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Abstract 
 

Elastomeric polymers are important materials for many applications due to their exceptional 

long-range elastic property obtained by crosslinking. Crosslinking is the process of creating 

three dimensional network structures in the polymer materials and induces elasticity. Hence, 

the precise characterization of the crosslink density (i.e. molecular weight (Mc) between 

crosslinks) is essential for tuning the elastic response in polymer networks.  

There are several techniques available for polymer network crosslink density measurement, 

among them equilibrium swelling and nuclear magnetic resonance (NMR) spectroscopy are 

widely used. Particularly multiple-quantum (MQ) NMR spectroscopy technique is emerging 

as an excellent tool for network characterization in the molecular level for last three decades. 

The unique advantage of this technique over the equilibrium swelling is that it gives the 

crosslink density together with crosslink distribution, besides being a rapid and solvent free 

technique. MQ NMR can be applied on inexpensive low resolution instrument without 

compromising on the data quality, where chemical shift resolution is not necessary. 

Moreover, other NMR pulse sequences are available for characterizing other polymer 

properties such as bound rubber fraction in filled networks, polymer dynamics, segmental 

motions etc. 

In the present work, MQ proton NMR has been used to obtain the dipolar coupling constant 

and the crosslink density in different classes of elastomers (commercial formulation for tire 

industry, shape memory ionic elastomers and advanced application polyacrylates networks).  

The robustness of the crosslink density measurements obtained from equilibrium swelling 

method (both phenomenological and statistical models) was compared with MQ NMR results 

in formulation for tire application. Thiol probes were applied to quantify ranking of sulfidic 

bridges as a function of curing time in the network. The Kraus, Lorenz and Parks correction 

for filler restriction on swelling was validated from the MQ NMR results and is significant 

finding. Differently from the published papers, focused on the effect of different 

vulcanization conditions at the optimum curing time, here the kinetics of vulcanization was 

studied. In this way a detailed and comprehensive picture of the polymer network as a 

function of curing time was provided. Baum-Pines MQ NMR pulse sequence allows the 

measurement of dipolar coupling constants and hence crosslink density in sulfur cured natural 
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rubber, carbon black (N234) filled polyisoprene, polybutadiene and 

polyisoprene/polybutadiene blend networks. The network degradation was studied by 

measuring the crosslink density as a function of curing time.  

The crosslink density and bound rubber fraction around the ionic domains in a shape memory 

polymer network - carboxylated nitrile butyl rubber (XNBR) - have been obtained by the 

combination of Baum-Pines and 5 pulse MQ NMR sequences. The combined approach of 

Baum-Pines and 5 pulses MQ NMR gives crosslink density, allowing the estimation of bound 

rubber fraction as well. The measured bound rubber fraction has been further validated by 

magic sandwich echo NMR experiments, standard approach in this field. Finally the 

vulcanization curves and temperature dependent mechanical properties have been studied by 

rubber processing analyzer (RPA), using time-temperature superposition principle.  

In principle, the methods presented here can also be applied to other classes of elastomers. 

For example, polyacrylates are an important class of polymers with a growing number of 

applications where literature on NMR studies is scarce. Thus, a proof-of-principle study was 

performed using the five pulse MQ sequences to measure dipolar coupling constants in 

thermally cured (crosslinked) polybutylacrylate networks, detecting differences associated to 

different sample preparation and crosslinking.  

Therefore this study allows proposing time domain-NMR as an inexpensive, fast and solvent-

free (green) technique readily available for quality control and day to day R&D purposes both 

for tyre applications and for a wide range of other elastomers and it was the primary aim of 

this work. 
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Chapter 1 

Introduction 

 

1.1 Elastomers 
 

The name elastomer comes from the ability of polymer to regain its original shape after 

removal of load caused to deform its initial state or shape. Elasticity is the inherent property 

of networked polymers. The networks are created either physical (entanglement) or chemical 

crosslinks between polymer chains. Physical crosslinks are in general not permanent since 

they may completely or partially disappear on swelling or increase in temperature. Chemical 

crosslinks are permanent chemical bonds between polymer chains and are irreversible. 

Chemical networks can create either from the origin of synthesis or by randomly joining 

segments in already formed macromolecule chains. Sulfur cure, peroxide cure and high-

energy irradiations are familiar methods of random crosslinking. Creation of crosslinks 

(chemical bonds) between polymer chains and achieving the polymer network by the addition 

of crosslink agents and heating under pressure is called the vulcanization or curing. Most of 

the rubber industries or automotive tyre industries use the vulcanization to achieve the 

elasticity in rubber products. The main vulcanization agents find extensive uses in the rubber 

industry are sulfur and peroxides. In sulfur vulcanization systems, cyclic octaatomic sulfur 

molecules with closed ring structure opens and form bridge between carbon atoms in the 

neighbouring chains whereas peroxide vulcanization, based on a radical pathway and creates 

direct bond between carbon-carbon. In sulfur vulcanization, it is common to use accelerators 

also for dual purpose of increasing rate of sulfur crosslinking in rubber and crosslink density. 

Formation of networks by end-linking individual chains by certain functional linkages is the 

most appropriate method of forming well-defined structures. The functionality of a linkage is 

defined as the number of chains meeting at the network junction. A perfect network should 

have at least trifunctionality and does not contain any defects such as dangling ends, loops etc 

and will discuss later. 
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1.2 Crosslinked Polymer Networks 
 

We can define the polymer network in multiple ways, for the sake of ease, network is defined 

as the three dimensional polymer structure, in which polymer chains are linked either 

physically or chemically and transform the polymer system from plastic behavior to elastic is 

called the network. Physical crosslinks are created by aggregation of polymer chains 

(entanglements), ionic hoops, lamellar, fibrillar or reticular systems exhibit particular ordered 

structures and are not permanent. Chemical crosslinks are permanent and are created by 

covalent bonding between polymer molecules such a sulfur vulcanized polyisoprene structure 

is as shown in Figure 1.1. A single sulfur or polysulfur could crate links between polymer 

chains, ‘n’ indicates number of sulfur atoms. Peroxides typically react with the elastomer 

chains by removing hydrogen atoms from the carbon backbone of the polymer, thus creating 

highly active radicals on the chain, which attach to a similar site on another chain. This 

creates a carbon to carbon crosslink, which is stronger than sulfur to carbon link and more 

thermally stable such a structure is shown in Figure 1.2. 

Our main interest in this particular study is to analyse the chemical crosslinks of a network by 

estimating the appropriate network parameters such as a crosslink density, distribution, 

network defects etc. For an instant we restricted to covalent crosslink density of a different 

polymer networks under studied. The network analysis or characterization can be done by 

obtaining network parameter i.e. molecular weight between crosslink junctions. The network 

parameters can obtain by applying different network models in equilibrium swelling method 

[1] and on applying polymer dynamics theory and simulations together with NMR 

experimental data [2]. The network models will discuss briefly in chapter 3. 

 

Figure 1.1 Mono and poly sulfide crosslinking in polyisoprene polymer. ‘n’ indicates number 

of sulfur atoms. 
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Figure 1.2 Dicumyl peroxide (DCP) crosslinking in polyisoprene polymer. The direct 

chemical bond creates between backbone carbons of two polymer chains. 

 

1.3 Filled Networks 
 

Creating of chemical crosslinks and transforming the polymer from plastic behaviour to 

elastic behaviour alone is not enough for real time applications. Most of the applications 

demands good mechanical and load bearing capacity. These requirements can be achieved by 

reinforcing of elastomer network with particulate fillers. Simply adding of fillers cannot help; 

need to understand whether added fillers are improving reinforcement to the network or not. 

The most commonly used fillers in the rubber industry are silica and various grades of carbon 

black [3-7]. Day to day growing demand for various applications and to improve the desired 

properties of polymers, various kinds of nano fillers [8-10] are rigorous subject of study. 

The study of filler reinforcement is broader subject. The present work is not concern about 

the systematic study of various filled elastomers and their influence on mechanical properties 

but we limited to carbon black filler and how it creates topological restrictions to the 

crosslinked networks measured by MQ NMR and equilibrium swelling methods.  
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1.4 NMR Spectroscopy 
 

Nuclear magnetic resonance is one of the most complex spectroscopy techniques. However 

this complexity can be the source of enormous information about the structure and dynamics 

of the simple to complex polymeric systems. Better knowledge of NMR phenomenon allows 

to understanding NMR literature and conduct NMR experiments and elucidation of additional 

information of the system under study. Continues knowledge has to be gained to utilize great 

variety of NMR experiments most effectively and correctly. Nuclear magnetic resonance 

phenomenon can be described in a most simple way as follows. 

 

1.4.1 Nuclear Magnetic Resonance 

 

Exchange of energy between two systems at a specific frequency is called resonance. 

Magnetic resonance corresponds to the energetic interaction between spins and 

electromagnetic radio frequency (RF).  

The energy required to induce flipping and obtain an NMR signal is just the energy 

difference between the two nuclear orientations (states) and is shown in Figure 1.3. It 

depends on the strength of the magnetic field Bo in which the nucleus is placed and 

gyromagnetic ratio of nucleus: 

 

∆𝐸 = 𝛾ℏ𝐵0 (1.1) 

 

Where 𝛾  gyromagnetic ratio and is constant for particular type of nucleus. ℏ = ℎ/2𝜋 , h 

planck’s constant and Bo is strength of static magnetic field. 

 

 

Figure 1.3 Schematic representation of system of spin-1/2 nuclei in a magnetic field of 

strength Bo at thermal equilibrium, RF excited, free induction decay and final relaxation. 
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Only nuclei those spin with the same frequency as the electromagnetic RF pulse will respond 

to that RF pulse. There is a modification of spin equilibrium and absorption of 

electromagnetic energy by atomic nuclei, which is called excitation. The frequency of the 

radiation necessary for absorption of energy depends on characteristic of the type of nucleus 

(e.g., 
1
H, followed by 

13
C, 

31
P, 

19
F, 

15
N 

29
Si etc. all of these nuclei are spin ½ nuclei. There 

are NMR active integral spin nuclei also available such as a 
2
H, 

6
Li, and 

14
N etc.). The 

frequency also depends on chemical environment of the nucleus and is allows to identify the 

chemical structure of sample under study, for example, the methyl and hydroxyl protons of 

methanol absorb at different frequencies, the length of time and the manner in which the 

nuclei dissipate absorbed energy can also be used to reveal information regarding a variety of 

dynamic processes. The NMR frequency also depends on spatial location in the magnetic 

field if that field is not everywhere uniform. This is more important for good resolution of 

spectra of sample under study. There are techniques also available to better reduce the field 

inhomogeneities dephasing effect by applying refocusing pulses [11]. 

When the system returns from this state of imbalance to equilibrium (relaxation), there is an 

emission of electromagnetic energy which generates current in the spectrometer receiver coil 

and it contains information about the system. Excitation modifies energy levels and spin 

phase and is achieved by applying simple pulse or by complex pulse sequences. At the 

quantum level, a very few spins jump to a higher energy state (from parallel to anti-parallel). 

The consequence on the macroscopic net magnetization vector is a spiral movement down to 

the XY-plane as shown in Figure 1.4. In a rotating frame of reference, the net magnetization 

vector tips down during excitation. The flip angle is in function of the strength and duration 

of the electromagnetic RF pulse.  

 

 

 

Figure 1.4 The net magnetization moment down to the xy-plan by the application of pulse. 
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1.4.2 Boltzmann Equation 

 

The extent to which one orientation (energy state) is favored over the other depends on the 

strength of the small nuclear magnet (nuclei gyromagnetic ratio) and the strength of the 

strong magnetic field Bo in which it is placed. In practice, we do not put one nucleus in a 

magnetic field. Rather a huge number (approaching Avogadro's number) of nuclei are in the 

sample that is placed in a magnetic field. The distribution of nuclei in the different energy 

states (i.e., orientations of nuclear magnets) under conditions in which the nuclear spin 

system is unperturbed by application of any RF energy is given by the Boltzmann equation: 

 

𝑁2
𝑁1
= 𝑒−

∆𝐸
𝑘𝑇 = 𝑒−

ℎ𝜗
𝑘𝑇  

(1.2) 

 

Where N2 and N1 represent the population (i.e., number) of nuclei in upper and lower energy 

states, respectively, k is the Boltzmann constant, and T is the absolute temperature (K). To 

give some idea of the consequences of increasing magnetic field on the population of spin 

states, the distribution of a small number (about two million) of hydrogen nuclei, calculated 

from Equation (1.2) is shown in Figure 1. 5. For protons in an 18.8 T magnetic field (= 

800 MHz) at thermal equilibrium at room temperature, the population ratio will be 0.999872. 

That means for every 999872 nuclei in the upper energy state there are 1,000,128 nuclei in 

the lower energy state. Such a small difference between energy states gives NMR 

phenomenon. 

 

Figure 1. 5 Dipole spin population difference between energy states depends on static (B0) 

field. 
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1.4.3 NMR relaxation mechanisms 

 

After destroying equilibrium state of spin system by applying RF pulse, the spin system 

return to equilibrium of net magnetization is called “relaxation”. During relaxation, 

electromagnetic energy is retransmitted; this RF emission is called the NMR signal. In NMR 

two types of relaxation mechanisms occur: 

1) Longitudinal relaxation (T1) corresponds to longitudinal magnetization recovery. 

2) Transverse relaxation (T2) corresponds to transverse magnetization decay. 

 

1) Longitudinal relaxation (T1) 

 

T1 relaxation is due to energy exchange between the spins and surrounding lattice (spin-

lattice relaxation), re-establishing thermal equilibrium. As spins go from a high energy state 

back to a low energy state, RF energy is released back into the surrounding lattice and the 

reason called spin-lattice relaxation. 

The recovery of longitudinal magnetization follows an exponential curve. The recovery rate 

is characterized by the material-specific time constant T1. After time T1, longitudinal 

magnetization has returned to 63% of its final value as shown in Figure 1. 6. T1 values are 

longer at higher field strengths. 

 

Figure 1. 6 The recovery of longitudinal relaxation time. 

 

2) Transverse relaxation (T2) 

 

T2 relaxation results from spins getting out of phase. As spins move together, their magnetic 

fields interact (spin-spin interaction), slightly modifying their precession rate. These 
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interactions are temporary and random. Thus, spin-spin relaxation causes a cumulative loss in 

phase resulting in transverse magnetization decay. 

Transverse magnetization decay is described by an exponential curve, characterized by the 

time constant T2. After time T2, transverse magnetization has lost 63 % of its original value as 

shown in Figure 1. 7. Transverse relaxation is faster than longitudinal relaxation (most 

probably). T2 values are unrelated to field strength. 

 

 
 

Figure 1. 7 Decay of transversive relaxation. 

 

1.4.4 Time domain NMR 
 

NMR usually relies on Fourier transform of the free induction decay (FID) to obtain 

information on the nuclear neighbourhood in terms of spectral chemical shift. In TD-NMR, 

FID is analyzed directly. The information on the chemical environment of each nucleus is 

neglected, but the analysis provides information on molecular mobility. The underlying 

physical principles are the same: a sample containing spin active nuclei, such as 
1
H, 

immersed in a static magnetic field B0 develops a macroscopic magnetization vector M. In 

NMR experiments the sample is irradiated with electromagnetic pulses in order to perturb M 

from thermodynamic equilibrium. In the classical description [12] of NMR, pulses rotate M 

from its equilibrium position by an angle that depends on their duration. The observable is the 

current circulating in the receiver coil, proportional to the component of the magnetization M 

in the xy-plane (perpendicular to the B0 direction). 

The characteristic features of the TD-NMR signal are informative of the morphology, 

topology and dynamics of a wide array of polymer matrices, among which are elastomeric 

materials. 
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The TD-NMR gives enormous information about the polymeric materials by performing the 

as simple as Bloch Decay [13, 14] experiment to complex multiple-quantum experiment [2]. 

The information provided by TD-NMR even at low fields is robust and able to give reliable 

information for as sensitive as a forensic context [13, 14] even by detecting the changes occur 

in the same commercial products produced in different batches.  

 

1.4.4.1 Bloch Decay experiment 

 

In the Bloch Decay (BD) experiment, a single pulse is applied to rotate the proton 

magnetization M by 90°, thus maximizing the measured signal immediately after the pulse. 

By the Boltzmann law of statistics M is proportional to the number of proton spins and 

inversely proportional to the temperature. Hence a measurement of the current intensity in the 

coil just after the pulse and at a fixed temperature will give an evaluation of the number of 

protons in the sample, which is standard method for measurement of hydrogen content in 

distillate petroleum products. 

Hahn echo [11], solid echo [15] and CPMG [16] experiments could provide T2 relaxation 

times which intern reflects the dynamics and structure of the system. Choice of pulse 

sequence may depend on the nature of studying material, means soft or hard or liquid nature 

of the sample. T1 measurements performed either saturation recover or inversion recovery 

pulse is prerequisite for any other NMR measurements in order to find the appropriate recycle 

delay (must set to ≥ 5T1). T1 measurements are also helpful to study the polymer side chains 

and segmental motions or internal motions [17]. 

 

1.4.4.2 Solid echo sequence (T2) 

 

Solid echo [15] provides T2 relaxation time by completely refocusing of strong dipolar 

interactions (dipolar and quadrupolar couplings) typical of highly constrained polymer 

chains. This sequence can refocus also the hard phase magnetization, with a significant loss 

of intensity at longer times. By selecting an initial echo time of about 80 ms also possible to 

completely exclude the detection of residual magnetization from the rigid phase, and insulate 

the magnetization of the softer phase. It is generated by a 90° pulse applied at a time τ after 

the first 90° excitation pulse as shown in Figure 1. 8. The two 90° pulses must be 90° out of 

phase. The echo maximum is at a time τ after the second pulse. The echo delay τ should be 

smaller than the inverse coupling strength. 
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Figure 1. 8 Solid echo pulse sequence and obtained signal intensity fitted with exponential 

function to obtain T2. 

1.4.4.3 CPMG sequence (T2) 

 

Carr Purcell Meiboom Gill (CPMG) pulse sequence [16] designed to measure the transverse 

relaxation time T2. This sequence consists of a first 90° pulse followed by a train of equally 

spaced 180° pulses shown in Figure 1 9. The signal is measured in the midpoint between each 

pair of 180° pulses and the obtained decaying curve is fitted against M0exp(-t/T2). This 

measurement is also based on total FID intensity rather than on the intensity of a single 

frequency domain peak.  

 

Figure 1 9 CPMG pulse sequence and obtained signal intensity fitted with exponential 

function to obtain T2. 
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1.4.4.4 Hahn echo sequence (T2) 

 

Hahn echo [11] is more efficient pulse sequence to measure T2. The 180° refocusing pulse 

suppress the magnetic field inhomogeneities and chemical shift effects.  

The Hahn echo pulse sequence is as shown in Figure 1. 10 consist of a 90° pulse and 180° 

refocusing pulse. By the 90° pulse flips the magnetization in the XY-plane, during the first τ 

delay, the magnetization evolves according to its chemical shift (and field inhomogeneities) 

and then a 180° pulse will apply and is inverts the magnetization. (This pulse can be applied 

along X or Y axis). Following the inversion pulse, another τ delay will apply, during this 

delay, the magnetization refocus, at the end of the second delay; the echo will be lined up. 

 

 

 

Figure 1. 10 Hahn echo pulse sequence and obtained signal intensity fitted with exponential 

function to obtain T2. 

Multiple-quantum nuclear magnetic resonance (MQ NMR) is one of the most successful and 

versatile technique for studying networked polymer structures and a dynamics [18]. The basis 

of MQ NMR is that orientation dependent interaction between dipolar spins and leaves 

residues of dipolar couplings. The magnitude of dipolar coupling constant is proportional to 

the network crosslink density. The detail picture of MQ NMR will discuss in chapter 2. The 

NMR phenomenon is understood by the various interactions in a system of spins in the 

magnetic field. 
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1.4.5 Types of NMR Interactions 

 

The basis for NMR phenomenon is to understand the various interactions experienced by the 

system of N spins in a magnetic field. When an atomic nucleus is placed in a static magnetic 

field, the ground state will split into different energy levels depends on the strength of the 

magnetic field and is called the Zeeman interaction and is the most basic interaction in NMR. 

When the radio frequency energy is applied to the same system in addition to the static 

magnetic field, various interactions are comes into picture and these interactions are 

perturbations to the basic Zeeman interaction. The different interaction energies can be 

described in terms of Hamiltonian [21-24]. In NMR, we can distinguish nuclear spin 

interactions into internal and external interactions and their interaction Hamiltonian is 

represented as  

�̂� = �̂�𝑒𝑥𝑡 + �̂�𝑖𝑛𝑡  (1.3) 

 

Where 

�̂�𝑒𝑥𝑡 = �̂�𝑧 + �̂�𝑅𝐹 and �̂�𝑖𝑛𝑡 = �̂�𝐶𝑆 + �̂�𝐷 + �̂�𝐽 + �̂�𝑄 (1.4) 

 

Where �̂�𝑧 , �̂�𝑅𝐹,  �̂�𝐶𝑆, �̂�𝐷, �̂�𝐽 and �̂�𝑄 are Zeeman, radio-frequency, chemical shift, direct 

spin-spin, indirect spin-spin and quadrupole interactions respectively. 

The Zeeman interaction is the largest followed by the quadrupolar interactions which are on 

the order of MHz. The chemical shift and direct dipolar coupling are on the order of kHz 

while the indirect spin-spin coupling is only tens of Hz. All these interactions are expressed 

with Hamiltonian.  

The dynamics of the N spins can be explained by classical mechanics by neglecting the 

interaction between spins but the interaction between the spin is the key basis for nuclear 

magnetic resonance. It is necessary to treat quantum mechanical formalism to describe the 

dynamics of N coupled spins. In NMR, spectroscopic information is measured as a statistical 

ensemble over the individual spins. The quantum mechanics is the best way to describe 

ensemble of spins with the help of density operator. 
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Density Operator 

Density operator theory is a powerful, elegant and relatively simple formalism for describing 

the quantum mechanical system. Here we used density operator formalism [19, 20] to derive 

the equation of motion for different interactions in spin systems. 

Properties of Density Operator 

Consider a system is in a state |𝜓(𝑡)〉 at a time t, we can expanded the state 

|𝜓(𝑡)〉 =  ∑𝑎𝑛 
𝑛

(𝑡)|𝑢𝑛〉 
(1.5) 

 

We assume that |𝜓(𝑡)〉 is normalized, 

⟨𝜓(𝑡)|𝜓(𝑡)⟩ = 1 =∑∑𝑎𝑛
𝑚𝑛

(𝑡)𝑎𝑚
∗ (𝑡)〈𝑢𝑚|𝑢𝑛〉 

=∑|𝑎𝑛 
𝑛

(𝑡)|2 
(1.6) 

 

Suppose that we have an observable, represented as operator A. 

The matrix elements of A in this basis are  

𝐴𝑚𝑛 = ⟨𝑢𝑚|𝐴 𝑢𝑛⟩ = ⟨𝐴𝑢𝑚| 𝑢𝑛⟩ 

 

𝐴𝑚𝑛 = ⟨𝑢𝑚|𝐴| 𝑢𝑛⟩ (1.7) 

 

The expectation (average) value of A at time t, for the system in a state |𝜓(𝑡)〉 

 

〈𝐴〉 = 〈𝜓(𝑡)𝐴𝜓(𝑡)〉 (1.8) 
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=∑∑𝑎𝑛
𝑚𝑛

(𝑡)𝑎𝑚
∗ (𝑡)𝐴𝑚𝑛 

 

We see that 〈𝐴〉 is an expansion quadratic in the {𝑎𝑛} coefficient 

Consider the operator |𝜓(𝑡)〉〈𝜓(𝑡)|. It has the matrix elements. 

⟨𝑢𝑚|𝜓(𝑡)⟩⟨𝜓(𝑡)|𝑢𝑛⟩ = 𝑎𝑚 (𝑡)𝑎𝑛
∗ (𝑡) (1.9) 

 

These matrix elements appear in the calculation of expectation values〈𝐴〉. 

