7. Spatial distribution of constraints among different elastomeric materials. The dotted lines
were obtained with the standard method and the solid lines were obtained with the new MEW2 tool.

6. Conclusions

We have developed a semi-automatic tool to analyze the output data from MQ-NMR
experiments. This attractive tool provides valuable information on the analyzed polymer
network in a shorter time than other standard methods without affecting the final results.
An experienced user can perform three analyses per minute using the new MEW2 software,
while with the standard method described in Section 2 (Theoretical Background) each
analysis takes much more time for the same type of user. It is important to note that nearly
all of this time consumption take place while the regularization process is running. For this
reason, an additional feature for the software in future versions might be the integration
of the regularization process within the font code to avoid extra processes. It is important
note that while inexperienced users may find it easier to work with an automated tool,
their lack of experience might lead to wrong results; thus, training is highly recommended.
Even with an automated tool, MQ-NMR analysis is a complex issue.

Another improvement for the future would be the addition of more than one way to
obtain Dres, for instance, by fitting an Abragam-like function or through simultaneous fitting
of two sets of data, as has been done in other works [34]. Further future developments of
MEW2 could include different options for the analysis of various pulse sequences applied to
elastomeric materials. These features could make this program a standard in the MQ-NMR
analysis, where for now its main purpose is saving as much time as possible while providing
a simple working version of the program which that can be improved in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15204058/s1.

Author Contributions: Conceptualization, F.M.S., R.N. and J.L.V.; Methodology, F.M.S., Z.Z.-R., L.D.,
M.M.E. and R.H.; Software, F.M.S.; Resources, R.N. and J.L.V.; Data curation, L.D.; Writing—original
draft, F.M.S., L.D., R.N. and J.L.V.; Writing—review & editing, F.M.S., Z.Z.-R., L.D., M.M.E., R.H.,

https://www.mdpi.com/article/10.3390/polym15204058/s1
https://www.mdpi.com/article/10.3390/polym15204058/s1


Polymers 2023, 15, 4058 13 of 14

R.N. and J.L.V.; Visualization, Z.Z.-R., L.D., M.M.E. and R.H.; Supervision, R.N. and J.L.V.; Project
administration, R.N. and J.L.V.; Funding acquisition, R.N. and J.L.V. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation (MINECO)
under grants MAT2017-87204-R, PID2020-119047RB-I00, and PLEC2021-00779.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author and Supplementary Materials.

Acknowledgments: Authors thank the companies Valoriza Medioambiente and Valora Teruel for
providing two samples for this study. The authors additionaaly thank Walter Chassé for the develop-
ment of the regularization process cited in [5] thanandk Macarena Cervantes del Moral for the design
of the visual identity used for the MEW2 tool. Authors F.M.S., Z.Z.-R., L.D., R.H., R.N., and J.L.V. are
members of the SusPlast platform from the Spanish National Research Council (CSIC).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Treloar, L. The Physics of Rubber Elasticity; Oxford Classic Texts in the Physical Sciences; Oxford University Press: Oxford, UK, 1975.
2. Hargis, I.G.; Livigni, R.A.; Aggarwa, S.L., Recent Developments in Synthetic Rubbers by Anionic Polymerization. In Developments

in Rubber Technology—4; Whelan, A., Lee, K.S., Eds.; Springer: Dordrecht, The Netherlands, 1987; pp. 1–56. [CrossRef]
3. Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: Oxford, UK, 2007.
4. Basterra-Beroiz, B.; Rommel, R.; Kayser, F.; Valentín, J.L.; Westermann, S.; Heinrich, G. Revisiting Segmental Order: A Simplified

Approach for Sulfur-Cured Rubbers Considering Junction Fluctuations and Entanglements. Macromolecules 2018, 51, 2076–2088.
[CrossRef]

5. Chassé, W.; Valentín, J.L.; Genesky, G.D.; Cohen, C.; Saalwächter, K. Precise dipolar coupling constant distribution analysis in
proton multiple-quantum NMR of elastomers. J. Chem. Phys. 2011, 134, 044907, [.]. [CrossRef] [PubMed]

6. Saalwächter, K. Proton multiple-quantum NMR for the study of chain dynamics and structural constraints in polymeric soft
materials. Prog. Nucl. Magn. Reson. Spectrosc. 2007, 51, 1–35. [CrossRef]

7. Monti, G.A.; Acosta, R.H.; Chattah, A.; Linck, Y.G. Solid State Nuclear Magnetic Resonance of Polymers. J. Magn. Reson. Open
2023, 16–17, 100119. [CrossRef]

8. Valentín, J.L.; Carretero-González, J.; Mora-Barrantes, I.; Chassé, W.; Saalwächter, K. Uncertainties in the Determination of
Cross-Link Density by Equilibrium Swelling Experiments in Natural Rubber. Macromolecules 2008, 41, 4717. [CrossRef]