Hence define, 

�̂�(𝑡) = |𝜓(𝑡)〉〈𝜓(𝑡)| (1.10) 

 

Equation (1.10), �̂�(𝑡) is called the density operator. The density matrix or operator has the 

following properties: 

1) Projector �̂�2 = �̂� 

2) Hermiticity �̂�† = �̂� 

3) Normalized 𝑇𝑟�̂� = 1 

4) Positivity �̂� ≥ 0 

One can derive the equation of motion for the density operator from time dependent 

Schrödinger equation 

𝑖 ħ
𝑑

𝑑𝑡
|𝜓(𝑡)〉 = 𝐻(𝑡)|𝜓(𝑡)〉 

(1.11) 

𝐻(𝑡) is the Hamiltonian. 

The time evolution of the density operator may be computed according to 

𝑑

𝑑𝑡
�̂�(𝑡) =

𝑑

𝑑𝑡
⟦|𝜓(𝑡)〉〈𝜓(𝑡)|⟧ 
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= 
1

𝑖 ħ
𝐻(𝑡) |𝜓(𝑡)〉〈𝜓(𝑡)| −

1

𝑖 ħ
 |𝜓(𝑡)〉〈𝜓(𝑡)| 𝐻(𝑡)   

 

=
1

𝑖 ħ
[𝐻(𝑡), �̂�(𝑡)] 

(1.12) 

 

Equation (1.12) is called Liouville-Von Neuman equation [23]. 

The time evolution of the density matrix we can also describe by applying a unitary operator, 

the time shift operator 𝑈(𝑡, 𝑡𝑜) also called the projector. 

𝑈(𝑡, 𝑡𝑜) = 𝑒
−𝑖𝐻(𝑡−𝑡𝑜) 

 

= �̂�(𝑡) =  𝑈(𝑡, 𝑡𝑜). �̂�(𝑡𝑜). 𝑈
†(𝑡, 𝑡𝑜) (1.13) 

 

Now we will derive the Hamiltonian for different interactions. 

The interaction energy between nuclear spins and magnetic fields in NMR is give by the 

following equations classically. Let us consider nuclei that have magnetic moments µ
𝑖
⃗⃗  ⃗ in a 

magnetic field of strength 𝐵𝑜⃗⃗⃗⃗  then the interaction energy is  

 

𝐸 = −µ𝑖⃗⃗  ⃗. �⃗� 𝑜 (1.14) 

 

Summing over all dipoles and replacing classical magnetic moment µ𝑖  with quantum 

mechanical magnetic moment ɤ𝑖ħ𝐼 , the general Hamiltonian is written as 

𝐻 = −ħ∑ɤ𝑖
𝑖

𝐼 𝑖 . �⃗� 𝑜 
(1.15) 

Where ‘i’ represents i
th 

spins. 
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1.4.5.1 The Zeeman Interaction Hamiltonian 

 

The Zeeman interaction Hamiltonian [21] is defined as  

 

𝐻𝑧 = −ħ∑ɤ𝑖
𝑖

𝐼 𝑖 . �⃗� 𝑜 
(1.16) 

 

�⃗� 𝑜 is used to specify the static field of the instrument. 

 

𝐻𝑧 = − ħ∑ ɤ𝑖 [𝐼𝑖𝑥
𝑖

𝐵𝑥+𝐼𝑖𝑦𝐵𝑦+𝐼𝑖𝑧𝐵𝑧] 
(1.17) 

 

Where Bx, By and Bz are corresponding components of normalized vectors 𝐵𝑛⃗⃗ ⃗⃗  Generally we 

consider �⃗� 𝑜 field is set to z-axis direction so that 𝐵𝑥 = 𝐵𝑦 = 0, 𝐵𝑧 = 1  

Now Equation (1.17) becomes 

𝐻𝑧 = − ħ𝐵𝑜∑ ɤ𝑖 

𝑖

𝐼𝑖𝑧 
(1.18) 

 

1.4.5.2 R.F field Interaction Hamiltonian 

 

Let us consider a RF field of angular frequency Ωrf and a phase angle Ф applied along the 

positive x- axis direction produces an oscillating magnetic field and the representation is as 

follows  

�⃗� 𝑟𝑓(𝑡) = 2𝐵𝑟𝑓 𝑐𝑜𝑠(𝛺𝑟𝑓 𝑡 − Ф)𝑖  (1.19) 
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And the interaction energy 𝐸 = −µ⃗ . �⃗�  and quantum mechanical magnetic momentum is  ɤ𝑖ħ𝐼 . 

Therefore the RF field Hamiltonian [22] 

 

𝐻𝑟𝑓(𝑡) = −2𝐵𝑟𝑓 𝑐𝑜𝑠(𝛺𝑟𝑓 𝑡 − Ф)∑ɤ𝑖𝐼𝑥𝑖
𝑖

 
(1.20) 

𝐵𝑟𝑓 is the strength of the applied RF field. The 𝐻𝑟𝑓(𝑡) can be viewed as arising from two 

components that are of equal magnitude and angular frequency, but rotating in opposite 

directions in the xy-plane. This is reason for multiplication factor 2 in the original 

Hamiltonian in the Equation (1.20) 

 

1.4.5.3 Chemical shift Interaction Hamiltonian 

 

𝐻𝑐𝑠 = −ħ∑ɤ𝑖
𝑖

𝐼 𝑖 .�̂� �⃗� 𝑜 
(1.21) 

Where �̂� is chemical shift tensor. The magnitude of chemical shift is relatively small but it is 

important especially in high resolution spectra. 

 

1.4.5.4 Direct spin-spin Interaction Hamiltonian 

 

The classical interaction energy between two dipoles [22], of dipole moment µ
𝑖
⃗⃗  ⃗ andµ

𝑗
⃗⃗  ⃗, which 

are separated by a vector 𝑟  is  

 

𝐸𝐷𝑖𝑗 =
µ𝑖⃗⃗  ⃗. µ⃗ 𝑗
𝑟3

−
3(µ⃗ 𝑖 . 𝑟 )(𝜇 𝑗 . 𝑟 )

𝑟5
 

(1.22) 

 

𝑟  points from dipole i to dipole j, mean 𝑟 𝑖𝑗 = 𝑟 𝑖 . 𝑟 𝑗 and classical magnetic moment is replaced 

with quantum mechanical equivalent as ɤ ħ𝐼   
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𝐸𝐷 =∑∑
µ𝑖⃗⃗  ⃗. µ⃗ 𝑗

𝑟𝑖𝑗
3 −

3(µ⃗ 𝑖 . 𝑟 𝑖𝑗)(𝜇 𝑗 . 𝑟𝑖𝑗⃗⃗  ⃗)

𝑟𝑖𝑗
5

𝑗>𝑖𝑖

 
(1.23) 

 

And hence dipole-dipole interaction Hamiltonian  

 

𝐻𝐷 =
ɤ𝑖ɤ𝑗ħ

2

𝑟𝑖𝑗
3 [𝐼 𝑖 . 𝐼 𝑗 −

3

𝑟𝑖𝑗
2 [𝐼
 
𝑖 . 𝑟 𝑖𝑗]. [ 𝐼 𝑗 . 𝑟 𝑖𝑗]] 

(1.24) 

1.4.5.5 Indirect spin-spin Interaction Hamiltonian 

 

Indirect spin-spin coupling also called scalar coupling or j-coupling [21] and its strength is 

very less compared other interactions. J-coupling contains the information about bond 

distance and angel and also connectivity of molecules.  

The energy involved in scalar coupling between spins i and j can be written as  

 

𝐸𝐽 𝑖𝑗 =
µ𝑖⃗⃗  ⃗. 𝜇𝑗

′⃗⃗  ⃗

𝑟𝑖𝑗
3  

(1.25) 

 

Where 𝜇𝑗
′⃗⃗  ⃗is the effective magnetic moment of spin j, which is not necessarily collinear with 

µ⃗ 𝑗 as a result of the indirect through bond interaction. The scalar coupling tensor 𝐽′̂ as a 3x3 

matrix,  

𝐽𝑖𝑗
′ . 𝜇𝑗⃗⃗  ⃗ =

1

𝑟𝑖𝑗
3 𝜇𝑗

′⃗⃗  ⃗ 
(1.26) 

  

𝐸𝐽 𝑖𝑗= µ𝑖⃗⃗⃗⃗  𝐽 𝑖𝑗
′   µ𝑗⃗⃗  ⃗ (1.27) 
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The Hamiltonian is obtained by replacing 𝜇𝑖⃗⃗  ⃗with quantum mechanical magnetic moment 

ɤ𝑖ħ𝐼𝑖⃗⃗  . 

𝐻𝐽 = ℎ∑∑ �⃗⃗� 𝑖 . 𝐽 𝑖𝑗  𝐼 𝑗
𝑗>𝑖𝑖

 
(1.28) 

1.4.5.6 Quadrupole Interaction Hamiltonian 

 

Nuclei with spin 𝐼 >
1

2
 exhibit electric quadrupole moment (Qi) which interacts with the local 

field gradient in the molecule. The spin Hamiltonian for quadrupolar interaction is  

 

𝐻𝑄 =∑
𝑒𝑄𝑖

2𝐼𝑖(2𝐼𝑖 − 1)ħ𝑖
𝐼 𝑖 �̂�𝑖𝐼 𝑖 

(1.29) 

Where Q is the nuclear quadrupole moment, I is the nuclear spin quantum number, �̂�𝑖 is the 

electric field gradient tensor at the site of nuclei i, e. is the elementary charge. 

If the quadrupolar interaction is much smaller than the Zeeman interaction, secular 

approximation may be used to discard higher terms. 

In the rest of this thesis, we are concerned about dipolar–dipolar interaction. Since the 

residual dipolar coupling constant is directly related to the structure of the polymer network 

and is a consequence of dipole-dipole interaction. We will discuss the pulse sequence needed 

to detect multiple-quantum coherences and obtained experimental result in the chapter 2. 

 

1.5 Conclusions 
 

NMR is one of the best spectroscopy techniques to diagnoses the polymer materials. It is 

more complex than the other spectroscopy techniques and gives enormous information about 

the dynamics, structure, chemical compositions etc. Many of NMR experiments can perform 

on inexpensive low resolution instruments without chemical shift resolution and without 

Fourier transform of experimental data.  
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Chapter 2 

Multiple-quantum NMR Spectroscopy 

for Polymer Network Analysis 
 

2.1 Introduction 
 

In this chapter, we will explicate the meaning of multiple-quantum (MQ) coherence in case 

of spin-1/2 dipolar coupled systems, and review the experimental approaches to accomplish 

the detection of such a phenomenon and its application to rubber networks. We will focus our 

interest on the excitation and detection of MQ and more specifically double-quantum (DQ) 

coherence on the proton (
1
H) systems under static conditions with low resolution Nuclear 

Magnetic Resonance (NMR) spectrometer.  

The first experimental evidence of MQ phenomenon was carried out with CW NMR 

spectroscopy in the end of 1950s. However, until the mid-1970s the time domain MQ spectra 

of this kind were not investigated, due to insufficient developments in theoretical (average 

Hamiltonian theory) and experimental methods. The overview of most important methods 

and applications of this phenomenon through 1980 has been described in the literature [25]. 

A detailed analysis of the theoretical concepts and experimental techniques up to 1982 is 

found in the reference [26]. The first solid-state MQ experiments were carried out by the 

group of A. Pines [18, 27] in the middle of 1980s on high field instruments. They were used 

the samples (like Benzene partially oriented in nematic liquid crystal) where no other NMR 

methods are necessary to improve the spectral resolution, because the dipole-dipole coupling 

between spins is much reduced due to high mobility of the system.  

 

2.2 Multiple-quantum NMR 
 

Solid-state MQ NMR methods are outstanding structural elucidation methods for 

characterization of the network [2] and liquid crystal polymers [18] where direct dipole-

dipole interactions can be used to create coherences of high order. After experimental 

detection of MQ phenomenon several improvements have been accomplished by various 

research groups, due to realization of robustness and significance of the technique in structure 
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elucidation in the molecular scale level. Since early 2000’s, K. Saalwachter has been working 

on the development of MQ NMR techniques especially for the application of vulcanized 

elastomer networks characterization [2, 57]. The MQ coherences can be described by a time-

dependent density operator whose elements are completely at sufficient long times. MQ 

NMR technique allows obtaining distribution of dipolar coupling constant in addition to its 

value. The following sections will briefly review the basics of MQ NMR. 

 

2.2.1 Dipolar coupling and molecular structure 

 

The dipolar interaction between two spins is evaluated in terms of Hamiltonian and has been 

derived in chapter 1. An expression for dipolar coupling constant (Dij) between two spins i 

and j, separated by distance rij with an angle 𝜃𝑖𝑗of the i-j vector relative to the magnetic field 

(Bo) direction is given by Equation (2.1). The vector diagram of the magnetic dipoles 

orientation in an external static field (Bo) is as shown in Figure 2.1. 

 

𝐷𝑖𝑗 =
𝜇𝑜ħ

4𝜋
.
𝛾𝑖𝛾𝑗

𝑟𝑖𝑗
3 .
1

2
. (3𝑐𝑜𝑠2𝜃𝑖𝑗 − 1) (2.1) 

 

Figure 2.1 Schematic of dipole-dipole interaction dependency on orientation and separation 

(rij) of two dipoles in a static magnetic field (B0). 

In case of homo nuclear dipolar interaction, the gyromagnetic ratios 𝛾𝑖 and 𝛾𝑗are equal, and in 

such a case Equation (2.1) can be reduced to Equation (2.2).  

 

𝐷𝑖𝑗 =
𝜇𝑜ħ

4𝜋
.
𝛾2

𝑟𝑖𝑗
3 .
1

2
. (3𝑐𝑜𝑠2𝜃𝑖𝑗 − 1) (2.2) 
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The local anisotropy motion in the system leaves the residuals of dipolar interaction. 

Measurement of non-zero time-averaged dipolar couplings from the NMR experimental 

spectrum therefore can provide enormous information about molecular structure and 

dynamics [28-30]. The first experimental evidence of such an experiment was carried out by 

A. Pines group in the early 1980’s [31-33] with a benzene molecule oriented in a liquid 

crystal as well as simulated spectra for different possible structures of symmetric six-carbon 

systems in the high field NMR. 

 

2.2.2 Realization of multiple-quantum coherences or spectra 

 

MQ coherences are not directly observable with NMR coil like the single-quantum 

coherences which satisfy the allowed transition between the states with selection rule 

∆𝑀 = ±1. MQ coherence those are satisfy the selection rule ∆𝑀 ≠ ±1 and can be detected 

indirectly using coherence transfer [28] by two or multi-dimensional spectroscopic methods. 

These spin-forbidden MQ coherences cannot be created directly but must be excited 

indirectly with a sequence of RF pulses. The usefulness of observing MQ transitions can be 

understood by considering the schematic energy level diagram for a system of N coupled 

spins 𝐼 =
1

2
 as shown in Figure 2.2. 

Now the challenge is to find a way to absorb and emit photons only in groups of ‘N’. Pulse 

sequences are designed by applying appropriate pulse delays and phases with the advent of 

quantum mechanical operator formalism [34]. To observe high order, selectivity requires 

many phase shifts. Due to this reason and also to keep in mind those practicalities of 

instrumental limitations, the focus is limited to few orders of MQ coherences. W.S.Warren et 

al. pointed out that 10-quantum transition in a 10-spin system can be enhanced by more than 

four orders of magnitude and also MQ sequences are much more efficient than normal 

wideband pumping of selective coherences [33]. J. Baum et al. [31] showed that the dipole-

dipole interactions can create coherences of very high order up to 100. 
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Figure 2.2 The energy level diagram of N coupled 
𝟏

𝟐
 spins in the magnetic field. The groups 

of energy levels are characterized by the magnetic Zeeman quantum number M. The splitting 

in each groups are due to chemical shifts and couplings between the spins. The solid vertical 

lines indicate allowed (∆𝑴 = ±𝟏)  one-quantum transitions and the red colored dashed 

vertical lines indicate forbidden multiple-quantum(∆𝑴 = ±𝒏, 𝒏 = 𝟎, 𝟏, 𝟐, …𝑵) transitions 

[33] 
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2.3 Average Hamiltonian theory for multiple-quantum NMR  
 

The effect of any sequence of irradiating pulses and delays between the pulses on a general 

system can be represented by a single unitary transformation U called the propagator. 

Calculating resultant U directly by multiplying U’s of each part of the sequence is extremely 

tedious if many eigenstates are involved. By the average Hamiltonian theory, one can avoid 

these tedious calculations. 

The total Hamiltonian, H(t) of a system is given by Equation (2.3). 

 

𝐻(𝑡) =  𝐻𝑖𝑛𝑡 + 𝐻1(𝑡) (2.3) 

 

Where 𝐻𝑖𝑛𝑡 is the internal Hamiltonian of the system and it may be due to many effects as 

discussed in chapter 1. In our present discussion, the interaction is considered as mainly due 

to direct dipole-dipole interaction. 𝐻1(𝑡)is time dependent Hamiltonian arising due to applied 

radio frequency (RF) and is controlled by experimenter. 𝐻1(𝑡) is termed cyclic with cycle 

time tc if H1(t) , propagator U1(t) are periodic and if tc is the shortest interval that constitutes a 

periodic for both U(t) and 𝐻1(𝑡).Propagator U1(t) is given by Equation (2.4). 

 

𝑈1(𝑡) = 𝑇𝑒𝑥𝑝[−𝑖 ∫𝐻1

𝑡

0

(𝑡 ′)𝑑𝑡 ′] (2.4) 

 

Where T is the Dyson time-ordering operator. 

𝐻𝑖𝑛𝑡is considered to be time independent, so H(t) is cyclic if 𝐻1(𝑡) is cyclic. If 𝐻1(𝑡) is a 

pulse sequence made up of an integral number N of cycles, the propagator for the entire 

sequence is the N
th

 power of the propagator corresponding to one cycle, and therefore only a 

single cycle need to be considered. The propagator for a single cycle can be calculated using 

Equation (2.5) that constitutes the Magnus expansions. 

 

𝑈 = exp(−𝑖𝐻𝑡𝑐) = exp [−𝑖(�̅�
(0)+�̅�(1)+�̅�(2) ∙∙∙∙∙∙∙∙∙∙ +�̅�(𝑛) +∙∙∙∙∙∙∙∙)𝑡𝑐] (2.5) 

 

Where the terms �̅�(0), �̅�(1),�̅�(2) and �̅�𝑖𝑛𝑡(𝑡) in Equation (2.5) are given by Equations (2.6), 

(2.7), (2.8) and (2.9) respectively.  
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�̅�(0) =
1

𝑡𝑐
∫ �̅�𝑖𝑛𝑡

𝑡𝑐

0

(𝑡). 𝑑𝑡, (2.6) 

 

�̅�(1) =
−𝑖

2𝑡𝑐
∫ 𝑑𝑡2

𝑡𝑐

0

∫ 𝑑𝑡1

𝑡2

0

[�̅�𝑖𝑛𝑡(𝑡2), �̅�𝑖𝑛𝑡(𝑡1)] (2.7) 

 

�̅�(2) =
−1

6𝑡𝑐
∫ 𝑑𝑡3

𝑡𝑐

0

∫ 𝑑𝑡2 

𝑡3

0

∫ 𝑑𝑡1 {

𝑡2

0

[�̅�𝑖𝑛𝑡(𝑡3), [�̅�𝑖𝑛𝑡(𝑡2), �̅�𝑖𝑛𝑡(𝑡1]

+ [�̅�𝑖𝑛𝑡(𝑡1), [�̅�𝑖𝑛𝑡(𝑡2), �̅�𝑖𝑛𝑡(𝑡3)]]} 

 

 

(2.8) 

 

�̅�𝑖𝑛𝑡(𝑡) = 𝑈1
−1(𝑡)𝐻𝑖𝑛𝑡𝑈1(𝑡) (2.9) 

 

This is merely a Magnus expansion of the propagator in powers of the cycle time. 

The average Hamiltonian expansion is a perturbation expansion in powers of a parameter tc 

that has a physical meaning; tc and 𝐻𝑖𝑛𝑡(𝑡) are simultaneously varied by lengthening the 

sequence. 

For this reason, �̅�(𝑖) is termed a correction term of order i and is proportional to(𝑡𝑐)
𝑖. 

�̅�(0) is the zero order or average Hamiltonian, and 𝐻 is the effective Hamiltonian. 

The advantage of propagator operator given by Equation (2.5) is that, a complex time 

dependent process has been expressed by a time independent Hamiltonian.  

The pulse sequences are usually designed so that �̅�(0) has some particular desired property 

and then high-order terms are minimized. The general two dimensional MQ experiments 

consist of the four steps or periods as shown in Figure 2.3 

 

Figure 2.3 General Schematic of 2-D NMR experiments to detect multiple-quantum 

coherences. 



34 
 

1. Preparation period: The even order coherence can realize with the dipolar Hamiltonian 

and is given by Equations (2.10) and (2.11). 

 

 

�̅�(0) =
1

3
(𝐻𝑦𝑦 −𝐻𝑥𝑥)  (2.10) 

 

 

�̅�(0) = −
1

2
∑𝐷𝑖𝑗
𝑖<𝑗

(𝐼𝑖+𝐼𝑗+ − 𝐼𝑖−𝐼𝑗−) (2.11) 

 

 

This desired dipolar coherence Hamiltonian average is obtained by the application of number 

of pulses and this pulse train is commonly called pulse sequence. The DQ pulse sequence is 

shown in Figure 2.4. This sequence consists of eight pulses and is subdivided into four 

subcycles separated by dotted lines in the Figure 2.4. By proper combination of two or more 

subcycles, the overall pulse sequence could compensate the RF inhomogeneities and 

resonance offset effects [31]. The delays between π/2 pulses of duration tp are ∆1 and 

∆2=2∆1+tp and the total cycle time tc is equal to 12(tp+∆1). 

 

2. Evolution period: During the evolution period, the system responds to the internal 

Hamiltonian (H) as given by Equation (2.12) 

 

𝐻 = 𝐻𝑧+ 𝐻𝑧𝑧 (2.12) 

 

Where Hz contains order dependent offset term resulting from time proportional phase 

incrimination. The interferogram is mapped out point-by-point for successive values of t1. The 

spectral width of the MQ spectrum is given by 1/∆𝑡1 and the number of orders detected = ± 

nmax is determined by the phase increment, ∆Ø =2π/2 nmax. Both ∆𝑡1 and ∆Ø must be chosen so 

that all signals from different coherence orders fit into the available without aliasing and 

overlapping. 

3. Mixing period: After evolving in the local fields for a time t1, the MQ coherences are 

converted to observable single quantum coherences through the action of mixing period 

propagator. Since the average Hamiltonian of Equation (2.11) is a pure DQ operator, time 
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reversal is accomplished here by a simple 90
o
 phase shift of each pulse in the eight-pulse 

cycle. The mixing period therefore contains pulses with phases y and �̅�, irrespective of any 

manipulations of the phases in the preparation period. 

4. Detection period: After mixing for time (tm), a delay is inserted during which spurious 

transverse magnetization is allowed to decay. The desired signal, stored as population 

information along the z-axis, is detected with a (π/2)x pulse, followed by a 100 µs spin-locking 

pulse along y. Spin temperature inversion, achieved by a 180
o
 phase alteration of the 

detection pulse, is used to reduce artifacts arising from receiver ringing. A single point in t2 is 

then sampled for each values of t1 with width of the single-quantum spectrum determining the 

optimum receiver bandwidth. 

In time-domain MQ spectroscopy, MQ transitions are detected indirectly in three-step 

process, in contrast to CW detection. 

1. Excitation of MQ coherences 

2. Free evolution, normally in the absence of RF perturbations 

3. Conversion into observable single-quantum coherence which is subsequently detected. 

This is as same as two dimensional spectroscopy as explained in earlier in this chapter. 

All NMR experimental approaches used for analysis of network structures rely on the 

anisotropy of segmental motions in polymeric systems. From this anisotropy of segmental 

motions, hydrogen quadruple and dipolar interactions are incompletely averaged, leaving 

small residual quantities. Measurement of these residual interactions is usually carried out by 

analysis of line shape or relaxation functions [35-40], or by application of elaborated pulse 

sequences [41-51]. These pulse sequences are designed to be more sensitive only to the 

desired interactions and to suppress unwanted contributions from, slow dynamics or 

susceptibility effects etc. MQ NMR technique is fall into second category. 

 

The original pulse sequence [18] designed to obtain such a desired interaction is shown in 

Figure 2.4. The total excitation (texe) and reconversion (trec) times are expressed as texe = trec= 

nctc. tc and nc denotes time for one cycle and number of cycles respectively. The 

corresponding excitation or reconversion block of such a pulse sequence is given by Equation 

(2.10). When applied for longer times, the stability of this sequence has been proved to be 

challenged by flip-angle deviation caused by weak B1 field heterogeneity in combination with 

considerable shift dispersion caused by shimming problem due to irregular sample shape in 

high field. Especially with low field instruments, there are strong field inhomogeneities, pulse 
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imperfections etc. that causes losses in the signal. To avoid such effects, similar to Tycko’s 

[30] work, who has introduced 24 180
o 

pulses in order to achieve good offset compensation, 

Saalwachter found that 4 180
o
 pulses in between every 2 90

o
 pulses is enough to achieve 

desire stability and also keep the duty cycle at the minimum and such a pulse sequence is 

shown in Figure 2.5 with appropriate delays between the pulses ∆1= 𝑡𝑐 24⁄ − 𝑡𝑝 2⁄ and ∆2=

𝑡𝑐 12⁄ − 3𝑡𝑝 2⁄ , where 𝑡𝑝  is 90
o 

pulse length. The clear differences in reference and DQ 

intensity obtained by original Baum-Pines [18] (Figure 2.4) and modified or improved Baum-

Pines [2] (Figure 2.5) are shown in Figure 2.16.The pulse sequence could be applied using 

different tc and nc. The DQ selection was performed using four-step phase cycle for the 

carrier phase (Фo) of the reconversion period (∆Ф= 0
o
, 90

o
, 180

o
, 270

o
) while inverting the 

receiver phase for alternating scans. This yields an overall 16-step phase cycle. Due to this 

reason, in DQ experiments, minimum 16 scans should be used for data acquisition for 

completion of phase cycling. The different stages of multiple-quantum experiments scheme is 

shown in Figure 2.6. τd before read out pulse is optional dephasing delay, which is set to zero 

in our experiments.  

 

 

 

Figure 2.4 Multiple-quantum pulse sequence with appropriate delays between 90
o 
pulses and 

phases. 

 

 
 

Figure 2.5 Multiple-quantum pulse sequence with 180
o
 phase cycling in between 90

o
 pulses. 
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Figure 2.6 Stages of a typical multiple-quantum experimental scheme. 

 

2.4 Residual dipolar coupling, order parameter relation with 

crosslink density 
 

Residual tensorial NMR (
2
H quadrupolar, 

1
H dipolar) interactions originate from imperfect 

motional averaging of chain segments fluctuating rapidly between topological constraints 

such as crosslinks or chain entanglements, and may reach magnitudes of several percent of 

the corresponding static interaction. The autocorrelation function (𝐶(|𝑡𝑎 − 𝑡𝑏|) is usually 

taken as a fundamental object for the description of the polymer chain dynamics and is 

expressed with Equation (2.13) 

 

𝐶(|𝑡𝑎 − 𝑡𝑏|) = 〈𝑃2(cos 𝜃𝑡𝑎) ⋅ 𝑃2(cos 𝜃𝑡𝑏)〉 (2.13) 

 

Where  

𝑃2(cos(𝜃)) =
1

2
(3 cos2 𝜃 − 1) (2.14) 
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The autocorrelation function clearly is a decreasing function of time, but a characteristic 

behavior exists for crosslinked polymers. The characteristic of a network consists of two 

behaviors: Fast segmental motions, which are destroy more or less 99% of the correlation 

very rapidly (in the time scales of 𝑛𝑠-𝜇𝑠), but the residual correlation (due to the crosslinks 

and to topological constraints) decreases more slowly, only through cooperative motions (in 

the time scales of 𝑚𝑠-𝑠 ) such a behavior is as shown in the schematic Figure 2.7. 

 

 

 

Figure 2.7 Orientation autocorrelation function for various chain dynamics in polymer melts 

above the glass transition temperature [2]. 

 

The following couple of assumptions or hypotheses have been the basis for obtaining 

separation of time scales in autocorrelation functions. 

(i) The topological constraints are constant during the time scale of the NMR experiment and 

(ii) All local segmental motions are fast on the basis of the Figure 2.7. 

Under these hypotheses, the autocorrelation function presents a plateau between these two 

time scales, whose height is by definition the square of the order parameter 𝑆𝑏
2. 
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The experimentally obtained residual dipolar coupling Dres is directly proportional to 

dynamic chain order parameter 𝑆𝑏 and given by Equation (2.15) 

 

𝑆𝑏 = 𝑘
𝐷𝑟𝑒𝑠
𝐷𝑠𝑡𝑎𝑡

 (2.15) 

 

Where  

- 𝐷𝑟𝑒𝑠 “residual dipolar coupling” as a result of time averaging of the dipolar tensor 

over the time in the plateau region  

- 𝐷𝑠𝑡𝑎𝑡 “static limit dipolar coupling” obtained from the simulations by assuming that 

there would be no motion. 

- 𝑘 accounts for the averaging due to very fast intra-segmental motions (pre-averaging). 

Due to lack of exact timescale separation, 𝑆𝑏 or equivalently, 𝐷𝑟𝑒𝑠 is not easily accessible in 

polymer melts or poor crosslinked systems. 

Orientation dependence of dipolar/quadruple coupling is given by the second Legendre 

polynomial (P2) of cosine of angle between the magnetic field direction and vector 𝑟 joining 

two spinning dipoles as written in Equation (2.16). 

 

𝑃2(cos(𝜃)) =
1

2
(3 cos2 𝜃 − 1) (2.16) 

 

By pre-averaging the vector 𝑟 becomes the polymer backbone. 

The basic formula for 𝑆𝑏is given by Equation (2.17).  

 

𝑆𝑏 =
𝐷𝑟𝑒𝑠
𝐷𝑠𝑡𝑎𝑡

⋅
1

〈𝑃2(cos α)〉
 (2.17) 
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But assuming a fast-limit pre-averaging of the static-limit coupling by local segmental 

motions which are cylindrically symmetric with respect to polymer backbone, a simple 

Legendre addition theorem may be used to show that the average denominator 〈… 〉 can be 

omitted in actual calculations. 

The order parameter 𝑆𝑏 also defined by Equation (2.18), according to Kuhn, the pre-factor  
3

5
  

is obtained under the assumption of Gaussian statistics for the vector 𝑟 [53]: 

 

𝑆𝑏 =
3

5

𝑟2

𝑁
 (2.18) 

 

Where 𝑟2 = 𝒓2/𝒓0
2, 𝒓 is the end to end vector between constraints (crosslinks), and 𝒓0 is the 

end to end vector for chains in the unperturbed melt state.𝑁 is the number of Kuhn segments 

between constraints. 

According to literature [46] chains can take up different conformations, but on average, they 

are oriented parallel to the direction that connects the two adjacent crosslinks or 

entanglements and hence the lower limit for the value of the dynamic order parameter 𝑆𝑏 of a 

polymer chain between two spatially fixed points depends only on its number of Kuhn 

segments, N, between them [54] and hence 𝑆𝑏 is defined by Equation (2.19). 

 

𝑆𝑏 =
3

5
⋅
1

𝑁
 (2.19) 

 

Equation (2.19) is derived from Equation (2.18) by substituting𝑟2 = 1. 

The order parameter 𝑆𝑏 is also linked to the tube diameter (according to Rouse tube model of 

polymer dynamics) [2]. Through the model of semi-flexible chains, it is possible to obtain an 

equation for the molar mass between crosslinks 𝑀𝑐 as presented in Equation (2.20). 
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𝑀𝑐 =
3

5
⋅

𝐷𝑠𝑡𝑎𝑡
𝑘
𝐷𝑟𝑒𝑠

⋅
𝐶∞

4𝑐2
⋅ 𝑀0 (2.20) 

 

Where 𝑀0 is the molar mass of the monomer unit, 𝐶∞ is Flory’s characteristic ratio, 𝑐 = 𝑙/𝑙𝑝 

is the ratio between the root-mean-square bond length 𝑙 and the projection length 𝑙𝑝 of the 

bond to the polymer back bone at it maximum extension. 

The numerical constants appearing in the Equation (2.20) are summarized in the Table 2.1 for 

polybutadiene and polyisoprene polymers [55]. 

 

Table 2.1 The static residual dipolar coupling constant, Flory characteristic ratio (𝑪∞), root 

mean square bond length (I) and the projection length(Ip) of the bond to the polymer 

backbone at maximum extension (c) and molar mass of monomer unit (Mo) for natural rubber 

(or polyisoprene) and polybutadiene polymers. 

 

Polymer 𝑫𝒔𝒕𝒂𝒕

𝑘
 (Hz) 𝑪∞ 𝒄 𝑴𝟎 

(g/mol) 

𝑴𝒄 (𝐻𝑧 𝐾𝑔/𝑚𝑜𝑙) 

Natural rubber 2𝜋x 6300 4.7 0.7 68.1 617 

𝐷𝑟𝑒𝑠 2𝜋⁄
 

Polybutadiene 2𝜋x 8100 4.9 0.7 54.1 656 

𝐷𝑟𝑒𝑠 2𝜋⁄
 

 

2.5 Experimental  
 

2.5.1 Solid-state NMR Spectroscopy 

 

Solid-state 
1
H MQ TD-NMR experiments were carried out on a Bruker minispec mq20 

spectrometer operating at a resonance frequency of 19.65 MHz with a 90
o 
pulse length of 2.2 

µs and a dead time of 14 µs and acquisition was done with128 scans in order to be more 
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precise and obtain high signal to noise ratio. The recycle delay had set according to T1 

relaxation time measurement of each sample. Two 3 mm thick and 7 mm diameter circular 

disc samples were centered in a standard minispec 8 mm inner diameter glass tube. Sample 

tube thermalized inside the instrument 10 minutes before starting the experiment and 

spectrometer (minispec) was also set to the temperature minimum 6 hours prior to starting the 

experiment, to stabilize the magnetic unit temperature and avoid the temperature gradient in 

the sample surroundings. All the measurements were performed at 353 K temperature. Only 

to show the temperature independence of network parameters (Dres) well above the glass 

transition temperature, measurements were performed at variable temperature. 

 

2.6 The network parameters obtained from multiple-quantum 

data 

2.6.1 MQ NMR data analysis 

 

The success of MQ NMR technique is that it not only provides build-up curve that is 

dominated by spin-pair DQ coherences[45] which contains structural information but also 

provides the access to fully dipolar-refocused MQ decay function which can be used 

independently to analyze the effect of dynamics on the measured data. By the simple 

assumption that, in networks, where larger scale chain dynamics (free dangling chains or sol 

in a network etc.) is mostly absent, the shape of the MQ decay is almost identical to the 

relaxation part of the DQ build-up signal, such that a temperature independent normalized 

build-up function can be obtained that solely depends on the network structure. 

In addition to DQ signal intensity 𝐼𝐷𝑄 the reference signal intensity 𝐼𝑟𝑒𝑓 is obtained with the 

very same pulse sequence, but with missing receiver phase inversion for alternating scans. 

This signal is therefore due of all magnetization which has not evolved into DQ coherence 

after 𝑡𝑒𝑥𝑐 and is denoted reference signal and hence allowed to separate structural information 

from the dynamics. The reference (𝐼𝑟𝑒𝑓) and DQ (𝐼𝐷𝑄) intensities of typical MQ experiment 

are shown in Figure 2.8. The sum of two signal intensities is defined as 𝐼Σ𝑀𝑄 = 𝐼𝑟𝑒𝑓 + 𝐼𝐷𝑄. In 

networks the relaxation contributions to 𝐼𝐷𝑄 and 𝐼Σ𝑀𝑄 are nearly equal, such that the effect of 

molecular motions (dynamical information) on 𝐼𝐷𝑄 can be removed by point-by-point division to 
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give 𝐼𝑛𝐷𝑄  and is called normalized double-quantum intensity. Note that experimental 

intensities are functions of DQ evolution times (𝜏𝐷𝑄). 

 

Figure 2.8 Typical two sets of data obtained from MQ NMR experiment for the sample NR5. 

 

The normalization of DQ signal intensity with 𝐼Σ𝑀𝑄as shown in Equation (2.21), 𝐼𝑛𝐷𝑄 has to 

attain a long-time intensity plateau at 50% (because IDQ only contains half of the excited 

quantum orders) if the investigated material consist only elastically active network chains. 

However in real networks, additional components such as short dangling chains, sol or some 

solvent may be present and causes 𝐼Σ𝑀𝑄 slowly decayingas represented with dotted lines in 

Figure 2.9.  

The normalized build-up curve intensity (InDQ) is expressed by Equation (2.21) and is a 

function of the excitation plus reconversion time 𝜏𝐷𝑄 which is given by Equation (2.22). 

 

InDQ =
IDQ

Iref + IDQ
=
IDQ
𝐼Σ𝑀𝑄

 (2.21) 

 

𝜏𝐷𝑄 = 𝑎(𝜓)𝑛𝑐𝑡𝑐 (2.22) 
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Where τDQ, 𝑎(𝜓) , 𝑛𝑐  and 𝑡𝑐are DQ excitation time, scaling factor, number of cycles and 

cycle time respectively. The normalized DQ intensity 𝐼𝑛𝐷𝑄 depends on the duty cycle of the 

sequence [56]. Here 𝜏𝐷𝑄can increase by increasing the number of cycles or cycle time. The 

scaling factor is given by Equation (2.23). 

𝑎(𝜓) = 1 − 12 ⋅
𝑡𝑝
𝑡𝑐
= 1 −

3

4
𝜓 (2.23) 

 

Where  

𝜓 = 16 𝑡𝑝 𝑡𝑐⁄  (2.24) 

 

Where 𝑡𝑝 is 90° pulse length, 𝑡𝑐 is the cycle time. 

The duty factor 𝜓 governs the performance of a multiple-pulse sequence.  

 

 

Figure 2.9 DQ and MQ (sum of Iref and IDQ) intensities versus DQ excitation time of NR5 

sample, slowly decaying component in the MQ intensity is arise from network defects(such as 

dangling ends, sol etc.). 
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It is necessary to remove these slowly relaxing contributions by suitable fitting and 

subtraction of the tails. After subtraction of slowly decaying components, we reach stable 

plateau in network relevant time scales according to Equation (2.25). 

𝐼𝑛𝐷𝑄 =
IDQ

Iref + IDQ − 𝐵 exp(−2𝜏𝐷𝑄/𝑇2𝐵)
 (2.25) 

 

Where 𝐵 component is the long tail exponential in 𝐼𝑟𝑒𝑓 - IDQ 

The normalized DQ intensity 𝐼𝑛𝐷𝑄 according to Equation (2.21) without subtracting the slow 

relaxing component is shown in Figure 2.10. 

 

 

 

Figure 2.10 Point-by-point normalized DQ intensity of sample NR5 according to Equation 

(2.21), the slow decaying is due to the additional components (dangling ends, sol fraction 

etc.) 
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To remove the slow decaying part, plot 𝐼𝑟𝑒𝑓 − 𝐼𝐷𝑄 in a y-log scale and (starting from nearly 

10 ms) a long exponential tail is seen and subtracts it from 𝐼𝑛𝐷𝑄. Moreover, if with this long 

tail subtraction 𝐼𝑛𝐷𝑄 does not tend to 0.5, then a procedure is necessary in order to adjust this. 

Second exponential is needs to subtracted. We plot 𝐼𝑟𝑒𝑓 − 𝐼𝐷𝑄 (the new 𝐼𝑟𝑒𝑓) in a y-log scale 

and subtract it from 𝐼𝑛𝐷𝑄 as shown in Figure 2.11. 

 

 

Figure 2.11 Iref-IDQ of NR5 sample fit with exponential function (dotted line) in order to 

subtract slowly relaxing components and reach stable plateau of InDQ 

The subtraction of slowly decaying exponential tail from InDQ  according to Equation (2.25), 

the normalized intensity reached way better to 0.5 plateau shown in Figure 2.12. 
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Figure 2.12 Comparison of NR5 sample normalized intensity after subtraction of single 

exponential tail. The corrected InDQ reached close to plateau at 0.5. 

 

Figure 2.13 Comparison of NR5 sample normalized intensity after subtraction of single and 

double exponential decay tail. The corrected InDQ reached a plateau at 0.5 even for longer 

times after second exponential tail subtraction. 
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The exponential tail (slow relaxation components) corrected 𝐼𝑛𝐷𝑄curves could analyze in 

quasi-static limit by fitting with Equation (2.26) and obtain single average 𝐷𝑟𝑒𝑠.  

 

𝐼𝑛𝐷𝑄(𝐷𝑟𝑒𝑠) =
1

2
(1 − exp [−

2

5
𝐷𝑟𝑒𝑠
2 𝜏𝐷𝑄

2 ]) (2.26) 

 

The obtained coupling constant (𝐷𝑟𝑒𝑠) is directly proportional to crosslink density, 1/2𝑀𝑐 

according to Equation (2.20). The static dipolar coupling constant is known for studied 

polymers from the literature were given in Table 2.1. The Equation (2.26) approximates the 

very well 𝐼𝑛𝐷𝑄 up to 0.45 and allows to measure average 𝐷𝑟𝑒𝑠.To evaluate not only 𝐷𝑟𝑒𝑠but 

also possible distribution effects, 𝐼𝑛𝐷𝑄  can be fitted under the assumption of Gaussian 

distribution of dipolar couplings, which yields both an average apparent coupling 

constant(𝐷𝑟𝑒𝑠) and its standard deviation() characterizing the distribution width in units of 

rad/s. A numerical inversion procedure based on Equation (2.27) with 0 as kernel 

function and fast Tikhonov regularization [58, 59] had been used to obtain quantitative 

picture of residual dipolar coupling constants [56].  

 

𝐼𝑛𝐷𝑄(𝐷𝑟𝑒𝑠, 𝜎) =
1

2

(

 
 
 
 

1 −

𝑒𝑥𝑝 {−

2
5
𝐷𝑟𝑒𝑠
2 𝜏𝐷𝑄

2

1 +
4
5
𝜎2𝜏𝐷𝑄

2
}

√1 +
4
5
𝜎2𝜏𝐷𝑄

2

)

 
 
 
 

 (2.27) 

 

When the samples shows narrow distribution of dipolar couplings both regularization and 

fitting with Equation (2.27) works well and gives same results and also perfectly define the 

initial raise in 𝐼𝑛𝐷𝑄 as seen for sample NR5 in Figure 2.12 and 2.13. 

However, in samples where the distribution is broader or inhomogeneities in the spatial 

distributions, the initial rise of the experimental build-up cannot be described by the Gaussian 

fit (Equation (2.27)) as is particularly need for randomly crosslinked inhomogeneous network 

analyses.  In such as cases the regularization procedure is the preferred approach [60].  
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Due to this reason experimental data were analyzed using fast Tikhonov regularization 

(ftikreg) procedure [61] in the present work to obtain the average residual dipolar coupling 

constant (𝐷𝑟𝑒𝑠) and its distribution. 

 

2.6.2 Fast Tikhonov regularization (ftikreg) procedure for MQ data 

analysis  

 

In inhomogeneous polymer networks with broad or even multimodal distribution of 𝐷𝑟𝑒𝑠 

such as spatially separated bimodal or multimodal chain length distributions, the Equation 

(2.26) does not give a proper fit, because it only considers a single 𝐷𝑟𝑒𝑠 and is suit well for 

𝐼𝑛𝐷𝑄 up to 0.45 only and corresponding time limit of DQ excitation 𝜏𝐷𝑄=2.4/𝐷𝑟𝑒𝑠  resulting 

systematic error in the component fraction and distribution shape obtained by ftikreg. The 

response is then generally given by a Fredholm distribution integral Equation (2.28). 

 

𝑔(𝜏𝐷𝑄) = ∫ 𝑘[𝐷𝑟𝑒𝑠

∞

0

, 𝜏𝐷𝑄] 𝑓(𝐷𝑟𝑒𝑠)𝑑𝐷𝑟𝑒𝑠 (2.28) 

 

Where 𝑔(𝜏𝐷𝑄), 𝑓(𝐷𝑟𝑒𝑠 ) and 𝑘[𝐷𝑟𝑒𝑠, 𝜏𝐷𝑄 ] represents function contains experimental obtained 

information, required distribution function and kernel function respectively. 

In addition, the regularization result is sensitively dependent on a user-defined error 

parameter ε, which should ideally reflect the uncertainty for each data point. This uncertainty, 

however, is not constant for normalized 𝐼𝑛𝐷𝑄  data, as the noise-related error in the two 

experimental functions is constant, but its relative importance increases at long times due to 

division of small quantities and more details can be found in the ref [61].  

The required distribution functions 𝑓(𝐷𝑟𝑒𝑠) in Equation (2.28) is not directly obtained from 

the experimental data but it is related with experimentally obtained 𝑔(𝜏𝐷𝑄) and is obtained 

with an operator Equation (2.29):  

 

𝑔 = 𝐴𝑓 (2.29) 
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Therefore the inverse of Equation (2.29) is of interest and can be written as Equation (2.30). 

 

𝐴†𝑔 = 𝑓 (2.30) 

 

In Equation (2.30), instead of exact 𝑔 value, noise data 𝑔𝜀 with a noise level 𝜀 is available 

and is expressed as Equation (2.31).  

 

‖𝑔𝜀 − 𝑔‖ ≤ 𝜀 (2.31) 

 

If the inverse operator 𝐴† of 𝐴 exists but is discontinuous, Equation (2.29) is called ill-posed 

and the solution has to be calculated numerically. In order to solve this problem, Tikhonov 

proposed a variation algorithm where the regularization parameter α, which quantifies a 

smoothing of the fitted distribution and stabilizes the result, is found such that Equation 

(2.32) is fulfilled. 

 

‖𝐴𝑓𝛼 − 𝑔𝜀‖ = 𝜀 (2.32) 

 

Tikhonov regularization is that it calculates the regularization parameter α and thus the 

resulting distribution for a given error parameter ε, which in turn is directly related to the 

known noise of the measured input data 𝑔𝜀 . The meaningful 𝜀  has to choose, not to 

overestimate nor underestimate the accuracy of measured input data. The choice of 

meaningful data is indicated with arrow in the Figure 2.14. 
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Figure 2.14 Calculated χ2
 for series of error parameter 𝜺 of NR5 sample data. The 

appropriate 𝜺 parameter is indicated with arrow. 

 

The comparison of experimental data after removing  appropriate exponential decay intensity 

by applying above discussed treatment are overlapped very well with fast Tikhonov 

regularization (ftikreg) procedure simulated build-up curves seen in Figure 2.15. 
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Figure 2.15 Comparison of normalized DQ intensity (InDQ) build-up curves of NR5 (3.1 phr 

sulfur) sample after exponential tail correction and regularization data obtained by applying 

ftikreg programme.  

 

2.6.3 Performance of MQ experimental schemes 

 

As explained elsewhere [2] the performance of original Baum-Pines and modified (improved) 

Baum-Pines sequence is clearly seen from the Figure 2.16. The 180
o
 compensated pulse 

improves the performance of the sequence by avoiding pulse imperfections, field 

inhomogeneities etc. Due to the loss in the signal, estimated Dres suffers an error. The Dres 

constant of NR5 sample obtained using two MQ sequence is shown in Table 2.2.  

The Dres obtained from the original Baum-Pines sequence has underestimated due to 

considerable signal loss causes error in Dres is around 52 %. The error is clearly seen from the 

drastic change in the initial slope of DQ build-up curve as shown in Figure 2.17. The DQ 

excitation times could increase by increasing number of cycles (nc) or increasing cycle times 

(tc) or both. We were increased the tc and kept nc =2 to compare both the sequences. The 

variable number of cycles (nc) also used to check the performance and the corresponding 
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reference and DQ intensity are plotted in Figure 2.18. Saalwachter et al. reported that nc =1, 

version apparently fails to compensate for imperfections at long times and also demonstrated 

that with nc increment experiments, DQ build-up is slightly less efficient. To improve long-

time performance of time-incremented MQ experiments, it is recommended to use nc=2 with 

second cycle inverted phase. The Dres values obtained from the variable nc data is plotted in 

Figure 2.18 and the corresponding values are reported in Table 2.3. It is clear that, the initial 

raise of DQ intensity is not much influenced with increasing nc but there is a considerable 

decreasing Dres trend is observed. Due to the above discussed facts and literature 

recommendations, throughout the present work, the modified (improved) Baum-Pines pulse 

sequence with increasing cycle times at constant number of cycles, nc =2 have been applied. 

Table 2.2 Comparison of Dres constant obtained from two different MQ pulse sequence. 