9. Mujtaba, A.; Keller, M.; Ilisch, S.; Radusch, H.K.; Thurn-Albrecht, T.; Saalwächter, K.; Beiner, M. Mechanical Properties and Cross-
Link Density of Styrene-Butadiene Model Composites Containing Fillers with Bimodal Particle Size Distribution. Macromolecules
2012, 45, 6504. [CrossRef]

10. Saleesung, T.; Saeoui, P.; Sirisinha, C. Cure and scorch in the processing of ethylene-propylene-diene terpolymer (EPDM). J. Appl.
Polym. Sci. 2017, 134. .: 10.1002/app.44523. [CrossRef]

11. Litvinov, V.M.; Barendswaard, W.; van Duin, M. The Density of Chemical Crosslinks and Chain Entanglements in Unfilled EPDM
Vulcanizates as Studied with Low Resolution, Solid State 1H NMR. Rubber Chem. Technol. 1998, 71, 105–118. [CrossRef]

12. Orza, R.A.; Magusin, P.C.; Litvinov, V.M.; van Duin, M.; Michels, M. Network Density and Diene Conversion in Peroxide-Cured
Gumstock EPDM Rubbers. A Solid-State NMR Study. Macromol. Symp. 2005, 230, 144–148. [CrossRef]

13. Orza, R.A.; Magusin, P.C.M.M.; Litvinov, V.M.; van Duin, M.; Michels, M.A.J. Solid-State 1H NMR Study on Chemical Cross-Links,
Chain Entanglements, and Network Heterogeneity in Peroxide-Cured EPDM Rubbers. Macromolecules 2007, 40, 8999–9008.
[CrossRef]

14. Magusin, P.C.M.M.; Orza, R.A.; Litvinov, V.M.; van Duin, M.; Saalwächter, K., Chain Mobility in Crosslinked EPDM Rubbers.
Comparison of 1H NMR T2 Relaxometry and Double-Quantum 1H NMR. In NMR Spectroscopy of Polymers: Innovative Strategies
for Complex Macromolecules; American Chemical Society: Washington, DC, USA, 2011; Chapter 13, pp. 207–220. [CrossRef]

15. Saalwächter, K.; Ziegler, P.; Spyckerelle, O.; Haidar, B.; Vidal, A.; Sommer, J.U. H1 multiple-quantum nuclear magnetic resonance
investigations of molecular order distributions in poly(dimethylsiloxane) networks: Evidence for a linear mixing law in bimodal
systems. J. Chem. Phys. 2003, 119, 3468–3482. [CrossRef]

16. Grunin, L.Y.; Ivanova, M.; Schiraya, V.; Grunina, T. Time-Domain NMR Techniques in Cellulose Structure Analysis. Appl. Magn.
Reson. 2023, 54, 929–955. [CrossRef]

17. Saalwächter, K. Detection of Heterogeneities in Dry and Swollen Polymer Networks by Proton Low-Field NMR Spectroscopy.
J. Am. Chem. Soc. 2003, 125, 14684–14685. [CrossRef]

18. Laquerbe, S.; Sayed, J.E.; Lorthioir, C.; Meyer, C.; Narita, T.; Ducouret, G.; Perrin, P.; Sanson, N. Supramolecular Crosslinked
Hydrogels: Similarities and Differences with Chemically Crosslinked Hydrogels. Macromolecules 2023, 56, 7406–7418. [CrossRef]

http://doi.org/10.1007/978-94-009-3435-1_1
http://dx.doi.org/10.1021/acs.macromol.8b00099
http://xxx.lanl.gov/abs/.
http://dx.doi.org/10.1063/1.3534856
http://www.ncbi.nlm.nih.gov/pubmed/21280798
http://dx.doi.org/10.1016/j.pnmrs.2007.01.001
http://dx.doi.org/10.1016/j.jmro.2023.100119
http://dx.doi.org/10.1021/ma8005087
http://dx.doi.org/10.1021/ma300925p
http://dx.doi.org/10.1002/app.44523
http://dx.doi.org/10.5254/1.3538466
http://dx.doi.org/10.1002/masy.200551153
http://dx.doi.org/10.1021/ma071015l
http://dx.doi.org/10.1021/bk-2011-1077.ch013
http://dx.doi.org/10.1063/1.1589000
http://dx.doi.org/10.1007/s00723-023-01600-4
http://dx.doi.org/10.1021/ja038278p
http://dx.doi.org/10.1021/acs.macromol.3c00769


Polymers 2023, 15, 4058 14 of 14

19. Sethulekshmi, A.; Saritha, A.; Joseph, K. A comprehensive review on the recent advancements in natural rubber nanocomposites.
Int. J. Biol. Macromol. 2022, 194, 819–842. . [CrossRef]

20. Vaca Chávez, F.; Saalwächter, K. NMR Observation of Entangled Polymer Dynamics: Tube Model Predictions and Constraint
Release. Phys. Rev. Lett. 2010, 104, 198305. [CrossRef]

21. Dibbanti, M.K.; Mauri, M.; Mauri, L.; Medaglia, G.; Simonutti, R. Probing small network differences in sulfur-cured rubber
compounds by combining nuclear magnetic resonance and swelling methods. J. Appl. Polym. Sci. 2015, 132. [CrossRef]