 

MQ Pulse sequence Dres/2π (Hz) 

Original Baum-Pines[18] 132 

Modified Baum-Pines[2] 251 

 

 

Figure 2.16 Comparison of Original Baum-Pines (BP) sequence and modified Baum-Pines 

sequence results of NR5 sample, performed on low field instrument. 
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Figure 2.17 DQ intensities of NR5 sample obtained by original and modified Baum-Pines 

pulse sequence. The change in slope of initial build-up intensity is clearly seen. 

 

Figure 2.18 Reference and DQ intensity for NR5 sample obtained at variable nc using 

modified Baum-Pines pulse sequence.  
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Table 2.3 Dres of NR5 sample measured with variable number of cycles (nc) 

 

nc Dres/2π (Hz) 

2 251 

4 242 

8 225 

 

2.7 Results and Discussion 
 

2.7.1 Crosslink density obtained by MQ NMR 

 

In addition to chemical crosslinks, there are other types of physical network junctions may 

occur in elastomeric materials: (1) temporary and trapped chain entanglements, (2) junctions 

that are formed due to chain adsorption at the surface of active fillers, (3) junctions that are 

formed by crystallites, (4) junctions deriving from strong hydrogen and ionic bonds, and (5) 

junctions that are formed at the interface in polymer blends and in materials that reveal nano-

scale phase separation [63]. Knowledge about all types of junctions in the rubbery materials 

is important because the mechanical properties are influenced not only by the chemical 

crosslink density but also by the physical network junctions and network heterogeneity. The 

strength of MQ NMR is that it provides not only crosslink density but also network 

distribution and heterogeneities. The MQ NMR is probing the network structure in the 

molecular level scales and is sensitive to the all kinds of constraints imposing restrictions on 

the network junctions. Some of the above mentioned restrictions are partially removed 

(disentangled) in swollen state or due to other facts; it is not possible to estimate with 

equilibrium swelling method.  

The MQ experimental obtained reference and DQ intensity of studied natural rubber samples 

are shown in Figure 2.19 and Figure 2.20 respectively. The point-by-point normalized DQ 

intensity InDQ of Natural rubber networks including slowly decaying component and after 

subtractions of such a slowly decaying component are shown in Figure 2.21 and Figure 2.22 

respectively. It is very clear from the increased slope in initial build intensity IDQ with sulfur 

content and is an indication of crosslink yield proportional to sulfur content seen from the 
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Figure 2.20. The Dres constants of natural rubber networks obtained by analyzing the MQ 

NMR data with previously discussed procedure are plotted versus sulfur content. The 

expected linear relation is seen from the Figure 2.24. The good linear relationship between 

Dres and sulfur content is observed, which implies a constant yield in the vulcanization 

reaction and implies increased topological constraints. The lowest sulfur content sample 

(NR1) is slightly deviated from the rest of the samples, may be because the network is just 

above the percolation threshold. The y-intercept value is indicative of the fact that NMR is 

sensitive not only to the crosslinks but also other topological constrains such as 

entanglements, which are equally important restrictions to the segmental motions. The 

residual temperature dependence of normalized DQ data possible lead to an overestimated 

Dres and is the reason that Dres has obtained at temperatures well above (>Tg+120 K) the glass 

transition. The glass transition temperature (Tg) of the natural rubber networks varied from 

212 to 219 K measured by DSC. To take proper temperature dependence into account all the 

measurements were performed at 353 K where plateau regime is reached. The variable 

temperature measured Dres has maintained almost constant value from 303 K to 363 K 

temperature seen from the Figure 2.23, which is safe temperature regime for studied natural 

rubber samples in order not to overestimate Dres due to temperature dependency as well as not 

to degrade the network. We can clearly see at 383 K the Dres has started decreasing due to 

network degradation. To check any temperature aging degradation of network, the repeated 

measurements were performed on same sample showed network degradation is not important 

factor for such a short experimental time around 45-150 min (depends on T1 and number of 

scans). The conversion of Dres into Mc according to Equation (2.20) and hence crosslink 

density is plotted in Figure 2.25. In the higher networks (3.1 and 3.7 phr sulfur) even after 

single exponential correction InDQ is not maintaining plateau even up to 8 ms seen from 

Figure 2.22. Since these networks are less mobile than others, second more rapidly decaying 

component may be due to dangling ends (B), while the longer time tail is attributed to low 

molecular weight sol components (C). These two higher crosslinked networks exponential 

have fitted with double exponential and subtracted both exponents from the InDQ are shown in 

Figure 2.13. 
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Figure 2.19 The reference intensity (Iref) of natural rubber networks. The increased sulfur 

content indicates increased crosslink yield and relatively faster decaying of reference 

intensity. The numbers in the legend represents sulfur content in phr. 

 

Figure 2.20 The DQ intensity (IDQ) of natural rubber networks. The increased sulfur content 

indicates increase crosslink yield and increased initial slope of DQ build-up curve. 
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Figure 2.21 Normalized DQ intensity (InDQ) without correcting slowly decaying components 

of natural rubber networks. 

 

 

Figure 2.22 Normalized DQ intensity (InDQ), after subtraction of slowly decaying exponential 

components for natural rubber networks. 
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Figure 2.23 Residual dipolar coupling constant (Dres) of sample NR5 measured at variable 

temperature. 

 

 

Figure 2.24 Sulfur content versus MQ NMR obtained Dres constant of natural rubber 

samples. The red line is a linear fitting. 
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Figure 2.25 Sulfur content versus MQ NMR measured crosslink density of natural rubber 

networks. 

 

2.7.2 Crosslink distribution obtained by MQ NMR  

 

Vulcanization is a complex chemical process; during vulcanization different reactions that 

take place not only lead to variations in the overall crosslink density but also their spatial 

distributions. Mechanical properties of crosslinked elastomers are influenced by network 

distribution and heterogeneity. There are different heterogeneities that occur in rubbery 

materials as listed as follows. 

1) Molecular-scale heterogeneity, which is caused by the chemical heterogeneity of uncured 

elastomers, network defects and heterogeneous distribution of network junctions on a 

molecular level. 

2) Morphological heterogeneity of rubber compounds and other components due to spatially 

heterogeneous distribution in the rubber of co-agents and fillers, 

3) Spatial heterogeneity due to differences in curing conditions such as temperature and 

concentration of crosslinking agents throughout the sample volume,  



61 
 

The curatives concentration dependent crosslink distribution is shown in Figure 2.26. The 

lower sulfur networks exhibited narrow distribution; the distribution becomes relative 

broadening with sulfur content or with crosslink yield seen in the present work. The   

distribution maximum also moving towards higher average crosslink density values with 

strong mono-modality. Polymer back bone structure, the network crosslink pathways also 

influence the distribution of crosslinks, mean that peroxide vulcanization with radical 

pathway, and generate more heterogeneous structure in comparison to sulfur vulcanization 

systems [60]. The change in the network distribution may not relate to the inherent impurities 

from the source of natural rubber such as proteins and lipids since all the networks made from 

same rubber at least come from same lot. However these impurities may influence on chain 

scission reaction. The polybutadiene networks crosslink distribution is seen to be broader 

than corresponding natural rubber and polyisoprene networks and will be discussed in chapter 

4. 

 

Figure 2.26 Effect of sulfur content on crosslink distribution in natural rubber networks. The 

sulfur content is represented in the image legend in phr. 
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2.7.3 Estimation of network defects by MQ NMR  

 

In real networks, especially randomly crosslinked networks, it is easy to introduce defects 

such as sol, dangling ends, loops etc. as shown in Figure 2.27. These are not contributing to 

elasticity of networks, and it is necessary to estimate and remove from the networks. Since 

the mechanical properties of crosslinked elastomers are also influenced by the network 

heterogeneity and defects. The sol fraction may be easily removed in equilibriums swelling 

experiments, dissolved during swelling, however, the loops, dangling ends cannot be 

removed. The local methods which probe molecular properties are very suitable for 

determining degree of heterogeneity [62].The MQ NMR is a method probing the networks in 

the molecular level, which allows estimating and removing these kinds of defects from the 

network, due to the slower long time decaying behavior as shown in the Figure 2.12, that the 

normalized DQ intensity 𝐼𝑛𝐷𝑄  does not maintain proper plateau due to the overlapping of 

defects related slowly decaying components on structural related DQ intensity. By fitting 

these slowly decaying component with exponential function allows separate network defect 

related components from the structural information contained  𝐼𝑛𝐷𝑄 . The amplitude of 

exponential fit of slowly decaying component gives the quantity of defects in the network. 

The estimated network defects of natural rubber networks are plotted versus sulfur content in 

Figure 2.28. The lowest sulfur content samples (NR1) has highest percentage of network 

defects, the major contribution of defects in this sample may due to sol fraction and is also 

clearly evident from the shape of reference decay shown in Figure 2.19. Due to the lower 

content of sulfur, it is possible to miss more polymer chains without chemically linking to 

other chains in the crosslink network. From the sample consists of sulfur content 1.3 phr 

(NR2) to 3.7 phr (NR6) defects fraction is less but still following a trend of decay due to 

crosslink yield. The highest sulfur content samples has as low as less than 2% of defects, 

which are majorly due to elastically ineffective dangling ends and loops. In conclusion it is 

worth to stress that MQ NMR is a technique that allows estimating the network defects.  
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Figure 2.27 Schematic representation of network consists of various network defects (sol, 

dangling ends, loops etc.). The defects indicated with green color and chemical crosslink 

junctions indicated with red dots. 

 

 

 

Figure 2.28 The change in network defects with sulfur content in natural rubber networks. 
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2.8 Conclusions 
 

In this chapter, the basic multiple-quantum (MQ) NMR spectroscopy excitation schemes and 

recent literature has been reviewed. The complete procedure for MQ experimental data 

acquisition to data analysis has been given. One should easily use this application to 

characterize unlabeled polymer networks. Variable sulfur content mono-modal crosslinked 

natural rubber vulcanized networks have been studied by MQ NMR technique applied on low 

field NMR instrument. The crosslink density, crosslink distribution (or heterogeneity) has 

been obtained by application of Tikhonov regularization procedure on experimental data. The 

network defects also quantified from the MQ NMR experimental data. It has been observed 

that the crosslink yield increased with sulfur content as expected and the network 

heterogeneity or distribution becomes broader. The defect fraction (slowly relaxing 

components) decreased with sulfur content. 
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Chapter 3 

Network Analysis by Equilibrium 

Swelling method and comparison with 

NMR 
 

3.1 Introduction 
 

A crosslinked polymer when placed in a good solvent, rather than dissolving completely, it 

will absorb a solvent and subsequently swell. The swollen network gel is characterized as 

solution. The extent of swelling represents a competition between two forces. (1) The free 

energy of mixing will causes the solvent to penetrate into the network and try to dilute the 

polymer-solvent solution. (2) The polymer chains of network begin to stretch under the action 

of solvent and generate an elastic force in opposition to this deformation. When these two 

forces balance each other swelling stops and system reaches equilibrium swelling state. The 

study state of swelling is a direct function of extent of crosslinking in the network. 

Equilibrium swelling is a simple and most widely used technique for measuring crosslink 

density of elastomeric networks. This technique helps to determine the important network 

parameter called molecular weight between crosslink junctions Mc and hence network 

density. This method based on the Flory-Rehner theory of network models developed from 

the ideal network assumptions. The network models are derived for assessing any mechanical 

deformations occur in the network. We take this advantage and the insoluble characteristic of 

networked polymers in solvents, we derived an equation and this equation gives the network 

parameter Mc. In this chapter we will briefly recall the network theories we need at this point 

without going into the ocean of polymer theory. 

The fundamental basis for both the empirical (phenomenological) and molecular models is 

that first to estimate fundamental nature of the elastomeric network in undiluted (dry 

network) state. Second is that to consider the specific behaviour of the same network in 

swollen gel state in a similar treatment. In both the cases the elastic free energy function 

(Helmholtz function) of the network is to be estimate. In gel state formation of a mixing free 
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energy as a function of the swelling ratio is also required in addition to the elastic free energy. 

In this chapter our interest is mostly on swollen gel networks. 

Both the models are useful in real time. In phenomenological models, the molecular structure 

of network can obtain from the macroscopic behaviour of network by analysis of 

experimental results. Molecular models helps to predicting the future measurements from the 

known molecular structures and is more important for future development or improvement of 

subject and synthesis of new materials, to meet our increased demands. 

 

3.2 Network models 
 

There are several models available to derive the molecular parameters of the networks from 

experimental obtained results. The models are mainly classified as empirical and molecular 

models (theoretical models). The earlier one is derived based on models and experimental 

results and later one is purely derived by the assumption of ideal network. The different 

theoretical models are derived by consideration of different assumptions. The final network 

structure parameters certainly depend on the choice of the model [1] used for data analysis. 

Additionally the network structure at supermolecular level is depends on the experimental 

conditions such as temperature, chemical nature of crosslinker etc. During network formation 

there is a possibility of formation of defects in the network, but most of the models are 

derived by excluding these defects. It is always remains as unresolved task to decide which 

model is appropriate. In addition to all these difficulties the physical state of the network also 

matters. In case of the dry network we need to consider purely elastic response, where as in 

swollen gel state of network, in addition to the elastic response (elasticity term), 

thermodynamical mixing term of polymer-solvent also need to account and it play a role. In 

case of swollen networks, the entanglements are partially disentangled or released and it will 

discuss in NMR measurements. The network models will discussed in the subsequent 

sections. 
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3.2.1 Statistical models (Molecular models) 

 

The primary goal of any statistical model is to derive the equation of state for elastomeric 

molecular network, which could explain all kinds of deformation within the network system. 

This equation of state could hold for swelling deformation also. These equations of state 

could derive, starting from the certain assumptions on the motion of network junctions upon 

mechanical force applied on macroscopic system. Our main focus is mainly restricted to 

affine and phantom models only, however these two models are two limiting cases [64] of 

real network behaviour. The schematic of ideal network with 9 crosslink junctions and 12 

elastically active chains is shown in Figure 3. 1. 

 

 

 

Figure 3. 1 Schematic of an ideal network with 9 crosslink junctions and 12 elastically active 

chains, solid dots represents network crosslink junctions. 

However a real network mostly deviates from the ideal network, it is worth to define the ideal 

network parameters as a reference to compare the experimentally obtained results of real 

network which are measured in a macroscopic scale. The extent of crosslinking can express 

in several ways such as  

1) The concentration of elastically active chain 

2) The molecular weight between crosslink junctions 

3) The crosslink density 
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4) The cycle rank density. 

The elastically active chain is one, which is connected between two active junctions, and an 

active junction is, a point connecting at least three elastically active chains.  

The concentration of elastically active chains is defined as a number of elastical active chains 

exist per unit volume of dry network. The crosslink density is already defined and cycle rank 

density is defined as number of independent loops exists in unit volume of dry network. 

Cycle rank is defined as number of cuts need to reduce a network to a tree and network with 

cycle rank 4 is shown in Figure 3. 2. In the rest of the work we restricted ourselves to only 

one network parameter called molecular weight between crosslink junctions (Mc) and from 

that crosslink density will obtain. 

 

  

 

Figure 3. 2 Schematic of an ideal network with 9 crosslink junctions and 12 elastically active 

chains, with cycle rank 4. The cycle rank is defined as number of cuts needed to reduce the 

network to tree. 

 

The exceptional behaviour of polymer networks is that the reversible deformation of several 

times to their size. The simplest model that explains the rubber elasticity is the affine network 

model proposed by Kuhn. The main assumption of affine model is that Affine deformation. 
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3.2.1.1 Affine network model 

 

The relative deformation of each network strand is same as the macroscopic relative 

deformation imposed on the whole network. Or the displacement of the mean positions of the 

network junctions and of the end-to-end vectors of the chains are transformed affinely (i.e. 

linearly in the macroscopic strain). In affine model the crosslink junctions are fixed to an 

elastic boundary as shown in Figure 3. 3. 

 

 

Figure 3. 3 Affine model, the ends of each network strands are fixed to an elastic 

background, circular dots are crosslink junctions  

 

The stress strain relation of affine model is given in Equation (3.1) the derivation will be 

given in next section. 

𝜎 = 𝐺(𝜆2 −
1

𝜆
) (3.1) 

 

𝐺 =
𝜌𝑅𝑇

𝑀𝑐
 (3.2) 

 

Where 𝜎 is stress, 𝐺 is shear modulus, 𝜆 is deformation ratio, 𝜌 density of polymer, R gas 

constant, T absolute temperature and Mc molecular weight between crosslink junctions or 

molecular weight of network strands. 
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3.2.1.2 Phantom network model 

 

The phantom network model assumption is differing from the affine model is that the 

crosslinks are not fixed in space; they can fluctuate around their mean positions. In real 

network the ends of the network strands are attached to the other strands at crosslink point as 

shown in Figure 3.4. The recent literature [53] also suggest that phantom network model is 

closer to real network modes 

 

 

 

Figure 3.4 Phantom network model, the ends of each network strands are joined to other 

network strands at crosslink points and the crosslink junctions are free to fluctuate around 

mean positions. Circular dots are crosslink junctions and arrows indicate the extension of 

network. 

 

As mentioned in the introduction the phantom model network strands are ideal network 

strands free from all the defects (loops, dangling ends). There is also consideration that the 

network strands at the surface of the network are attached to the elastic non-fluctuating 

boundary of the network similar to affine model and is necessary to prevent the collapse of 

the network. Obviously this kind of simple models undermines the excluded volume effects. 

By these assumptions we can arrive at the phantom network model shear modulus equivalent 

to Equation (3.2) is  
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𝐺 =
𝜌𝑅𝑇

𝑀𝑐
(1 −

2

𝑓
) (3.3) 

 

Where 𝜎 is stress, 𝐺 is shear modulus, 𝜆 is deformation ratio, 𝜌 density of polymer, R gas 

constant, T absolute temperature, Mc molecular weight between crosslink junctions or 

molecular weight of network strands and f  is the crosslink functionality. 

For any functionality f the Phantom network modulus is lower than the affine network 

modulus, since fluctuated crosslink points soften the network. For same number density of 

network strands, the phantom modulus is lower than affine model modulus. The functionality 

of crosslinks f is four or three. For higher functionality, crosslink fluctuation is much reduces 

and the crosslink points are similar to the one attached to surface and phantom model is 

equivalent to affine network model. This is the reason why affine and phantom network 

models are two limiting cases or extremes of real network. The real network is always 

somewhere in between two limits [53, 65]. 

 

3.2.2 Phenomenological models (Semiempirical models) 

 

The phenomenological models for elastomeric networks were developed by Mooney and 

Rivlin. The bases of these models are also same as molecular models, obtaining the stress 

strain response of the deformed network and deriving the equation for elastic free energy of 

network. As already mentioned in the previous section, that first we need to find the stress- 

strain response of dry network to calculate elastic free energy term, later similar treatment is 

applied to swollen gel to obtain the polymer-solvent mixing free energy.  

 

3.2.2.1 Crosslink density of dry networks obtained from stress-strain experiments 

 

Deriving strain energy density function for dry network 

 

The stress-strain response of elastic materials is obtained by the Finite Elasticity Theory 

originally developed by Rivlin and others [66, 67]. Valanis-Landel strain energy density 

function [68] is most successful in describing the mechanical response of crosslinked rubbers 
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and is very useful for understand the swollen behaviour of similar (crosslinked networks) 

kind of materials and is our primary aim of this chapter. Let us start with considering a 

sample of rubber having initial dimensions of l1, l2 and l3. We deformed it by an 

amount  Δ𝑙1 ,Δ𝑙2  and Δ𝑙3 and stretch ratio  𝜆𝑖 = (𝑙𝑖 + Δ𝑙𝑖)/𝑙𝑖 , Finite Elasticity Theory will 

relate the deformation of the material to stress needed to obtain such a deformation. This will 

achieve through the Strain Energy Density Function (W (𝜆1, 𝜆2 𝜆3)) using Valanis-Landel (V-

L) formalism and is a mechanical contribution to the Helmholtz Free Energy. 

The strain energy function is a separable function of the stretches 𝜆𝑖  according to the 

assumption of Valanis and Landel [68]. 

 

𝑊(𝜆1, 𝜆2, 𝜆3) = 𝑤(𝜆1) + 𝑤(𝜆2) + 𝑤(𝜆3) + 𝑎 ln( 𝜆1𝜆2𝜆3) (3.4) 

 

Because of the incompressibility assumption, logarithmic term 𝑎 ln( 𝜆1𝜆2𝜆3) is not important 

in mechanical response and it may important in case of swollen gel.[69] The principle 

stresses 𝜎𝑖𝑖  in any deformation can be related through the strain energy function and 

deformations as follows: 

 

𝜎𝑖𝑖 − 𝜎𝑗𝑗 = 𝜆𝑖𝑤
′(𝜆𝑖) − 𝜆𝑗𝑤

′(𝜆𝑗) (3.5) 

 

Where 𝑤′(𝜆) is the derivative to V-L function 𝑤(𝜆). 

As already mentioned that incompressibility assumption mean that generally in dry networks 

the shape changing is much easier than volume changes. In case of uniaxial deformation 𝜆 in 

one direction,  

𝜆1 = 𝜆;  𝜆1𝜆2𝜆3 = 1 ; 𝜆2 = 𝜆3 =
1

√𝜆
 (3.6) 

 

𝜎11 − 𝜎22 = 𝜆𝑤
′(𝜆) − 𝜆−1/2𝑤′(𝜆−1/2) (3.7) 
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For uniaxial extension, 𝜆 > 1, while for uniaxial compression 𝜆 < 1. 

Equation (3.7) gives the stress-strain relation of a materials if 𝑤(𝜆) is known and is obtained 

in the laboratory by different mechanical measurement techniques such as shear experiments 

by combining of tension and compression experiments describe in [70,71]. 

The commonly used phenomenological models, which are derived from V-L functions, are 

Neo-Hookean form and Mooney-Rivlin. 

For Mooney-Rivlin materials the strain energy density function is written as  

 

𝑤(𝜆1, 𝜆2, 𝜆3) = 𝐶1(𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3) + 𝐶2(𝜆1

−2 + 𝜆2
−2 + 𝜆3

−2 − 3) (3.8) 

 

Where 𝐶1 and 𝐶2 are called Mooney-Rivlin coefficients. 

Differentiating the Equation (3.8) then  

 

𝑤′(𝜆𝑖) = 2𝐶1𝜆𝑖 − 2𝐶2𝜆𝑖
−3 (3.9) 

 

Substuting Equation (3.9) in Equation (3.7) 

 

𝜎11 − 𝜎22 = (𝜆
2 −

1

𝜆
) (2𝐶1 +

2𝐶2
𝜆
) (3.10) 

 

For Mooney-Rivlin materials 𝐶2 = 0. 

For the assumption of network made from the infinitely long polymer chains and assume that 

there are no free chain ends and the crosslink functionality is four the density of chains is 

twice that of crosslinks, so that 𝐶1 can relate with crosslink density [72]. 
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𝐶1 =
𝜌𝑅𝑇

2𝑀𝑐
 (3.11) 

 

Where 𝑀𝑐 = number–average molecular weight of the network chains.  

In real networks, always there is a possibility of presence of network defects such as dangling 

chain ends, loops etc. The crosslink density obtained from the Equation (3.11) is not always 

same as experimental obtained values. The crosslink density obtained from Equation (3.11) is 

exceeds the concentration of chemical crosslinks introduced by vulcanization. The crosslink 

density obtained from 𝐶1  is apparent value. Because physical crosslinks (entanglements) 

contribute to elastic constant of the network, especially in dry samples and may partially 

remove in the swollen state. Mullins [73] by performing mechanical measurements on 

swollen network, able to calibrate the physical crosslinks and has derived the semiempirical 

equation for determine chemical crosslinks density and valid for natural rubber and synthetic 

polyisoprene rubber networks also. 

 

𝐶1 = [
𝜌𝑅𝑇

2𝑀𝑐(𝑐ℎ𝑒𝑚)
+ 0.78𝑥106] [1 − 2.3

< 𝑀𝑐(𝑐ℎ𝑒𝑚) >

< 𝑀𝑛 >
] (3.12) 

 

The units of 𝐶1  is dyne/cm
2
. The constant 0.78x10

6 
is a correction term which maximum 

contributes to entanglements. < 𝑀𝑛> is the mean molecular weight of the rubber immediate 

before vulcanization. 

Once we know 𝐶1 value from the mechanical measurements, by substituting into Equation 

(3.11) or (3.12), one can estimate the crosslink density of networked polymers. 

 

3.3 Real network including defects 
 

The modulus obtained from the Equation (3.3) is truly applicable to defect free network and 

in fact randomly crosslinked real networks inevitable includes defects as shown in Figure 3. 5 

. The network strand connected only one end and other end are freely hanging is called the 
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dangling end and is not contribute to modulus. The network strands whose two ends are 

connected at the same junction is called loop and is also not contribute to elasticity and 

modulus. 

 

Figure 3. 5 Randomly crosslinked network with defects (dangling ends and dangling loops). 

Arrows indicates extension of network. 

 

3.4 Equilibrium swelling crosslink density from molecular 

network models 
 

Equilibrium swelling is defined as the point at which mixing free energy (ΔGmix) of polymer-

solvent and elastic free energy (ΔGela) from the networked polymer balancing each other, 

when networked polymer is immersed in a good solvent. The free energy of polymer-solvent 

system is: 

 

ΔGsystem = ΔGmix + ΔGela (3.13) 

 

At the beginning of swelling, the ΔGmix << 0, ΔGela > 0, ΔGmix + ΔGela < 0, so the swelling is 

favoured and the solvent diffuses into the network. During the process of swelling, the ΔGmix 

and ΔGela both increased until │ΔGmix │ =│ΔGela │ and ΔGsystem = ΔGmix + ΔGela = 0, so that 

the driving force for swelling is gone: equilibrium swelling is reached and swelling stops. 
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The Equation (3.13) can be written in terms of change in chemical potential of the solvent, 

∆𝜇𝑠𝑦𝑠𝑡𝑒𝑚, by differentiating with respect to the number of moles of solvent 

 

∆𝜇𝑠𝑦𝑠𝑡𝑒𝑚
𝑅𝑇

=
∆𝜇𝑚𝑖𝑥
𝑅𝑇

+
∆𝜇𝑒𝑙𝑎
𝑅𝑇

 
(3.14) 

 

Where R and T are gas constant and temperature respectively. 

The mixing term can be defined according to Flory-Huggins expression. 

 

∆𝜇𝑚𝑖𝑥
𝑅𝑇

= ln(1 − 𝑣𝑟) + (1 −
𝑉𝑠
𝑉𝑝
)𝑣𝑟 + 𝜒𝑣𝑟

2 
(3.15) 

 

Where vp is the molar volume of polymer and is infinite for crosslinked polymer and the 

Equation (3.15) written as  

 

∆𝜇𝑚𝑖𝑥
𝑅𝑇

= ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2 

(3.16) 

 

The elastic contribution term to the chemical potential is expressed in term of a molecular 

theories discussed in earlier text of this section. 

By taking Affine deformation model [53], the Flory-Rehner expression the chemical potential 

of elastic term is written as  

 

Δ𝜇𝑒𝑙𝑎 =
𝑅𝑇

2𝑀𝑐
(𝜆𝑥
2 + 𝜆𝑦

2 + 𝜆𝑧
2 − 3) −

2

𝑓

𝑅𝑇 ln (𝑉 𝑉0⁄ )

𝑀𝑐
 

(3.17) 

 

Where 𝜆𝑥, 𝜆𝑦 and 𝜆𝑧 are the elongation in x, y and z-directions respective. V and Vo are the 

volume of gel and pure polymer respectively. f is the functionality of crosslinks. 

From equilibrium condition the elastic free energy and mixing free energy balancing each 

other, so that ΔGsystem = 0. By combining the Equation (3.14), (3.16) and (3.17), the Flory-

Rehner equation is obtained as: 
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ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2 = −

𝜌𝑟𝑉𝑠
𝑀𝑐

(𝑣𝑟
1 3⁄ −

2𝑣𝑟
𝑓
) 

(3.18) 

 

Consider the Phantom network model (𝐺 =
𝜌𝑅𝑇

𝑀𝑐
(1 −

2

𝑓
)) to obtain elastic term, Equation 

(3.18) written as 

 

ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2 = −

𝜌𝑟𝑉𝑠
𝑀𝑐

(1 −
2

𝑓
)𝑣𝑟
1 3⁄

 
(3.19) 

 

 

3.5 Equilibrium swelling crosslink density from phenomenological 

models 
 

The fundamental quantity obtained from the equilibrium swelling experiments is the volume 

fraction of polymer network in the swollen gel (𝑣𝑟) and the important network parameter, 

molecular weight between crosslink junctions (Mc) relations is given by the Flory-Rehner[74, 

75] and Flory-Huggins expression [76-78]. As defined in the Equation (3.18)  

 

−[ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2] =

𝜌𝑟𝑉𝑠
𝑀𝑐

(𝑣𝑟

1
3 − 2

𝑣𝑟
𝑓
) 

(3.20) 

 

In Equation (3.20), parameters, 𝑣𝑟  will obtain from the experiment, 𝜌𝑟  density of polymer 

known, 𝑉𝑠 molar volume of solvent known, f crosslink functionality known and 𝜒 polymer-

solvent interaction parameter also called Flory-Huggins interaction parameter known for 

particular polymer and solvent pairs [79].  

From equating the Equation (3.11) and (3.20), we can obtain the relation between equilibrium 

swelling experimental obtained observable (𝑣𝑟) and mechanical obtained elastic constant 𝐶1. 
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−[ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2] = 2𝐶1

𝑉𝑠

𝑅𝑇
(𝑣𝑟

1

3 − 2
𝑣𝑟

𝑓
)  

(3.21) 

 

From the Equation (3.21) and (3.11) one can easily obtain elastic constant from swelling data 

and vice-versa and hence Mc and crosslink density. 

 

3.6 Experimental 

3.6.1 Sample preparation 

 

Natural rubber (Malaysian rubber (SMR 20)) (NR), samples were kindly supplied by Pirelli 

tyre company. All the recipes were sulfur based cured systems, and the details of the natural 

rubber compound recipes are given in Table 3. 1. Samples were prepared in an open two-roll 

mill using standard mixing procedure.  

 

Table 3. 1 Natural rubber vulcanizates recipes  

 

Sample Natural 

rubber 

(phr) 

Sulfur 

(phr) 

ZnO 

(phr)  

Stearic acid  

(phr) 

CBS* 

(phr) 

NR1 100 0.7 5         2 0.14 

NR2 100 1.3 5         2 0.26 

NR3 100 1.9 5         2 0.38 

NR4 100 2.5 5         2 0.50 

NR5 100 3.1 5         2 0.62 

NR6 100 3.7 5         2 0.74 

* N-cyclohexyl-2-benzothiazole sulfonamide, a curing accelerator 
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3.6.2 Vulcanization 

 

Vulcanization is the process of introducing chemical bonds between polymer chains and 

transforms the linear polymer into networked polymer in order to achieve elasticity. A 

crosslink may be a group of sulfur atoms in a short chain, a single sulfur atom, a carbon to 

carbon bond, a polyvalent organic radical, an ionic cluster, or a polyvalent metal ion. The 

vulcanization is usually carried out by heating the rubber, mixed with vulcanizing agents, in a 

mold under pressure. Vulcanization is also often called curing. 

 

Natural rubber samples were vulcanized in pneumatic double plate press at 150 °C for 

optimum time (t95) obtained from rheometry. 

 

3.6.3 Rheometric study of vulcanization 

 

Rheometry analysis was performed on Monsanto Rheometer MDR (Moving Die Rheometer) 

2000E. 6 g of analyzed samples compound were placed on disc to perform the test. Curing 

curves of natural rubber compounds were obtained at 150 °C temperature for 50 minutes of 

time. The optimum cure time (t95) and other vulcanization characteristics deduced from the 

vulcanization curves (shown in Figure 3. 6) are shown in Table 3. 2. 

 

Table 3. 2 Vulcanization characteristics of natural rubber networks measured by rheometry. 

 

 

 

 

 

 

 

 

 

Sample Sulfur 

(phr) 

MH-ML 

(dNm) 

ts2 (min) t95(min) t95-ts2 

(min) 

NR1 0.7 1.95 10.4 23.8 13.4 

NR2 1.3 3.92 8.17 15.8 7.6 

NR3 1.9 4.57 6.53 13.3 6.7 

NR4 2.5 6.57 5.87 13.9 8.0 

NR5 3.1 7.7 5.9 13.8 7.9 

NR6 3.7 8.55 5.7 13.9 8.2 
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Figure 3. 6 Vulcanization curves of natural rubber compounds obtained from rheometry. 

Sulfur content is represented in the image in phr. 

 

Rheometric data acquired during vulcanization are interpreted with the assumption that 

torque is proportional to progress in crosslink density. In vulcanization curves, three regions 

or periods can be observed [8]. The first region is called induction period or scorch time 

during which accelerator reactions occurs. The second is curing period, during which actual 

crosslink process takes place and network structure is formed. The third and the last stage is 

over-cure or post cure period during which torque can increase, decrease or remain constant 

depending on the particular vulcanization system [80] and nature of the elastomer. In general 

at increased temperature cure reaction starts faster and reduces the scorch period, increases 

the cure rate and hence reduces the overall time of cure. Over reduction of scorch period and 

fast curing also result in adverse effects on mechanical properties and final product quality. 

There is a necessity of proper optimization of cure temperature and time for determining a 

safe scorch delay [9] to achieve the desired quality of vulcanized product. The maximum 

torque value increased with sulfur content indicates the increasing crosslink density. Except 

the lowest sulfur content samples (NR1and NR2) the optimum cure time (t95) is almost same 
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for all the samples. The difference in maximum and minimum torque is linearly increased 

with sulfur content and is direct evidence of progress of crosslink density with sulfur content 

shown in Table 3. 2. 

 

3.6.4 Network Characterization by Equilibrium swelling 

 

The vulcanized rubber network crosslink density was determined by equilibrium swelling 

measurements performed in toluene solvent at 20 °C temperature. Specimens were prepared 

as 1 mm thick and 15 mm x15 mm
 
pieces. For total crosslink measurement, specimens were 

pre-swollen in n-heptane for two days under nitrogen atmosphere to assist diffusion of 

reagents, before being taken for the probe and control treatments. For mono and di-sulfidic 

crosslinks measurement, specimens were pre-swollen in n-heptane for one day and reacted 

for two hours with 0.4 M piperidine and 0.4 M propane-2-thiol. Then they were thoroughly 

washed with n-heptane and again soaked in n-heptane for one day. Then, n-heptane was 

drained from both the total and mono-di sulfidic crosslink samples and were washed with 

petroleum ether and dried in a vacuum oven overnight at room temperature. The dried 

samples were soaked in the toluene in specially designed glass tubes with stopper, flushed 

with nitrogen and left in the dark to swell up to equilibrium swelling state The time required 

to reach this equilibrium state is commonly considered as three days (72 hours). The samples 

were removed and blotted with a filter paper to remove the extra solvent, placed in clean 

closed container and immediately weighed. The samples were dried for 24 hours in a vacuum 

oven at 70 °C and re-weighed to obtain the weight of the dry network and the amount of the 

imbibed solvent. 

After the swelling experiments performed we measure the volume fraction of rubber in the 

swollen gel (𝑣𝑟) 

 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑢𝑏𝑏𝑒𝑟 𝑖𝑛 𝑠𝑤𝑜𝑙𝑙𝑒𝑛 𝑔𝑒𝑙 (𝑣𝑟 ) =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛 𝑔𝑒𝑙

(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟+𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

 (3.22) 

 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑛𝑒𝑡𝑤𝑜𝑟𝑘

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 

(3.23) 
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑖𝑛 𝑔𝑒𝑙 =
𝑆𝑤𝑜𝑙𝑙𝑒𝑛𝑔 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑤𝑒𝑖𝑔ℎ𝑡

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
 

(3.24) 

 

By substituting the 𝑣𝑟 in any of the Equations (3.18) or (3.19) or (3.21) we obtained crosslink 

density. Equations (3.18), (3.19) and (3.21) give the affine, phantom and Mooney-Rivlin 

crosslink density respectively. 

We used the value of 𝜒 = 0.39  for toluene-natural rubber and toluene-isoprene rubber 

pair, 𝜒 = 0.36 for toluene-butadiene [79] in the present work. Crosslink functionality f is 

taken as 4. Polymer density (
𝑟
) = 0.92 g/cm

3 
and solvent (toluene) molar volume ( 𝑉𝑠) = 107 

mL/mol and density 0.87 g/cm
3
  

 

3.7 Results and Discussion 

 
3.7.1 Crosslink density 

 

 

Figure 3. 7 Sulfur content versus crosslink density of natural rubber networks obtained from 

affine network model adoption. 
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Figure 3. 8 Sulfur content versus crosslink density of natural rubber networks obtained from 

phantom network model adoption. 

 

Figure 3. 9 Sulfur content versus crosslink density of natural rubber networks obtained from 

phenomenological model adoption. 
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The crosslinks are introduced by the creation of chemical bonds between polymer chains. In 

sulfur based compounds, sulfur is a crosslink agent and is the reason for increasing the 

crosslink density by increasing of sulfur content and is shown in Figure 3. 7, Figure 3. 8 and 

Figure 3. 9. It is very clear that the crosslink density obtained from both the molecular 

network models and phenomenological models are proportional and qualitatively agree with 

each other’s. The crosslink density quantity is depends on the choice of model [1].  

The lower crosslinked sample (NR1) is slightly deviates from the line of linearity in affine 

and phantom model. The reason for deviation of low crosslinked samples is that 

entanglements are partially removed in swollen samples and is more effective at very low 

crosslinked samples. In Mooney-Rivlin method all the points are more aligned on the straight 

line because in semiempirical equation (Equation (3.12) and (3.21)) has accounted the 

physical crosslinks (entanglement) as a function of chemical crosslinks and appropriate 

constant obtained from the experimental results are added [72]. 

 

3.7.2 Estimation of different sulfur bridges population  

 

In sulfur vulcanized rubber networks, the mechanical properties may vary depends on the 

rank of sulfur bridges links between two polymer chains. The sulfur bridges population 

depends on the type of vulcanization system. Conventional vulcanization (CV) system 

contains maximum polysulfidic bridges and efficient vulcanization system (EV) contains the 

minimum and semi efficient vulcanization (SEV) system is in between CV and EV [81]. 

These vulcanization systems were classified according to the sulfur to accelerator ratio in the 

compound recipe [81]. The present natural rubber samples are conventional vulcanization 

systems. This is the reason why we observed more than 50% polysulfidic links even in the 

lowest amount of sulfur networks. The poly-sulfidic links percentage is slightly increasing 

with sulfur content is shown in Figure 3. 10. The mechanical properties such as fatigue 

resistance, tear resistance may high in higher polysulfidic bridges rubber network. The 

disadvantages with the high polysulfidic bridges rubber networks are low reversion 

resistance; low heat aging resistance and high heat build up [81]. Estimation of sulfur bridges 

rank in the rubber network is essential for appropriate application of the vulcanized 

elastomer. With the help of thiol probe and selective cleavage of poly sulfidic bridges and 

applying the equilibrium swelling methods, we were estimated the mono and di sulfidic 
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bridges and subtracting those mono-di sulfidic bridges from total sulfidic bridge crosslinks, 

we estimated the polysulfidic bridge crosslink percentage and plotted verses sulfur content 

shown in Figure 3. 10. 

 

Figure 3. 10 Poly sulfidic crosslinks percentage variation with sulfur content. 

3.7.3 Comparison of crosslink density obtained from different models 

 

The comparison of crosslink density obtained from both network models and 

phenomenological models are shown in Figure 3. 11. The error in each measurement also 

estimated by measuring the crosslink density of five specimens of each sample and the error 

bars included in the plot shown in Figure 3. 11. It is very clear and expected that phantom 

network model crosslink density is higher than affine network model crosslink density due to 

the assumptions of each model developed [1]. The simple difference between affine and 

phantom models is that fluctuation of crosslink junctions. The affine model assumes that 

crosslinks are strongly connected to the macroscopic body and the ends of the network 

strands deform same manner with the macroscopic deformation. The phantom model assumes 

that the crosslinks are not rigidly fixed and are free to fluctuate around the network junction 

up to certain distance. So the deformation of the network strand is suppressed by the 

fluctuating crosslink junction. Due to these simple differences, the affine model modulus is 

double that of phantom model. Resultant the crosslink density is higher for phantom network 

model and is clearly evident from the Figure 3. 11. With increase of concentration of 

crosslinks the model shifts from phantom to affine [8]. In both the network models, the very 
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less amount crosslinked network (sample NR1) data point is slightly deviated from the 

linearity of the rest of the networks crosslink density. This is due to the fact that under 

percolation threshold of crosslink yield, the entanglements play a role and these 

entanglements are disentangled during the swelling and less trapped entanglements present in 

the network.  

 

 

Figure 3. 11 Comparison of crosslink density of natural rubber networks obtained from 

different models. 

 

The quantitative difference between molecular network models and phenomenological model 

obtained crosslink density numbers is due to the reason that in Mooney-Rivlin, we used the 

entanglement corrected Equation (3.12). Interestingly after adding entanglement molecular 

weight or molecular weight between two entanglements [83, 84], the Mooney-Rivlin 

crosslink density lie between affine and phantom molecular model crosslink densities. It is 

worth to mention that affine and phantom models are two extremes of real networks [53, 65]. 

The real networks are in between affine and phantom models and also need to recall that, 

when crosslink functionality is high the ends of the network strands or network junctions are 

more restricted to move (more rigid) and phantom model approaches to affine model. Figure 
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3. 12 is suggests that Mooney-Rivlin crosslink density numbers moving from phantom model 

to affine model with increase of crosslink concentration (or sulfur concentration) in 

agreement with mechanical measurements proven in literature [82]. 

 

 

Figure 3. 12 Crosslink density of natural rubber networks measured by molecular and 

phenomenological models. In Mooney-Rivlin, entanglement crosslink density also added. 

Irrespective of the model adopted for measuring the molecular parameters such as molecular 

weight between crosslink junctions, the swelling experimental observable that is volume 

fraction of rubber (polymer) (𝑣𝑟 ) in the swollen gel network should give us the relative 

quantitative network density. The 𝑣𝑟  is a function of all kinds of restrictions given to the 

motion of network strands or network junctions. The crosslink agent concentration versus 

volume fraction of rubber is plotted in the Figure 3. 13 . 
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Figure 3. 13 Sulfur concentration versus volume fraction of rubber (Vr) in natural rubber 

swollen networks. 

 

3.7.4 Comparative study of crosslink density obtained by Equilibrium 

swelling and MQ NMR  

 

In the present section will discuss the crosslink density of natural rubber networks obtained 

by two independent methods (equilibrium swelling and MQ NMR) and detailing the strengths 

and weaknesses of two mthods.  

For the last three decades the MQ NMR is emerging as an excellent tool for measuring 

crosslink density in polymer melts and gels but the most traditional method is equilibrium 

swelling. Here the quantitative results obtained by two methods are compared. As already 

discussed earlier in this chapter that the equilibrium swelling results are molecular model 

dependent. The recent literature [53] suggested that phantom statistical model is more 

appropriate. 
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Figure 3.14 The reciprocal of molecular weight between crosslinks for natural rubber 

networks obtained by two independent techniques, equilibrium swelling and MQ NMR. 

 

The linear relationship between Mc obtained from MQ NMR and swelling method by 

applying affine and phantom models are as shown in Figure 3.14 . If both swelling and NMR 

gave correct, absolute results, the slope and intercept could be unity and zero respectively in 

Figure 3.14 . The slope is close to unity (0.98, obtained R
2
- value for linear fitting is 0.98) for 

phantom model where as higher slope (1.56, obtained R
2
- value for linear fitting is 0.984) is 

observed for affine model. The reason is due to the assumptions of each model are different. 

The reason for existence of y-intercept is explained by the following relation [53]: 

 

1

𝑀𝐶(𝑁𝑀𝑅)
+
1

𝑀𝑒
≈

1

𝑀𝑐(𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔)
+
1

𝑀𝑡𝑒
 

(3.25) 
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It arises due to the fact that NMR is not only measuring chemical crosslink restrictions but 

also additional restrictions, imposed by entanglements in bulk samples and are partially 

released at equilibrium swelling state, that means Me (total entanglements) greater than or 

equal to Mte (trapped entanglement)[37,85,86]. In conclusion, NMR results are sensitive to 

crosslinks, entanglements and trapped entanglements whereas the swelling experiments is 

determined only crosslinks and trapped entanglements that could not be released under 

swollen conditions. Therefore, the y-intercept is equal to the difference of total entanglements 

measured by the NMR and trapped entanglements present in swollen state.  

 

3.8 Conclusions 
 

The equilibrium swelling is more traditional and well popular method for measuring crosslink 

density in vulcanized and other polymer networks. However the quantitative results obtained 

are model dependent. Equilibrium swelling method could not only gives overall crosslink 

density but also mono-di and polysulfidic crosslinks population in the sulfur cured systems 

by applying thiol probe and selectively cleaving of different sulfur bridges. The swelling 

crosslink density numbers are quantitatively well agree with independent MQ NMR results, 

only when phantom model is applied for swelling method. The comparative study of two 

independent methods revealed the strengths and weaknesses of each method. 
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Chapter 4 

Study of over-cure effects in sulfur-

cured rubber compounds by NMR and  

Swelling methods 
 

4.1 Introduction 
 

The elastic and mechanical properties of rubbers are regulated by crosslinks between highly 

mobile long polymer chains, formed in a complex chemical process called vulcanization. A 

full understanding of the resulting three dimensional network structure-property relationship 

is still the subject of vigorous research [80]. In fact, mechanical and thermal properties of 

vulcanizates are influenced by the amount and distribution of crosslinks [87] that in turn may 

depend [60] on the vulcanization system, backbone structure of the polymer, concentration of 

curing agents, cure temperature etc.  

Moreover, addition of fillers and blending between different polymers are commonly used in 

industry to fine tune the properties of materials, further complicating their analysis. Different 

grades of carbon black are the most commonly used fillers in tire industries [5, 6] alone or 

combined with nonblack fillers [3, 4]. Further opportunities are provided by the emerging 

class of nano-fillers: nanoparticles [8], carbon nanotubes [9] and graphene [10]. The 

interaction between filler and rubber and the influence of fillers on the vulcanization reaction 

itself are aspects that still attract attention of researchers from both academia and industry. 

Blending between different polymers, including natural rubber (NR), polyisoprene (IR), 

polybutadiene (BR) and various grades of styrene-butadiene rubber (SBR), is also widely 

employed to combine desired features of different polymers[88]. Properties of the blends 

often differ from the weighted average of component rubbers, due the formation of different 

but interconnected phases [89] and to distribution of fillers and additives within them [90]. 

Diffusion of curatives and reaction rates are also different at different cure temperature in BR 

and IR. For example, in a given blend, different cure conditions can favor the crosslinking of 

one polymer rather than other [91]. As a result crosslink distribution also varies, making the 

characterization of cured blends particularly challenging [92]. Further options are provided 
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by the use of compatibilizing agents [93] or by the interaction of a filler with a blend, where 

the partition of the particles between different phases is a factor influencing the macroscopic 

properties [94]. 

In presence of so many different parameters, whose control in an industrial context is subject 

to time and cost constraints, variations in the final properties of the material are easily 

introduced. Thus, there is increasing need of faster and more precise characterization 

techniques to assist the production or post-production. 

The single most important parameter for structure-property correlation is the molecular 

weight between crosslink junctions (Mc), which is inversely proportional to crosslink density. 

The most commonly used methods for the estimation of the crosslink density are equilibrium 

swelling[65], mechanical measurements [95], high resolution NMR [96] and low resolution 

TD-NMR at high [97] and low field [2]. Instruments were also developed for measurement in 

inhomogeneous magnetic field, allowing applications also on finished products [98]. 

Rheometry can analyze rubber compounds at the macroscopic level, and is thus used to 

determine cure parameters phenomenologically. For example, rheometric analysis of 

vulcanization is based on the assumption that measured torque during vulcanization reaction 

is proportional to the effective crosslinking [9]. 