22. Valentín, J.L.; Pérez-Aparicio, R.; Fernandez-Torres, A.; Posadas, P.; Herrero, R.; Salamanca, F.M.; Navarro, R.; Saiz-Rodríguez, L.
Advanced characterization of recycled rubber from end-of-life tires. Rubber Chem. Technol. 2020, 93, 683–703. [CrossRef]

23. Pérez-Campos, R.; Fayos-Fernández, J.; Monzó-Cabrera, J.; Martín Salamanca, F.; López Valentín, J.; Catalá-Civera, J.M.; Plaza-
González, P.; Sánchez-Marín, J.R. Dynamic Permittivity Measurement of Ground-Tire Rubber (GTR) during Microwave-Assisted
Devulcanization. Polymers 2022, 14, 3543. [CrossRef]

24. Shim, S.E.; Parr, J.C.; von Meerwall, E.; Isayev, A.I. NMR Relaxation and Pulsed Gradient NMR Diffusion Measurements of
Ultrasonically Devulcanized Poly(dimethylsiloxane). J. Phys. Chem. B 2002, 106, 12072–12078. [CrossRef]

25. Kuhn, W.; Grün, F. Beziehungen zwischen elastischen Konstanten und Dehnungsdoppelbrechung hochelastischer Stoffe.
Kolloid-Zeitschrift 1942, 101, 248–271. [CrossRef]

26. Lang, M. Monomer Fluctuations and the Distribution of Residual Bond Orientations in Polymer Networks. Macromolecules 2013,
46, 9782–9797. [CrossRef]

27. Lang, M.; Sommer, J.U. Analysis of Entanglement Length and Segmental Order Parameter in Polymer Networks. Phys. Rev. Lett.
2010, 104, 177801. [CrossRef]

28. Azevedo, M.; Monks, A.M.; Kerschbaumer, R.; Schlögl, S.; Saalwächter, K.; Walluch, M.; Consolati, G.; Holzer, C. Peroxide-based
crosslinking of solid silicone rubber, part II: The counter-intuitive influence of dicumylperoxide concentration on crosslink
effectiveness and related network structure. J. Appl. Polym. Sci. 2023, 140, e54111. [CrossRef]

29. Jakisch, L.; Garaleh, M.; Schäfer, M.; Mordvinkin, A.; Saalwächter, K.; Böhme, F. Synthesis and Structural NMR Characterization of
Novel PPG/PCL Conetworks Based upon Heterocomplementary Coupling Reactions. Macromol. Chem. Phys. 2018, 219, 1700327.
[CrossRef]

30. Weese, J. A reliable and fast method for the solution of Fredhol integral equations of the first kind based on Tikhonov regularization.
Comput. Phys. Commun. 1992, 69, 99–111. https:/doi.org/10.1016/0010-4655(92)90132-I. [CrossRef]

31. Saalwächter, K.; Klueppel, M.; Luo, H.; Schneider, H. Chain order in filled SBR elastomers: A proton multiple-quantum NMR
study. Appl. Magn. Reson. 2004, 27, 401–417. [CrossRef]

32. Berriot, J.; Martin, F.; Montes, H.; Monnerie, L.; Sotta, P. Reinforcement of model filled elastomers: Characterization of the
crosslinking density at the filler-elastomer interface by 1H NMR measurements. Polymer 2003, 44, 1437–1447. [CrossRef]

33. Chasse, W.; Lang, M.; Sommer, J.U.; Saalwachter, K. Cross-Link Density Estimation of PDMS Networks with Precise Consideration
of Networks Defects. Macromolecules 2012, 45, 899–912. [CrossRef]

34. Shahsavan, F.; Beiner, M.; Saalwächter, K. Chain Dynamics in Partially Cross-linked Polyethylene by Combined Rheology and
NMR-based Molecular Rheology. J. Polym. Sci. 2021, 60, 1266–1276. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.ijbiomac.2021.11.134
http://dx.doi.org/10.1103/PhysRevLett.104.198305
http://dx.doi.org/10.1002/app.42700
http://dx.doi.org/10.5254/rct.20.79963
http://dx.doi.org/10.3390/polym14173543
http://dx.doi.org/10.1021/jp0257247
http://dx.doi.org/10.1007/BF01793684
http://dx.doi.org/10.1021/ma402013b
http://dx.doi.org/10.1103/PhysRevLett.104.177801
http://dx.doi.org/10.1002/app.54111
http://dx.doi.org/10.1002/macp.201700327
https:/doi.org/10.1016/0010-4655(92)90132-I
http://dx.doi.org/10.1016/0010-4655(92)90132-I
http://dx.doi.org/10.1007/BF03166740
http://dx.doi.org/10.1016/S0032-3861(02)00882-0
http://dx.doi.org/10.1021/ma202030z
http://dx.doi.org/10.1002/pol.20210213

	Introduction
	Theoretical Background
	Algorithm Performance
	Experimental Section
	Results and Discussion
	Conclusions
	References