Equilibrium swelling is a widely applied technique to determine crosslink density of 

elastomer networks. This method is based on the Flory-Rehner theory of network models 

developed from the ideal network assumptions. These models are derived for any 

deformation in the network including swelling [83] caused by the absorption of solvent. The 

quantitative results obtained from this method always depend on the choice of model as 

demonstrated in chapter 3 and of the thermodynamic parameters related to the polymer-

solvent interaction. Erman [65] reviewed the molecular foundation of affine and phantom 

models in detail by comparison of several experimental techniques with theoretical 

predictions of real networks. Equilibrium swelling method qualitatively agrees well with any 

other independent method in characterizing unfilled (“gum”) vulcanizates as proven in the 

chapter 3, but in case of practically important filler-reinforced rubbers such direct agreements 

could not be established, especially with methods investigating the molecular level. 

Even in absence of a comprehensive theoretical model on the issue of filler restrictions on 

swelling, Lorenz and Parks [99], and later Kraus [100], were able to assess the filler 
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restriction on swelling. According to their observations on filled vulcanizates, at constant 

loading of given filler, the apparent number of network chains is approximately a constant 

multiple of the number of crosslinks in the unfilled vulcanizates. This approximation is 

independent of network crosslink density in the unfilled vulcanizates. The constant multiple 

depends on the volume fraction of loaded filler and filler type. This relationship helps in 

evaluating physical crosslinks or swelling restrictions caused by the filler in the filled 

vulcanizates. 

NMR spectroscopy is a powerful tool for studying the structure and dynamics of a variety of 

polymer systems such as elastomers [101], filled rubbers [102], polymer melts [103] and 

block copolymers [104]. The traditional transverse 
1
H-NMR relaxation [97] was recently 

complemented by multiple-quantum nuclear magnetic resonance method (MQ NMR), whose 

application to unfilled and filled rubbers was extensively described by Valentin [53, 85]. The 

existence of crosslinks or any topological constraints in the rubber matrices causes 

anisotropic fluctuations in the semi-local segmental level of polymer chains and generates 

residual dipolar couplings. The magnitude of residual dipolar coupling constant (Dres) can be 

measured by MQ NMR and is related to network microscopic parameters such as crosslink 

density, entanglement length and the presence of other topological constraints [37], and can 

be used to follow in detail the evolution of a polymer network, for example when 

crosslinking is induced by radiation [86]. 

The primary aim of present chapter work was to precise determination of the crosslink 

density in sulfur cured polyisoprene and polybutadiene networks and their blends. This was 

performed by applying TD-NMR to challenging tasks like following minute network 

evolution during over-cure period. The technique has been previously [53] tested on samples 

with much larger range of crosslink density, obtained through different amounts of sulfur 

rather than by modification of the same network. The effects of fillers on same compounds 

were also studied. Results were compared with swelling measurements, demonstrating MQ 

NMR can provide equivalent data with higher precision and less experimental time. 

Moreover, TD-NMR can provide data on crosslink distribution that are inaccessible by 

swelling [105]. To the best of my knowledge there are no reports available on studying blend 

crosslink density and distribution at the microscopic level using MQ NMR. Here we took 

advantage of NMR for studying polyisoprene/polybutadiene blends crosslink densities 

compared to pure polyisoprene and polybutadiene networks prepared in similar conditions. 
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4.2 Experimental 
 

4.2.1 Sample preparation 

 

Polyisoprene (IR) and polybutadiene (BR) rubber samples were kindly supplied by Pirelli 

Tire. The label IR indicates high cis-polyisoprene (cis-1, 4 content 97% min) low viscosity 

(Mooney viscosity (ML (1+4) 100°C) 70±5 MU) obtained by solution polymerization with 

Ziegler/Natta catalyst. BR samples were high cis-polybutadiene (cis-1,4 content 97% min) 

low viscosity (Mooney viscosity (ML (1+4) 100 °C) 43±3MU) polymerized by Neodymium 

catalysts. Details of the sulfur based cure recipes, including the type of carbon black (N234) 

used for filled samples are given in Table 4. 1. Compounds were prepared in an open two-roll 

mill using standard mixing procedure and vulcanized in pneumatic double plate press at a 

temperature of 170 °C and 150 °C for unfilled and carbon black filled samples respectively. 

The optimum cure time (t95) was deduced from the rheometric curves shown in Table 4. 2. 

Samples were prepared with varying cure time, starting from 7 minutes, which was slightly 

below optimal cure time for carbon black filled compounds, up to 50 minutes. 

 

Table 4. 1 Unfilled and carbon black filled polyisoprene, polybutadiene and blends 

vulcanizates recipes.  

Sample Polyisoprene 

(phr) 

Polybutadie

ne 

(phr) 

Carbon 

black 

N234 

(phr) 

Sulfu

r 

(phr) 

ZnO  

(phr)  

Stearic 

acid (phr) 

CBS* 

(phr) 

BR - 100 - 1.2 2.5 2 2.8 

IR+BR 50 50 - 1.2 2.5 2 2.8 

IR 100 - - 1.2 2.5 2 2.8 

BR (CB) - 100 50 1.2 2.5 2 2.8 

IR+BR (CB) 50 50 50 1.2 2.5 2 2.8 

IR (CB) 100 - 50 1.2 2.5 2 2.8 

* N-cyclohexyl-2-benzothiazole sulfonamide, a curing accelerator. 
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4.2.2 Rheometry 

 

Rheometry analysis was performed on a Monsanto MDR (Moving Die Rheometer) 2000E. 

Cure curves were recorded for 50 minutes as shown in Figure 4. 1. 

 

4.2.3 Equilibrium swelling  

 

The vulcanized rubber network crosslink density was determined by equilibrium swelling 

measurements performed in toluene solvent at temperature of 20 °C. Experiments were also 

performed on samples treated with cleaving agents that break polysulfidic links, following 

established literature procedures [106]. 

The modified Flory-Rehner equation was used to calculate the network crosslink density by 

adopting phantom model according to the equation (3.19). 

We used the values of χ = 0.39 for toluene-polyisoprene rubber pair, χ = 0.36 for toluene-

polybutadiene [79] rubber pair. 

In reporting crosslink density values, we considered both the statistical error of the 

measurement and the error due to differences in samples from different batches produced 

with the same nominal parameters. This last aspect is important, since it was verified by 

forensics studies on rubber gloves of commercial origin that NMR results can vary 

significantly even within a single batch [13]. Thus, statistical error was evaluated by five 

measurements on samples prepared at the same time from the same compound, resulting in a 

standard deviation ±2.2% in the measured crosslink density. By measuring five separately 

cured samples with the same nominal recipe and cure time, an error of ±7% was instead 

determined.  

In filled vulcanizates, filler particles adsorb elastomer chains and act as physical crosslinks 

and create swelling restrictions, thus increasing the apparent crosslink density. In order to 

obtain actual chemical crosslink number, it was necessary to make the following correction 

[72] according to the type and volume fraction of the loaded filler: 
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𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘 = 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘/(1 + 𝐾∅) (4.1) 

 

∅ is the volume fraction of filler in the compound, and K is the constant for given filler (K= 

4.53 for N234 carbon black). K depends on the structure and morphology of filler and is 

obtained from DBP measurements. Measuring the structure or morphology of carbon black is 

a more difficult task. The current industry test index is the dibutyl phthalate absorption 

number (DBPA). Dibutyl phthalate (DBP) absorption measures the relative structure of 

carbon black by determining the amount of DBP a given mass of carbon black can absorb 

before reaching a specified viscous paste.  

 

4.2.4 TD-NMR Spectroscopy 

 

Solid-state 
1
H MQ NMR experiments were carried out on a Bruker Minispec the instrument 

details and sample preparation were given in chapter 2. All experiments were performed at 

353 K temperature, well above the glass transition, to obtain temperature-independent 

structural information [53]. The instrument pre experimental conditions were given in chapter 

2. Data acquisition was done with 128 scans and setting the recycle delay to 1 second. Even 

though good signal to noise ratio was obtained with 32 scans, due to the analytical nature of 

the work and probing small network differences, data acquisition done with higher number of 

scans. 

The molecular weight between crosslinks junctions Mc was measured using a recent version 

[2] of the Baum and Pines MQ experiment [18]. Experimental data were analyzed using fast 

Tikhonov regularization (ftikreg) procedure [61] to obtain the average residual dipolar 

coupling constant (Dres) and its distribution. Statistical error on Dres was evaluated at ±0.8% 

on the basis of five measurements, while the error associated to measuring five separately 

cured samples with the same nominal recipe and cure time was estimated at ±2%. The 

residual dipolar coupling constant is related to Mc according to the Equation (2.20). The 

crosslink density can be obtained from Mc according to the crosslink density expression 

(1/2Mc). 
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4.2.5 High Resolution Magic-Angle Spinning- 
13

C NMR 

 

Vulcanized rubber compounds 
13

C-NMR measurements were performed on Bruker Avance 

400 NMR spectrometer at 
13

C frequency of 100.62 MHz. Measurements were performed at 

room temperature on a high resolution MAS probe using magic angle spinning at 5 kHz. Data 

acquisition was done with 30,000 and recycle delay had set to 2 s. To shorten measurement 

time 0.08 M Cr(acac)3 paramagnetic relaxation agent were used in CDCl3 solvent. 

4.3 Results and Discussion 
 

4.3.1 Rheometric study of vulcanization 

 

Cure curves of unfilled and carbon black filled compounds are shown in Figure 4. 1. Addition 

of carbon black accelerates the cure kinetics, thus different temperatures were chosen for the 

two groups of samples in order to obtain similar optimum cure times. 

 

Figure 4. 1 Vulcanization curves of unfilled (left) and carbon black filled (right) compounds 

cured at 170 °C and 150 °C temperature respectively. Samples were over cured for several 

tens of minutes after reaching the optimum values (t95). 

 

The curves follow the typical behavior where three periods can be observed. The first period, 

during which torque is relatively constant but accelerator reactions occur, is called induction 

period or scorch time. It is followed by cure period, during which actual crosslinking process 

takes place and network structure is formed. The third and last stage is over-cure or post cure 
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period, during which torque can increase, decrease or remain constant depending on the 

particular vulcanization system [80] and nature of the elastomer. 

It is evident from the rheometry curves that the torque increased substantially where filler 

was added to the gum rubbers. Polyisoprene compounds exhibit lower torque values than 

polybutadiene compounds in both unfilled and filled samples, while the unfilled blend 

displays intermediate values. The filled blend tends towards filled BR values. The negative 

slope of filled polybutadiene torque during over-cure period indicates network degradation by 

reversion. Vulcanization characteristics obtained from cure curve analysis, such as the 

difference between maximum and minimum torque value MH-ML, scorch time (ts2) and 

optimum cure time (t95) are shown in. Table 4. 2. 

 

Table 4. 2 Vulcanization characteristics of studied compounds measured by rheometry. ts2 is 

the scorch time, t95 is the time required to reach 95% of maximum torque, while the time 

difference of t95 and ts2 is the actual cure time or second period of cure curve. 

 

 

 

Details of the kinetics depend on the sample: for example optimum cure time, t95 is reduced 

by adding carbon black to polybutadiene rubber compounds and increased for polyisoprene 

rubber compounds. Despite minor differences, for all samples t95 is around 8-9 minutes, thus 

for the study of over-cure we characterized samples prepared with a minimum of 7 minutes 

cure time, and subsequent increments of 10 minutes up to 50 min. 

Sample MH-ML 

(dnm) 

ts2 (min) t95(min) t95- ts2(min) 

BR 9.76 7.8 9.8 1.9 

IR/BR 7.87 7.5 9.6 2.1 

IR 6.88 5.8 8.7 2.9 

BR (CB) 27.46 4.4 8.4 3.95 

IR/BR (CB) 24.12 5.3 9.8 4.5 

IR (CB) 19.91 4.9 9.9 5.0 
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4.3.2 Crosslink density and network structure 

 

Crosslink density was calculated from swelling data by applying the phantom network model 

(see Equation (3.19)). For all unfilled samples not treated with cleaving agents, crosslink 

density is plotted against curing time in Figure 4. 2. For ease of comparison, the correction 

indicated in Equation (4.1) was applied on the filled samples, which are also plotted in Figure 

4. 2. 

 

 

 

Figure 4. 2 Crosslink density of unfilled (left) and filled (right) vulcanizates evaluated by 

equilibrium swelling method, and thus comprehensive of both mono-di and poly sulfidic links. 

Crosslink densities in filled compounds are plotted after subtracting the filler restrictions on 

swelling. 

 

The same calculation was performed on filled and unfilled samples treated with cleaving 

agents, obtaining lower crosslink values. Since cleaving agents are selective, the reduction of 

crosslink density corresponds to the quantity of polysulfidic crosslinks in the pristine rubbers, 

as reported in Figure 4. 3. 
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Figure 4. 3 Percentage of crosslink density attributed to polysulfidic bonds in unfilled 

polybutadiene (BR) and polyisoprene (IR) vulcanizates as function of cure time. They were 

evaluated by difference between the swelling data of untreated and thiol/piperidine treated 

samples. 

 

Figure 4. 4 Percentage of polysulfidic crosslinks in carbon black filled polybutadiene and 

polyisoprene vulcanizates as a function of cure time. They were evaluated by comparing 

swelling data of untreated and thiol/piperidine treated samples. 
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During cure time both the breaking and reformation of crosslinks are active. Thus, the 

evolution of the systems can be described as continuous breaking of less stable [80] 

polysulfidic links, partially or totally compensated by reforming of shorter sulfidic bridges. 

For example, unfilled polybutadiene network total crosslink density is decreasing with cure 

time up to 30 min, and is then almost constant up to 50 minutes. Polysulfidic links in the 

same system also decrease from a starting value of 30% to less than 5% within the first 30 

minutes. Unfilled polyisoprene networks contain a higher proportion of polysulfidic 

crosslinks relative to polybutadiene networks. Those crosslinks decay from the starting value 

of more than 40% measured at 10 minutes of cure time to values of 7% at 30 minutes and 3% 

at 40 minutes. The overall crosslink density of polyisoprene networks instead decreases with 

cure time up to 50 minutes.  

Thus, in BR the evolution of crosslink density is dominated by breakdown of the polysulfidic 

bonds. When they are depleted, at 30 minutes, further reduction of the total crosslink density 

is difficult. In IR, the evolution of total crosslink density is also initially dominated by 

polysulfidic degradation like in polybutadiene samples. After they are depleted lower degree 

polysulfidic link are also breaking.  

Filled networks exhibiting higher amount of polysulfidic links at all cure times compared to 

corresponding unfilled compounds are shown in Figure 4. 4. The amount of total crosslink 

density variation is minute in polyisoprene network and continuous decay is observed in 

polybutadiene network shown in Figure 4. 2 (right). The constant overall crosslink density 

and at the same time decaying of polysulfidic links indicates that both the mechanisms of 

breaking and reformation of sulfidic links are competing in carbon black filled polyisoprene 

network.  

 

4.3.3 TD-NMR results and comparison with swelling 

 

MQ TD-NMR measured crosslink density of unfilled and carbon black filled polybutadiene 

and polyisoprene network are shown in Figure 4. 5.  
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Figure 4. 5 Crosslink density of unfilled (left) and filled (right) vulcanizates evaluated by 

multiple-quantum NMR method and plotted versus cure time. 

 

The values and their evolution with cure time are in agreement with equilibrium swelling 

method. Unfilled polybutadiene crosslink density is decreasing with cure time up to 30 

minutes, and remains constant during further cure due to the presence of more stable mono-di 

sulfidic bridges, in agreement with Figure 4. 3. Polyisoprene networks crosslink density 

display a trend of continuous decay. Filled polybutadiene network crosslink density decays 

throughout the range of cure time due to the predominance of breaking of sulfidic bridges 

over the re-participation of broken sulfidic chains in cure. In filled polyisoprene compounds, 

the two mechanisms compete with each other, thus there is no clear tendency of decay or 

growth, as shown in Figure 4. 2 (right). 

A comparison between crosslink density measured with the two methods in unfilled 

polyisoprene and polybutadiene networks is shown in Figure 4. 6. 
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Figure 4. 6 Polybutadiene and polyisoprene vulcanizates crosslink density measured by 

equilibrium swelling and MQ TD-NMR (arrow indicates progress of cure time). The good 

correspondence between the two methods is indicated by the linear fitting. 

 

Data are interpolated with linear functions, where slopes of polyisoprene and polybutadiene 

samples are 0.44 (R
2
 = 0.93), and 0.59 (R

2
 = 0.96) respectively. Intercepts are 0.11 and 0.09, 

values that differ from zero since NMR is not only measuring chemical crosslink restrictions 

but also physical restrictions imposed by entanglements that are partially released at 

equilibrium swelling state. This is understood by the relation given in Equation (3.25). 

In Equation (3.25) the mass Me of polymer chain entanglements is less than or equal to the 

Mte (trapped entanglement) [55-107]. Therefore, the y-intercept indicates a difference 

between total entanglements measured by the NMR and trapped entanglements present in 

swollen state. This is point out that mono and di sulfidic links are the same in NMR point of 

view, despite the fact that mono and poly sulfidic links can have different effects on the 

macroscopic mechanical properties [81, 109]. 

For a discussion of the validity of the correction proposed in Equation (4.1), uncorrected 

equilibrium swelling against NMR crosslink density of carbon black filled networks are 

shown in Figure 4. 7. 
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Figure 4. 7 Carbon black filled polybutadiene and polyisoprene vulcanizates crosslink 

density measured by equilibrium swelling and MQ TD-NMR. A straight line passing through 

the origin having unity slope and zero intercept is displayed for indicating how the filler 

corrected results more closely match NMR results after the correction. 

 

In filled compounds, a substantial reduction of network swelling was observed compared to 

corresponding unfilled networks. The reason is the adsorption of polymer chains by the filler 

or by meshes of filler particles glued together, as described in literature [85]. Filled samples 

shown in Figure 4. 7 presented higher swelling crosslink density compared to corresponding 

unfilled sample. After subtraction of filler restrictions according to the Equation (4.1), 

swelling results are in better agreement with NMR. In filled networks, the linear correlation 

between successive data points is absent, indicating a limitation in the estimation of very 

minute network differences in presence of fillers. Note that filled samples in the present work 

actually span an even smaller range of crosslink density than unfilled samples. Still, corrected 

values are much closer to MQ TD-NMR results, corroborating the Lorenz, Parks and Kraus 

relation for filler restrictions on swelling. 
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In conclusion linearity between swelling and NMR is obtained in unfilled networks whereas 

in filled networks, filler restrictions has to be subtracted to obtain better matching of the data.  

 

4.3.4 Network crosslink density and distribution by TD-NMR in blends 

 

The calculation of crosslink density from the Dres proposed in Equation (2.20) is applicable to 

the polymers with a known Dstat constant and is not available for polymer blends. For a model 

free discussion of the IR/BR blend network, direct comparison of the MQ TD-NMR Dres is 

presented in Figure 4. 8 for the blend and the component rubbers. The weighted average of 

the Dres values of the two components, calculated considering the proton % associated to each 

polymer, is also presented. Dres values are also presented in Table 4. 3 and Table 4. 4. 

Polybutadiene displays higher residual dipolar coupling constant than the corresponding 

polyisoprene network. Unfilled blend Dres constants are very close, but always lower than the 

weighted average of pure components. This difference, while only marginally greater than the 

experimental error, can indicate preferential solubility of curatives in the polyisoprene, since 

the final Dres is shifted in the direction of the IR value. This was further validated by 

verifying that the Dres value associated to a mechanical mixture of IR and BR chunks with 

equivalent quantities is undistinguishable from the weighted average of the two components. 

This tendency is even less pronounced in filled blends since filler influence on cure kinetics 

and filler adsorption affinity also differs between polymers [105]. 



106 
 

 

 

Figure 4. 8 MQ TD-NMR measured Dres constants of polybutadiene (BR), polyisoprene (IR), 

blend (IR/BR) and weighted average of IR, BR vulcanizates networks at variable cure time. 

Values for blends are mostly close to the weighted average of the component rubbers. 

 

Table 4. 3 Dres values of unfilled polybutadiene (BR), polyisoprene (IR), blend of IR and BR 

(IR/BR) and weighted average of BR and IR networks. 

 

 

 

 

 

 

 

 

 

Cure time 

(min) 

BR  

Dres/2π 

(Hz) 

IR/BR blend 

Dres/2π 

(Hz) 

IR  

Dres/2π 

(Hz) 

Avg. IR&BR  

Dres/2π 

(Hz) 

10 311 267 242 276.5 

20 290 258 236 263.0 

30 274 248 226 250.0 

40 273 234 203 238.0 

50 266 227 207 236.5 



107 
 

Table 4. 4 Dres values of carbon black (N234) filled polybutadiene (BR), polyisoprene (IR), 

blend of IR and BR (IR/BR) and weighted average of BR and IR networks. 

 

 

 

 

 

 

 

 

 

 

 

Analysis of MQ NMR data also provides a distribution of Dres values, and thus an 

experimental approach to measuring crosslink distribution that can be more informative on 

the network structure than a simple average, for example by detecting the presence of local 

inhomogeneities [56]. Sulfur cured polyisoprene networks near the optimal cure time exhibit 

a narrower distribution than the corresponding polybutadiene networks under same cure 

conditions as shown in Figure 4. 9. 

 

Cure time 

(min) 

BR (CB)  

Dres/2π 

(Hz) 

IR/BR (CB) 

blend 

Dres/2π 

(Hz) 

IR(CB)  

Dres/2π 

(Hz) 

Avg. IR & BR 

(CB) Dres/2π 

(Hz) 

7 282 246 219 250.5 

15 288 257 220 254.0 

30 261 232 214 237.5 

40 245 238 207 226.0 

50 238 223 204 221.0 
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Figure 4. 9 Over-cure effect on crosslink density distribution in unfilled (left) and carbon 

black filled polybutadiene (BR), polyisoprene (IR) and blend (IR/BR) networks. Numbers in 

the image legend indicate cure time and temperature respectively.  
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Upon over-curing, unfilled polyisoprene changes drastically, probably due to the extensive 

restructuring of the greater number of polysulfidic links present. Its network Dres distribution 

becomes broader with cure time progress. The increased amplitude at low Dres values is 

evidence of chain scission, while increased amplitude at higher values is a sign of the 

formation of additional crosslinks. Since the average is moving towards low Dres values, the 

dominant phenomenon is chain scission in agreement with the decrease of total and 

polysulfidic crosslinks during over-cure period as shown in Figure 4. 2 and Figure 4. 3 

respectively. In polybutadiene rubber networks Dres distribution is less affected by cure time, 

also in agreement with the crosslink density change observed by NMR and swelling methods. 

Filled compounds display a slightly narrower Dres distribution compared to corresponding 

unfilled vulcanizates shown in Figure 4. 9 (right). Their evolution over time follows the same 

trends discussed for unfilled vulcanizates. 

For unfilled rubbers, a direct comparison between the Dres distribution of the blend and the 

weighted average of the two components is presented in Figure 4. 10. It is apparent that the 

system cannot be considered a simple juxtaposition of two separate rubbers, even though the 

IR/BR blend is known to present phase separation in the range of hundreds of nm [110], 

much greater than the scale probed by MQ NMR.  

 

 

 

Figure 4. 10 Over-cure effect on crosslink density distribution in blend (IR/BR) network 

compared with weighted average of constituting polymer networks. The cure time and 

temperatures are presented in the image. 

 



110 
 

A possible explanation for this observed behavior and for the average Dres values observed in 

Figure 4. 8 involves the effect of different solubility and reactivity of curing agents in the two 

phases, resulting in much greater inhomogeneities even within the IR phase at low curing 

time.  

 

4.3.5 
13

C HR-MAS NMR studies of vulcanizates 

 

13
C HR-MAS NMR spectra of unfilled polybutadiene and polyisoprene compounds are 

shown in Figure 4. 11. The predominant monomer peaks are labelled in the image along with 

chemical structure. Detail of the aliphatic region of polybutadiene (BR), polyisoprene (IR), 

and blend (IR/BR) spectra of uncured and cured compounds are presented in the Figure 4. 12. 

The assignment of peaks for different crosslink structures [96] are numbered in the images. 

Structure labelling is presented in Table 4. 5 and Table 4. 6. In polybutadiene spectrum, many 

of expected crosslink peaks were not present. In polyisoprene cured compounds different 

crosslink structures [96] resonance peaks and peak broadening is observed. In blend 

resonance peaks related to two component polymers were observed. Parenthesis followed by 

peak number indicate polymer. Resonance peaks without literature attribution are represented 

by letter ‘x’. 

 

Figure 4. 11 
13

C HR-MAS NMR spectra of uncured polybutadiene (BR) and polyisoprene 

(IR) compounds. 



111 
 

 

 

 

Figure 4. 12 (A) Details of the aliphatic region of uncured BR, IR and Blend (IR/BR) 

compounds and (B) corresponding cured compounds for 10 min at 170 °C. In blend spectra 

peak labeling, in parenthesis IR and BR represents peaks corresponding to polyisoprene and 

polybutadiene components respectively. 
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Table 4. 5 Chemical shifts and possible structures of both uncured and cured polybutadiene 

compounds. 

Peak label Chemical shift(ppm) Structural unit 

1 44.4(cured) Polysulfidic crosslink 

2 43.8(uncured) 1,2-dichloroethane(impurities present in CDCl3 

)[111] 

3 37.5(cured) Stearic acid 

4 34.3(both) cis-1,4 monosulfidic-CH2 –[96] 

5 32.8(cured) trans-1,4 C1 

6 31.2(uncured) Unassigned –CH2-[96] 

7 28.6(both) cis-1,4 C1 

8 27.4(both) cis-1,4 C1 

9 25.0(uncured) cis-1,4 C1 

 

Table 4. 6 Chemical shifts and possible structures of both uncured and cured polyisoprene 

compounds. 

Peak label Chemical shift(ppm) Structural unit 

1 59 (cured) B1c-p(α) 

2 48(cured) B1c-p(α) 

3 44.4(cured) A1cm(ɤ)[112] 

4 40.0 (uncured)& 40.1(cured) cis -1,4 C1 & trans-1,4 C1 

5 32.19(uncured),32.8(cured)  cis-1,4 C1 

6 30 (both) Fatty acid –CH2- 

7 28.3(both) cis-1,4 C4 

8 27.4(both) Cis-1,4,C1 

9 26.4(both) trans-1,4 C4 

10 23.5 (both) cis-1,4 C5 

11 18.0(cured) B1c-p(ɤ) 

12 17.5(cured) B1t-p(ɤ) 

13 16.0(both)  trans-1,4 C5 

14 14.0(cured) B1t-p(ɤ) 
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Some expected crosslink structure resonance peaks were not detected in butadiene 

compounds, possibly due to low intensity relative to the solvent (CDCl3) peak shown in 

Figure 4. 11. It was difficult to quantify the crosslink density of small network differences 

with high resolution 
13

C-NMR spectra.  

 

4.4 Conclusions 
 

In this present chapter, we detected minute differences in network structure by TD-NMR with 

high precision. Errors associated to those measurements are much smaller than the 

corresponding values measured with swelling experiments. Moreover, the experimental time 

is significantly reduced, thus demonstrating the feasibility of MQ NMR as a technique for 

quality control in industrial context and was the primary goal of present thesis work. In line 

with the analytical nature of this work, we set a relatively high number of accumulations. 

Even in these conditions, the required experimental time for crosslink measurement is limited 

to few hours for actual quality control applications; the experimental time could be further 

reduced by a factor of 2 or 4. Quantitatively good linear relation between two methods were 

observed in unfilled compounds whereas higher swelling measured crosslink density values 

were observed in carbon black filled samples, due to filler restrictions on swelling that have 

no equivalent at the microscopic level probed by NMR. After subtracting the filler related 

restrictions on swelling results both methods strongly agreed, thus validating the current 

approaches for filler correction at least in the case of conventional CB fillers. Changes 

occurring in the sulfur networks beyond the optimum cure time and the distribution of 

crosslinks are also discussed together with the effect of carbon black filler. Crosslink 

distribution in IR/BR polymer blends is studied by MQ TD-NMR for the first time. The 

comparison of residual dipolar coupling constants of blends and their distributions with those 

of pure components provides qualitative clues about different solubility/reactivity of curatives 

in the two rubbers composing the blend. High resolution 
13

C-NMR could allow measuring the 

crosslink density from the peak intensity but the quantification of crosslink density in small 

network difference samples is tedious and need expert’s hands for analyzing the data.  
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Chapter 5 

Ionic elastomer Networks and 

Characterization with Low-Field 
1
H-

NMR 
 

5.1 Introduction 
 

Ionic elastomers are thermoplastic polymers with small amount of ionic groups in 

hydrocarbon polymers and exhibit unique physical and mechanical properties. Ionic 

elastomers are crosslinked by the association of ionic groups, forming multiplets or clusters 

and they are thermolabile in nature due to ionic domains. The covalent crosslinks are 

permanent and irreversible and are good candidates for elasticity. Besides its advantages, 

irreversibility creates greater recycling problems in rubber objects. Thermoplastic polymers 

are developed [113-114] to overcome the recycling problems. Ionic elastomers are one 

among them due to thermolabile nature and also exhibit exceptional mechanical properties. 

Ionic elastomers are characterized by a strong physically crosslinked network resulting from 

a phase separation of ionic-rich nano-domains. The ionic groups (e.g. carboxylic, sulfonic, 

phosphoric acids etc.) are either pendent to or incorporated in the nonpolar main chains. 

These groups are usually neutralized with metal cations forming ion pairs, which constitute 

the simplest form of inter or intra chain interaction. They tend to aggregate into more 

complex structures (multiples of different sizes) according to the ion content, nature and size 

of the polyion and counterion, dielectric constant of matrix polymer, glass transition 

temperature of the ion pair relative to the backbone, stearic constraints, amount and nature of 

added plasticizers, presence of added fillers, etc. 

The theoretical basis for clustering of ionic groups in the organic polymers has been studied 

by A. Eisenberg [115]. Two decades later the same group developed the multi-cluster model 

[116] by considering much experimental results advancement in the same field. This model 

explains that an ionic groups form random ionic multiples, which reduce the mobility of the 

polymer chains in their vicinity. These kinds of isolated multiple acts as multi-functional 

crosslinks and increasing the glass transition temperature of the material. With increasing of 
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ionic content the multiples overlap to form larger contiguous regions of restricted mobility. 

When these regions become sufficiently large, they exhibit phase-separated behaviour and are 

termed clusters. The model is in good agreement with experimentally observed phenomena 

based on the dynamical mechanical and X-ray scattering techniques. In this chapter we tried 

to explain preparation and characterization of both covalent and ionic crosslinks as well as 

the immobile polymer around the ionic clusters with low resolution NMR. 

In the present study we used carboxylated nitrile butyl rubber (XNBR) as rubber matrix, 

MgO metal oxides to create ionic crosslinks and dicumyl peroxide (DCP) crosslink agent for 

create covalent crosslinks. Commercial available micro TiO2 powder and home-made 

(laboratory synthesize) TiO2 nanoparticles were also used in this work. The main objective in 

using TiO2 nanoparticles is to obtain optical properties in addition to the thermo reversible 

shape-memory effects. 

By synergy between ionic (physical) and covalent (chemical) crosslinks in the polymer 

matrix, good mechanical and thermo reversibility properties could obtain and these polymers 

are called the shape-memory polymers (SMPs). Shape-memory polymers (SMPs)are 

polymeric smart materials that have the ability to return from a deformed state (temporary 

shape) to their original (permanent) shape induced by an external stimulus (trigger), such as 

temperature changes [117]. We aimed a step ahead and to complement shape memory effect 

with optical properties in this present work. The schematic of ionic and covalent mixed 

crosslink network with shape memory effect is shown in Figure 5.1. 

 

Figure 5.1 Schematic illustration of ionic and covalent crosslink networks in the XNBR 

polymer with MgO and DCP. 

http://en.wikipedia.org/wiki/Smart_material
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5.2 Carboxylated nitrile butyl rubber (XNBR) and ionic 

crosslinks 
 

Carboxylated nitrile butyl rubbers (XNBR) are terpolymers of acrylonitrile, butadiene, and 

monomers containing carboxyl groups such as carboxylic acids (R-COOH) R- refers to the 

rest of the molecule. The pendent carboxyl groups provide ionic crosslinks by utilizing metal 

oxide curing agents, such as MgO, CaO, ZnO etc. Salts and esters of carboxylic acids are 

called carboxylates. Each divalent metal oxide neutralizes two pendent carboxylic acid 

molecules and form ion pair. Group of ion pairs creates multiples and such a multiples creates 

ionic clusters in nano size [118] and provides self-reinforcement to the XNBR matrix. These 

ionic domains are thought to act as multifunctional crosslinks and fillers, thereby producing 

high reinforcement and good mechanical properties. The mechanical properties such as 

tensile strength again depend on the size of metal ions. 

 

5.3 Experimental 
 

5.3.1 Ionic crosslink compounds preparation 

 

Carboxylated nitrile rubber (XNBR) was supplied by Lanxess Elastomers SAS (Germany) 

under the trade name of Krynac X740. It contains 26.5 wt % acrylonitrile and 7 wt % 

carboxylic groups (−COOH) according to the manufacturer. The vulcanization system was 

based on magnesium oxide (MgO, supplied by Akrochem with the trademark Elastomag170 

Special) to create ionic crosslinks. The detailed compound recipes were given in Table 5.1 

and Table 5.2. Compounds were prepared on a Gumix laboratory two-roll mill with a 

cylinder diameter of 15 cm and a length of 30 cm and a friction ratio of 1:1.15. The rolls were 

kept cold during the mixing procedure by circulating cold water through them. The MgO 

(ionic) and DCP (covalent) crosslink agent reaction mechanism with XNBR is shown in 

Figure 5.2. 
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Table 5.1 Formulation of ionic, covalent and mixed crosslinked XNBR compounds. 

Quantities are expressed in parts per hundred rubber (phr). 

 

S.No. Sample_ID XNBR rubber(phr) MgO (phr)/ DCP (phr) 

1 XMD1 100 4 0.5 

2 XM1 100 4 0 

3 XD1 100 0 0.5 

 

 

 

Figure 5.2 Schematic of ionic and covalent crosslinks formation in XNBR polymer matrix 

with MgO and DCP respectively. 
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5.3.2 Micro size TiO2 based compounds preparation 

 

These compounds also prepared in two-roll mill as explained in previous section and the 

recipe details are given in Table 5.2. 

 

Table 5.2 Formulation of micro TiO2 and XNBR compounds. Quantities are expressed in 

parts per hundred rubber (phr). 

S.No. Sample_ID XNBR rubber 

(phr) 

Micro TiO2 

(phr) 

1 XT1  100 3.1 

2 XT2 100 6.2 

3 XT3 100 12.4 

 

5.3.3 TiO2 nano particle based compounds preparation 

 

TiO2 nano particle based compounds were prepared in a solution mixing of polymer and 

other ingredients, unlike the two-roll mill mixing. The polymer were cut into tiny pieces and 

completely dissolved in a DMF solvent and subsequently MgO, DCP and TiO2 nanoparticles 

were mixed under continuous stir for 2 days at room temperature. The well dissolved solution 

was collected into watch glass and completely evaporated solvent in the solution at 80 °C in 

an oven. 

Table 5.3 Formulation of TiO2 nanoparticle, XNBR compounds. Quantities are expressed in 

parts per hundred rubber (phr). 

S.No. Sample_ID XNBR rubber 

(phr) 

MgO 

(phr) 

DCP 

(phr) 

TiO2nanopart(phr) 

1 XMD  100 4 0.5 0 

2 XMDT 2 100 4 0.5 2 

3 XMDT 5 100 4 0.5 5 

4 XMDT 10 100 4 0.5 10 
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5.3.4 Vulcanization 

Vulcanization curves were obtained in a rubber process analyzer RPA 2000 (Alpha 

Technologies) with a deformation of 6.98% and an oscillatory frequency of 1.667 Hz. The 

vulcanization was carried out in a hydraulic press at variable temperatures and times also 

represented in respective images. Pure covalent samples (DCP) were vulcanized for optimum 

time (t97). The optimum vulcanization time (t97) deduced from the rheometer curves. 

5.3.5 Rheometry 

In addition to basic vulcanization curves, Frequency-sweep experiments were carried out 

after the vulcanization process on rubber process analyzer RPA 2000 (Alpha Technologies). 

The shear modulus was measured at frequencies from 0.002 to 33.33 Hz at temperatures from 

40 to 230 °C. Using the frequency-temperature superposition [124] a combined master curve 

was plotted to obtain the stress relaxation of the modulus in a wide range of frequencies. 

 

5.3.6 Dynamic Mechanical Analysis (DMA) 

 

The mixed crosslinked network sample was characterized by DMA by using a Perkin Elmer 

DMA7 with parallel plate geometry and thermal control accessory using liquid nitrogen 

cooling. The sample was prepared as a disc with 6 mm diameter and 3 mm thickness. During 

a typical experiment, a disc was inserted between the plates and compressed with a static 

force of 1.0 N and a dynamic force of 0.3 N, using a frequency of 1 Hz. The temperature scan 

runs from 173 K to 473 K with heating rate of 5 K min
-1

. The dynamic force was large 

enough to obtain significant amplitude even at the low temperature glassy state of the 

material.  

 

5.3.7 NMR Spectroscopy 

 

Solid-state 
1
H MQ TD-NMR experiments were carried out on a Bruker minispec mq20 

spectrometer operating at a resonance frequency of 19.65 MHz with a 90
o 
pulse length of 2.2 

µs and a dead time of 14 µs and acquisition was done with 32 scans. Magic sandwich echo 
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(MSE) experiments acquisition was done with 128 scans. Depends on the thickness of the 

sample, enough number (to achieve 5 mm height) of circular discs of 7 mm diameter were 

centered in a standard minispec 8 mm inner diameter glass tube. Sample tube thermalized 

inside the instrument 10 minutes before starting the experiment and minispec was also set to 

the temperature minimum 6 hours prior to start the experiment, to stabilize the magnetic unit 

temperature and avoid the temperature gradient in the sample surroundings. All the 

measurements were performed at variable temperatures depends on the purpose and type of 

network. 

 

5.3.8 Optical characterization 

 

Nanocomposite films transmission spectra were obtained with a Lambda 950 UV/VIS 

spectrometer (Perkin Elmer) with integrated sphere and air as the reference spectrum. 

Refractive index of nanocomposite films were measured with Prism coupler Instrument 

(Model 2010) Metricon operated with He-Ne laser wavelength 632.9 nm and 1mW output 

power. Reported values are average of five measurements. 

 

5.3.9 Thermal characterization (DSC)  

 

Differential scanning calorimetry (DSC) measurements were performed with a METTLER 

TOLEDO STAR
e
 thermal analysis system equipped with a liquid N2 low-temperature 

apparatus, running the experiments under N2 atmosphere. Sample of the polymer (about 6.5 

mg, accuracy of 0.05 mg) were sealed into 40 μL aluminium pans under dry conditions, 

quenched to 173 K, and then heated to 473 K at 20 K min 
−1

. Indium is used as standard for 

temperature and heat flow calibration. Glass transition temperature (Tg) is obtained as the 

mid-point of the step transition in the calorimetric curve. 
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5.4 Results and Discussion 

5.4.1 Rheometry 

 

The basic vulcanization curves of three (ionic, covalent and mixed) different crosslinked 

networks are shown in Figure 5.3. As expected the mixed (ionic and covalent) crosslink 

network sample showing the higher torque due to summing effect of ionic and covalent 

crosslinks together. Due to only covalent crosslink, DCP samples showing lower torque. The 

MgO sample showing the intermediate torque since MgO content is more than stoichiometric 

(3.26 phr) value and is able to neutralize all the carboxylic groups and also note that ionic 

crosslinks are candidates for good mechanical strength. 

The ionic domains are acts as dynamical crosslinks and are free to break down, reform and 

redistributes at elevated temperatures. In order to address the effect of ionic rearrangement 

life times on the terminal chain dynamics, we studied this process by applying the 

frequency−temperature superposition principle to the data obtained from the rubber process 

analyzer, in order to obtain a master curve that represents the stress relaxation of the shear 

modulus (G’) in a wide range of frequencies for different crosslinked XNBR samples shown 

in Figure 5.4. Polymer chains in XNBR ionomers can flow via ionic exchanged between 

discrete aggregates without breaking all their ionic associations simultaneously, but this slow 

process requires high temperatures to take place on manageable time and frequency scales. 

Opposite to this behavior, the XNBR matrix covalently crosslinked by using 0.5 phr of DCP 

showed a clear elastic plateau over a certain high temperature or low frequencies. The 

corresponding shift factor (aT) also plotted in Figure 5.5 and is also indicates that well above 

the glass transition temperature (>Tg+100) shift factor also maintains plateau. 

 

Figure 5.3 Cure curves of ionic (MgO), covalent (DCP) and mixed (MgO/DCP) crosslink 

systems obtained at 160 
o
C temperature for 120 min. Legend number indicates respective 

ingredient in phr. 
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Figure 5.4 Flow curves of ionic (MgO), covalent (DCP) and mixed (MgO/DCP) crosslink 

systems obtained by measuring the shear modulus at different frequencies and temperatures, 

plotted for a reference temperature of 40 °C. The displacement factors used for frequency-

temperature superposition were different for each sample. The numbers in the image legend 

indicates respective ingredients in phr. 

 

Figure 5.5 Temperature versus displacement factor of ionic (MgO), covalent (DCP) and 

mixed (MgO/DCP) crosslink systems obtained from frequency-temperature superposition 

principle. 
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5.4.2 Phase Morphology and confirmation of presence of ionic crosslinks 

 

Existence of ionic crosslinks or ionic clusters has been confirmed by many experimental 

methods, such as small angle X-ray scattering (SAXS) [119] transmission electron 

microscopy (TEM) [118], dynamic mechanical analysis [118] etc. FTIR-ATR spectroscopy is 

the very quick and easy technique for confirmation of presence of ionic crosslinks. It could 

help us to understand the morphology and phase structure of the system. By simple 

observation of absorption bands related to appropriate functional groups one infers the 

chemical transformation or changes. 

Metal oxides react with carboxylic groups grafted in the XNBR matrix forming the 

corresponding carboxylates salts [120,121]. This has been followed by FTIR-ATR spectra 

shown in Figure 5.6 demonstrating that both the MgO samples the vibrational band at 1591 

cm−1
 has been observed where as in, only DCP system the vibration band at 1698 cm−1

 

present. The absorption band at 1698 cm−1 indication of presence of carboxylic acid groups (-

COOH) which are grafted to polymer chain and absorption band at 1591 cm−1 indication of 

presence of carboxylates [137]. In MgO (metal oxide) samples, metallic cations created ionic 

bonds with carboxylic acid groups and form neutralize carboxylate salts (-COOMg) and is 

the reason for disappearance of 1698 cm−1 
vibrational band and appearance of 1591 cm−1 

vibrational band and is true only when metal oxides concentration above the stoichiometric 

value (3.26 phr for 100 phr rubber, according to the concentration of carboxylic groups in the 

rubber matrix), while at lower concentration both the carboxylic and carboxylate bands 

should observe. These carboxylate moieties tend to aggregate into multiplets and clusters in a 

hierarchical structure that acts as multifunctional crosslink network structure. In DCP sample 

there is no changes in the carboxylic acid (-COOH) groups, since only covalent crosslinks 

forms between C-C by the decomposition of dicumyl peroxide (DCP) during vulcanization. 

The mixed ionic and covalent crosslinks mechanism is shown in Figure 5.2. 
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Figure 5.6 FTIR-ATR spectra of XNBR with different crosslink systems (MgO, DCP and 

MgO/DCP) cured at 160 
o
C for 120 min. Legend number indicates respective ingredient in 

phr. 

 

5.5 Micro size TiO2 based ionic networks 
 

TiO2 nanoparticles are good candidate for optical properties [123,124] and here we tried to 

use the TiO2 for dual purpose to create ionic crosslinks as well as achieve optical properties. 

Started with micro TiO2 and TiO2 nanoparticles; we could not even create ionic crosslinks 

with the micro TiO2 since TiO2 is inactive metal compound [125]. 

 

5.5.1 Rheometry 

 

Cure curves of micro size TiO2 sample shown in Figure 5.7, it evident that there is no 

increment in the torque values with TiO2 content. This is an indication of inactiveness of 
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TiO2 to create ionic crosslinks. Even increasing of cure temperature, there is no improvement 

in torque shown in Figure 5.8. 

 

Figure 5.7 Cure curves of XNBR with variable amounts of TiO2 cured at 160 
o
C for 120 min. 

The legend numbers indicates that TiO2 in phr. 

 

Figure 5.8 Cure curves of XNBR and TiO2 (12.4 phr) cured at variable temperature for 120 

min.  
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5.5.2 Confirmation of ionic crosslinks by FTIR-ATR spectra 

 

The inertness of TiO2 compounds to create ionic crosslinks is also clearly evident from the 

presence of carboxylic acid (-COOH) absorption peak at 1698 cm
-1 

in FTIR-ATR spectra at 

different contents of TiO2 even above the stoichiometric value shown in Figure 5.9. Even at 

increasing cure temperature also there are no changes in the carboxylic groups is as shown in 

Figure 5.10. 

 

Figure 5.9 FTIR-ATR spectra of XNBR with variable amounts of TiO2 cured at 160 
o
C for 

120 min. The legend numbers indicates that TiO2 in phr. 

 

Figure 5.10 FTIR-ATR spectra of XNBR and TiO2 (12.4 phr) cured at variable temperature 

for 120 min.  
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5.6 TiO2 nanoparticle based ionic networks 
 

As already clear from the previous section that TiO2 is inactive metal compound but the TiO2 

nanoparticles surface activity may not same as micro size, so we used our laboratory 

synthesized TiO2 nano particles but there is no improvement in the creation of ionic 

crosslinks and is clear from the FTIR spectra shown in Figure 5.11.  

 

5.6.1 Phase Morphology and evidence of presence of ionic crosslinks 
 

It is well known that TiO2 nanoparticles are potential candidates for optical properties, so we 

keep the TiO2 nanoparticles for the very same purpose and MgO to create ionic crosslinks 

and DCP for the creation of covalent crosslinks. In order to evenly and well disperse the 

nanoparticles all over the polymer matrix, we have chosen the solution mix of compounds 

rather than mechanical mixing. We have succeeded in creating ionic crosslinks without 

vulcanization also and is evident from the comparison of FTIR spectra of solution mixed 

unvulcanized and vulcanized samples shown in Figure 5.12. In both the unvulcanized and 

vulcanized films (–COOMg) absorption peak been observed at 1591 cm
-1

. 

 

Figure 5.11 FTIR-ATR spectra of XNBR with 50 Wt. % TiO2 nano particle samples. 
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Figure 5.12 Comparison of FTIR-ATR spectra of unvulcanized and vulcanized TiO2 nano 

particle samples prepared in solution mixing. The numbers in the image legend indicates the 

respective ingredients in phr.  

 

5.6.2 Crosslink Network Structure Analysis by low field TD-NMR 

 

5.6.2.1 MQ NMR Spectroscopy 

 

Multiple-quantum NMR is the prominent technique for characterization of crosslinked 

networks as addressed in the chapter 2. The Baum-Pines 8 pulses MQ NMR sequence is 

robust for evaluate the weak dipolar coupled constant by proper evaluation of higher order 

dipolar coherence Hamiltonian also. In case of strong dipolar coupled rigid samples, structure 

information contained DQ intensity build up and also dynamical related reference intensity 

decays in shorter times, with in the single cycle time of lengthy double-quantum pulse 

sequence. To overcome this problem, it is necessary to use subcycles [122, 97] of lengthy 

Baum-Pines sequence for characterization of rigid limit dipolar coupled samples. In our 

present case of ionic elastomer networks, dipolar coupling constants of bound rubber around 

the ionic domains are very high and dipolar coupling constants of soft rubber segments 
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between crosslinks are weak. To characterize both the strong and weak dipolar coupling 

constant, we used different MQ coherence excitation schemes. 

In MQ NMR, two sets of data are recorded as a function of the DQ pulse sequence 

(evolution) time τDQ, the DQ build-up curve, IDQ, and the reference decay curve, Iref. The sum 

of both (after subtraction of a non-coupled defect contribution), IΣMQ = IDQ + Iref − defects, is 

commonly used to obtain a point-by-point normalized build-up function, InDQ = IDQ/IΣMQ, as 

it was explained in the literature [2]. This InDQ contains the residual dipolar interactions 

related to the network structure. In case of elastomeric ionomers the overall signal decay 

function in MQ experiments, IΣMQ, based upon the usual Baum-Pines sequence exhibits a 

substantial overall loss of signal due to the limitation imposed by the minimum pulse 

sequence cycle time (around 90 µs, and is depends on the pulse length and phase switching 

times). This is not effect on weak dipolar coupled elastomer network intensity but it poses a 

serious problem to characterize ionic elastomers because the trapped polymer with reduced 

dynamics is strongly dipolar-dipolar coupling (coupling constants in the order of 10 kHz), 

and the associated signal decays almost completely during a single cycle of the Baum-Pines 

sequence. 

 

5.6.2.2 Alternative approach for the analysis of MQ experimental data obtained from 

different excitation schemes 

 

To overcome the loss of strong dipolar-dipolar coupled intensity in Baum-Pines multiple-

quantum NMR experiments, due to the limitation of minimum pulse sequence cycle time, one 

may use a shorter version of overall five pulses[122] (Two pulses for excitation block and 

two for reconversion block and final pulse for FID evolution). The excitation and 

reconversion block contains simple two-pulse segment(
𝜋

2
)𝑥 − 𝜏𝐷𝑄 − (

𝜋

2
)𝑥 for excitation and 

reconversion of multiple-quantum coherences. This short pulse sequences are less efficient as 

to excitation of higher-order coherences than the Baum-Pines sequence. Nevertheless the 

theory explained for spin pairs are completely valid apart from the multiplicative factor (3/2). 

In order to improve the long-time performance of five-pulse sequence, a refocusing π pulse 

could add in the center of two 
𝜋

2 
 pulses with equal phase  (

𝜋

2
)𝑥 − 𝜏𝐷𝑄 2 − (⁄ 𝜋)𝑥 − 𝜏𝐷𝑄 2⁄ −

(
𝜋

2
)𝑥. Another important point is that the normalized double-quantum intensity InDQ obtained 



130 
 

by five-pulse excitation schemes does not reach the 50% limit and Iref+IDQ is subject to 

notable homogeneous dephasing. Due to these reason and nature of our present samples 

(presence of strong and weak dipolar couplings) a combination of both experimental 

approaches is required to characterize both the rigid segments from the trapped polymer 

around ionic interactions and the softer rubber segments between crosslinks. In this way, the 

signals from both schemes superimpose at times close to the minimum Baum-Pines cycle 

time shown in the vertical dashed line in Figure 5.13. The combined signal provides the 

complete information on this heterogeneous material composed by rubber segments in quite 

different dynamics regimes shown in Figure 5.14. In order to avoid mathematical artifacts 

caused by the manipulation of weak signal intensities, IΣMQ and IDQ signals have been fitted 

simultaneously. IΣMQ reflects information about the temperature-dependent segmental 

dynamics, while IDQ depends on both temperature-independent network structure effects and 

segmental dynamics [2]. Since two rather well-separated dynamic processes coexist in the 

elastomeric ionomers, the IΣMQ signal was fitted assuming two stretched exponential decay 

functions shown in Equation (5.1). 
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(5.1) 

 

Where B is the y-intercept value related to fraction of dipolar coupled protons and A is the 

trapped polymer fraction, whereas T2,1 and T2,2 are the characteristic relaxation times and β1 

and β2 are the shape factors of the decay functions for the trapped rubber phase and the bulk 

(mobile) rubber, respectively. 

Due to the chemical structure of the XNBR terpolymer and the complex and inhomogeneous 

network structure, fits to the Dres contained DQ build-up intensity a broader distribution 

needs to consider. Here, we could use a build-up function defined by a gamma distribution of 

dipolar couplings [126] with a width of distribution defined by the average residual coupling 

constant Davg. 

 

The coexistence of weakly dipolar-coupled rubber segments between crosslinks, and strongly 

dipolar-coupled segments that are trapped around ionic contacts, it is relevant to use two 
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gamma distributions in order to analyze both environments. Taking into consideration both 

structural and dynamics requirements, IDQ can be fit with Equation (5.2). 

 

      21

2,2221,211 /2exp),(1/2exp),(


 TDgATDgABI DQavgDQDQavgDQDQ 

 

(5.2) 

 

Where B is the y-intercept value related to fraction of dipolar coupled protons and A is the 

trapped polymer fraction, g1 and g2 are Gaussian functions whereas T2,1 and T2,2 are the 

characteristic relaxation times and β1 and β2 are the shape factors of the decay functions for 

the trapped rubber phase and the bulk (mobile) rubber respectively. Davg1, Davg2 are residual 

dipolar coupling constants of rigid rubber fraction (trapped polymer),mobile rubber fraction 

(rubbery polymer between constrains) respectively. 

 

 

Figure 5.13 Proton MQ data for sample XMDT10 at 80 °C obtained using standard 25 pulse 

Baum-Pines sequence and improved five-pulse sequences. For the five pulse sequence time 

axis was scaled with scaling factor (3/2) to combine with standard sequence. The vertical 

dashed line identifies the minimum pulse sequence cycle time of Baum-Pines sequence.  
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Figure 5.14 Proton MQ data for sample XMDT10 at 80 °C obtained using standard 25 pulse 

Baum-Pines sequence and improved five-pulse sequences. For the five pulse sequence time 

axis was scaled with scaling factor (3/2) to combine with standard sequence. IΣMQ and IDQ 

signals were fitted with Equation (5.1) and Equation (5.2) respectively. 

 

5.6.4 TiO2 nanoparticle effect on ionic elastomers networks 

 

The decisive advantage of ionic elastomers over conventional elastomers is their thermo 

reversible behavior. It is necessary to understand the behavior of ionic elastomers at variable 

temperatures. At higher temperatures ionic elastomers behave as a melt-flow due to the 

increased mobility of ionic pairs and their ability to rearrange between aggregates. From 

Figure 5.15, it is clear that the trapped rubber fraction residual dipolar coupling constants are 

higher and decreasing the same quantity with temperature. This behavior of Dres decreasing 

with temperature is expected, due to the relatively decreasing of trapped polymer around the 

ionic multiplets. Temperature also causes redistribution of ionic multiplets within the ionic 

cluster and also between clusters. This phenomenon also supported by the fraction of higher 

dipolar coupled rubber fraction in the polymer matrix shown in Figure 5.17. It is evident from 

FTIR spectra that TiO2 does not creating any ionic or other kinds of crosslinks in the polymer 

composite and just physically adsorbed in the polymer matrix. TiO2 nanoparticles may act as 
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filler and polymer molecules trapped around the nanoparticles. If this phenomenon is true, it 

is expected that increasing of trapped rubber residual dipolar coupling constant with TiO2 

content until below the temperature range where polymer molecules are freed from the 

nanoparticle as shown in the Figure 5.15. Once cross the certain temperature limit, the nano 

particles quantity will not be influence any restrictions to the polymer chains and may be the 

reason, the trapped rubber Davg1 constant not influence by TiO2 content at 120 
o
C. 

 

In order to obtain the shape memory effect in our samples, we introduced two kinds of 

crosslinks, i.e. ionic and covalent. The ionic crosslinks structure and dynamics depends on 

the temperature where as covalent crosslink structure is independent of temperature well 

above the glass transition [53]. Due to the very same reason, weak dipolar coupling (Davg2) 

constant related to rubber fraction between covalent crosslinks or unbound rubber is almost 

constant irrespective of temperature shown in Figure 5.16. The temperature at which 

transitions occur in ionic crosslink networks is called the ionic transition temperature, which 

is varies depends on the quantity of ionic fraction in the network [138]. The ionic transition in 

our present studied samples took place at above the 60 
o
C temperature, understood from the 

changes in loss factor (tan delta) with temperature shown in Figure 5.21. 

 

 
Figure 5.15 Variable TiO2 nanoparticles content ionic elastomer trapped (rigid) rubber 

fraction dipolar coupling constants measured at variable temperatures and obtained by 

combined fitting of IΣMQ and IDQ signals with Equation (5.1) and Equation (5.2) respectively. 
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Figure 5.16 Variable TiO2 nanoparticles content ionic elastomer soft rubber fraction dipolar 

coupling constants measured at variable temperatures and obtained by combined fitting of 

IΣMQ and IDQ signals with Equation (5.1) and Equation (5.2) respectively. 

 

Figure 5.17 Variable TiO2 nanoparticles content ionic elastomer trapped rubber fraction 

measured at variable temperatures and obtained by combined fitting of IΣMQ and IDQ signals 

with Equation (5.1) and Equation (5.2) respectively. 
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5.6.4.1 Bound (trapped) rubber fraction determination (MSE-FID Measurements) 

 

Due to the strong dipole-dipole couplings in a solids and or semicrystelline polymers, spectral 

information of such a systems directly linked to molecular mobility, rigid and mobile fraction 

in a polymer materials. Solid-state NMR allows measuring the direct crystallinity or hard/soft 

composition information, which is also applicable to measure the degree of phase separation 

in block copolymers where one component is above the glass transition and the other one 

below the glass transition temperature by simple free induction decay (FID) signal by fitting 

with appropriate function, however this simple procedure has potential disadvantage 

especially on low-field instruments due to the long receiver dead time. In case of crystalline 

and rigid polymers, significant amount of rigid part signal, which usually decays within the 

20 µs, and is a potential loss in a longer dead time (>10 µs) of low-field instruments. Magic-

sandwich echo (MSE) experiments [134] allow direct measurement of rigid/soft phase by 

solving the receiver dead time problem. In our present ionic elastomer samples contains 

signal from rigid trapped rubber around ionic moieties and soft mobile rubber fraction 

between crosslinks. Thus, by analysis of initial 0.300 ms of refocused MSE-FID was possible 

by using a weighted superposition of stretched exponential functions [134-136] and the fitting 

of MSE experimental data is shown in Figure 5.18. Trapped rubber fraction obtained from 

MSE experiments at 40 
o
C temperature also infers that TiO2 nanoparticle does not created 

much restriction to mobility of polymer chains shown in Figure 5.16. 

 

𝐼(𝑡)

𝐼0
= 𝑅 𝑒𝑥𝑝 (−

𝑡

𝑇2
𝑟𝑖𝑔𝑖𝑑

)n1 + (1 − R)exp (−
t

T2
mobile

)n2 
(5.3) 
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Figure 5.18 MSE experimental data of XMDT10 sample measured at 40 
o
C and fitted with 

Equation (5.3). 

 

Figure 5.19 Variable TiO2 nanoparticles content ionic elastomer trapped rubber fraction 

measured at 40 
o
C obtained from MSE experiments. 
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5.6.4.2 Comparison of trapped rubber fraction obtained from MQ NMR and MSE 

experiments 

 

The trapped rubber fraction quantified based on the FID intensity decay shape fitted with 

appropriate shape function (Equation (5.3)) and also dipole-dipole coupled Hamiltonian 

evaluation intensity by the appropriate pulse sequence and fitted with reduced fitting 

parameters by taking the advantage of simultaneous fitting (Equation (5.2) and Equation 

(5.1)) of structural (IDQ) and dynamical (IΣMQ) related information with Equation (5.2) and 

(5.1) respectively. Both the methods are agreed within the error limit. The error in the MQ 

NMR measured rigid rubber fraction is higher even though reduced the fitting parameters. 

Since MQ NMR measured structural information contains both strongly and weakly coupled 

dipole-dipole coupling constant and is very difficult to accurate differentiation of both the 

time scales. However MSE experimental data completely suppresses the weakly coupled 

dipolar related information by analyzing of first 0.300 ms intensity. However both the 

techniques are agreed within the error limits shown in Figure 5.20. 

 

 

Figure 5.20 Comparison of trapped rubber fraction obtained from MQ NMR and MSE 

experiments. 
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Figure 5.21 Variation of loss factor (tan δ) with temperature of XMD1 sample (contains both 

ionic and covalent crosslinks). At constant frequency 1 Hz, obtained from DMA 

measurement. 

 

5.7 TiO2 nanoparticles effect on optical properties of ionic 

elastomers 
 

Nano particles have potential applications in polymer field due to their improved properties 

compared to conventional polymers [127, 128]. Even for traditional industrial applications 

such as rubber industries also paying attention on nano size fillers due to enhancement of 

mechanical properties [129, 130], thermal stability [131] and gas barrier properties [132] etc. 

Particularly TiO2 nanoparticles has been using for optical properties such as UV-radiation 

absorbers, highly transparent polymer composite preparation [123, 124] and also for highly 

efficient energy converting electrodes of dye-sensitized solar cells [133] etc. 

XNBR and nanocomposite films prepared with increasing concentrations of nanoparticles are 

optically transparent for the UV-Visible range. Below 400 nm it is possible to observe the 

pronounced nanocomposite absorption edge, linked to the nanoparticle band gap. It is clear 

from those transmission spectra shown in Figure 5.23 that nanocomposite films provide the 
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complete filtering of UV at appropriate concentration. With increasing of nanoparticles 

concentration in the polymer matrix, the refractive index of the nanocomposite expected to 

larger than the pure polymer. Even at very lower concentration 2 Wt.% of TiO2 nanoparticles, 

the influence is very clear. The effective nanocomposite refractive index was calculated by 

the following equation: 

𝑛𝑐𝑜𝑚𝑝 = Ф𝑝𝑛𝑝 +Ф𝑚𝑛𝑚 (5.4) 

 

Where ncomp, np, nm are the refractive index of nanocomposite, nanoparticle and polymer 

matrix respectively and Фp, Фm, are volume fraction of nanoparticles and polymer matrix 

respectively and Ф𝑝 = 1 − Ф𝑚 

The earlier studies [124] confirmed that TiO2 nanoparticles are well dispersed in the polymer 

matrix as aggregates of the primary crystallites of about few nano meters. The SEM image 

showed in the Figure 5. 22 confirm that TiO2 nano particles are in nano meter size aggregates 

and presence of MgO particles in the micro meter size. Comparison of experimental and 

predicted (calculated according to the Equation (5.4)) refractive indices of nanocomposite 

films shows that the increasing of nanoparticles raising the refractive index. The reason for 

lower measured refractive index values compared to prediction may be due to the 

nanoparticles settled down in the bottom and the solution taken from the top to cast 

nanocomposite film. Nevertheless the trend is clear that increased refractive index with 

nanoparticle concentration in the nanocomposite matrix shown in Figure 5. 24. 

 

Figure 5. 22 SEM image of XMDT 2 sample nanocomposite film, confirmation of TiO2 

nanoparticles and MgO micro size particles are present in the film. 
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Figure 5.23 UV-Visible Transmission spectra of ionic elastomers with variable TiO2 

nanoparticle content. 

 

 

Figure 5. 24 Change in the refractive index of XNBR polymer nanocomposite with TiO2 

nanoparticle content, the measured values compared with predicted values. 
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5.8 Shape Memory Effect 
 

The shape memory materials are stimuli-responsive materials. They have the capability of 

changing their shape upon application of an external stimulus. A change in shape caused by a 

change in temperature is called the thermally induced shape-memory effect. Thermal induced 

shape memory effect of TiO2 nanocomposite is shown in Figure 5.25. Beyond the transition 

temperature, the shape of material will changes from temporary shape to original shape and 

vice versa. The shape memory effect at 110 
o
C temperature is demonstrated in Figure 5.25 

 

 
 

Figure 5.25 Shape-Memory Effect of sample XMDT 5. By thermal stimulus above the ionic 

transition temperature (Ttrans), the shape of polymer changed from temporary to permanent 

shape and vice versa. 
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5.9 Conclusions 
 

The shape memory effect has achieved by incorporation of both ionic and covalent crosslinks 

in the XNBR polymer matrix. By neutralize carboxylic pendant groups in the XNBR polymer 

with magnesium metal ion forms ionic physical crosslinks and by radical initiation by 

decomposing of DCP created chemical bond between the carbon-carbon. These ionic 

multiplets in the ionic networks acts as a reinforcing fillers and or multifunctional crosslinks 

as a results improved mechanical properties and thermo reversible properties achieved. The 

mixed network parameters and bound rubber fraction around the ionic domains has quantified 

by applying various NMR methods and strategies. TiO2 both micro and nano size not acts as 

an active agent for create ionic crosslinks. TiO2 nanoparticle acted as a good candidate for 

tuning of optical properties in the nanocomposite ionic elastomer. With TiO2 nanoparticle 

content in the polymer matrix, the refractive index increased and nanocomposite act as a UV-

absorber and visible light transmitter. By thermal stimuli the shape memory effect has tested. 
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Chapter 6 

Poly (n-butyl acrylate) Crosslink 

Networks Analysis by TD-NMR  
 

6.1 Introduction 
 

Another important class of polymer with elastomeric properties is constituted by 

polyacrylates. Polyacrylates polymers are not only widely available commercially, but also 

have potential applications in advanced applications like controlled-released systems or 

photon managing [139]. Controlled-release systems, where polymer particles are engineered 

for carrying a load of active molecules to be released within a specified time frame or as 

response to specific stimuli, have received much attention in different applications such as 

pharmaceuticals, pesticides, fertilizers, catalysts, cosmetics, etc. [140–143]. Polybutylacrylate 

polymers are also good candidates for photo managing applications, since they form soft 

solids with sufficient shape persistence to be used as devices coupled with high local chain 

mobility that allows photoactive molecules to be in the fast diffusion regime necessary for 

triplet-triplet annihilation up-conversion (TTA-UC) [144]. All advanced applications require 

high level of control on both crosslink density and network homogeneity. Thus, it is essential 

to develop a technique to identify and estimate network structure and homogeneities. The 

different chemical reactions that occur at different stages of polymerization (conversion of 

monomer into polymer) are potential sources of inhomogeneities and defects in the network, 

especially considering that many polyacrylates can self-crosslink even in absence of specific 

crosslinking agents. The crosslink density, defects and inhomogeneities are influential factors 

on the mechanical properties of outcome networks.  

The network inhomogeneities can be investigated by differential scanning calorimetry, 

extraction-high pressure liquid chromatography (HPCL), dynamical mechanical analysis, 
1
H 

NMR relaxation, 
13

C NMR spectroscopy [145] etc. The commonly used techniques for 

network crosslink density measurement are equilibrium swelling [53], mechanical 

measurement [95], low field [2] and high field NMR [97]. Low resolution MQ NMR is 

emerging as robust technique for estimating crosslink density and distribution quantitatively 

with improved pulse sequences and data analysis approaches. This technique could estimate 
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precisely the residual dipolar coupling (Dres) constant induced by semi-local anisotropic 

motion of polymer chains due to topological constraints such as mainly crosslinks, 

entanglements or other type of physical restrictions. Baum-Pines sequence as explained in 

chapter 2 is suitable for weak dipolar coupled network characterization, where as for strongly 

dipolar coupled networks the pulse sequence has a decisive disadvantage due to limitations 

on experimental time scales, details are given in chapter 5. This technique could give the 

model free Dres value and is able to convert into Mc and hence crosslink density for samples, 

whose polymers static dipolar coupling constant is known. The model crosslinked poly (n-

butyl acrylate) networks with variable content of crosslinker (ethylene glycol dimethacrylate 

(EGDMA)) were prepared and characterized with MQ NMR and T2 relaxation measurements. 

The temperature dependent segmental dynamics were also studied by measuring T1 

relaxation.  

 

6.2 Experimental 
 

6.2.1 Polymer synthesis 

 

n-butyl acrylate with Mn=128 g/mol, ethylene glycol dimethacrylate (EGDMA) with Mn =198 

g/mol and radical initiator azobisisobutyronitrile (AIBN, Aldrich 98%) have been purchased 

from Sigma-Aldrich and used as it is. The radical initiator azobisisobutyronitrile (AIBN, 

Aldrich 98%) is kept constant 10
-3

 M, n -butyl acrylate and amount of EGDMA were varied. 

Free radical bulk polymerization was carried out in a water bath at 55 °C for 1 day and at 95 

°C in an oven for one night until the liquid converted to self standing rubber. Samples were 

polymerized in 5 mm NMR tubes and their composition details were given in Table 6. 1. 
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Table 6. 1 Sample composition details 

Sample BA 

(in mass %) 

EGDMA 

 (in mass %) 

BA1 100 0 

BA2 99 1 

BA3 95 5 

BA4 92.5 7.5 

BA5 90 10 

BA6 87.5 12.5 

BA7 85 15 

BA8 80 20 

BA9 70 30 

  BA10 50 50 

 

6.2.2 Differential Scanning Calorimetry (DSC) 

 

DSC measurements were performed on METTLER TOLEDO STAR
e
 thermal analysis 

system details were given in chapter 5. 

 

6.2.3 Dynamic Mechanical Analysis (DMA) 

 

Dynamic mechanical analysis measures the damping of an oscillatory signal in a material. 

The technique allows the detection of very weak transitions as well as fast determinations of 

modulus, damping, viscosity, and compliance as a function of temperature and frequency. It 

is commonly used to study polymer melts as well as solid polymers. It has the advantage of 

allowing testing on a wide variety of materials, and both liquids and solids can be handled in 

the same instrument, making it extremely useful for the study of curing systems. The solid 

were characterized by DMA, instrument details were given in chapter 5. The sample was 

prepared in as discs with 6 mm diameter and 3 mm thickness. During a typical experiment, a 
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disc was inserted between the plates and compressed with a static force of 2 N and a dynamic 

force of 1 N using a frequency of 1 Hz. The dynamic force was large enough to obtain a 

significant (5–10 μm) amplitude even at the low temperature glassy state of the material. 

 

6.2.4 Solid-state NMR 

 

Solid-state 
1
H TD-NMR experiments were carried out on a Bruker minispec, instrument 

details were given in chapter 2. MQ experiments acquisition was done with 32 scans. T1 

measurements were performed using saturation recovery pulse and acquisition done with 32 

scans. Sample preparation and pre experimental conditions were given in chapter 2. MQ 

experiments were performed at temperature (T>Tg+120 K) well above the glass transition 

temperature. T2 relaxation measurements were performed with Hahn echo pulse sequence and 

experiments data were acquired with 32 scans. 

 

6.2.5 Gel Permeation Chromatography (GPC) 
 

The molecular weight of synthesize poly (n-butyl acrylate) polymer was measured by GPC 

model WATERS 1515 isocratic equipped with a HPLC Pump, WATERS 2414 refractive 

index detector, four Styragel columns (HR2, HR3, HR4 and HR5). GPC system was 

calibrated with polystyrene Sigma-Aldrich standards. Samples were dissolved in THF 

(tetrahydrofuran) and recorded with a flow of 1.0 ml/min.  

 

6.2.6 High resolution 
1
H NMR 

 

High resolution 
1
H solution NMR experiment was performed on Bruker Avance AMX-500 at 

resonance frequency of 500 MHz on 5 mm standard probe. The samples were dissolved in 

deuterated chloroform (CDCl3). 
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6.3 Results and Discussion 
 

6.3.1 Network structure of poly (n-butyl acrylate) crosslinked with 

EGDMA 

 

The bulk polymerization with initial monomers of n-butyl acrylate, EGDMA with radical 

initiator AIBN creates tetra functional randomly crosslinked network structure. The expected 

crosslinking structure is shown in Figure 6. 1. 

 

 

 

 

Figure 6. 1 Schematic structure of EGDMA crosslinks with poly (n-butyl acrylate). 

 

6.3.2 Glass transition temperature 

 

The well known factor is that the glass transition temperature of polymeric materials depends 

on the molecular weight, degree of crosslinking and hence structure of the material. 

Introducing crosslinks into a polymer raises the glass transition temperature. In addition, 

there is a decrease in the specific volume, since introducing crosslinks involves the exchange 

of van der Waals bonds for shorter, more compact primary bonds. Thus, the process of 

crosslinking should affect the segmental mobility and the related properties in a manner 

similar to the effect of an increase in molecular weight of the primary chains. The Flory-Fox 

equation [146] gives the relation between Tg and molecular weight of primary polymer chains 

according to the Equation (6.1). 
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𝑇𝑔 = 𝑇𝑔
∞ −

𝐾

𝑀𝑛
 

(6.1) 

 

Where 𝑇𝑔
∞ is the maximum glass transition temperature that can achieve at a theoretical 

infinite molecular weight and K is an empirical parameter that is related to the free volume 

present in the polymer sample. Mn is molecular weight of macromolecule (polymer). 

The Tg dependency on crosslink density of network polymer is given in Equation (6.2) by 

neglecting certain effects (copolymer effect of network junctions, high functionality of 

networks junctions, non-Gaussian chain statistics, network defects (dangling ends) etc.) 

 

𝑇𝑔 = 𝑇𝑔
∞ +

𝐾

𝑀𝑐
 

(6.2) 

 

Where 𝑇𝑔
∞  is the maximum glass transition temperature of theoretical infinite molecular 

weight, K is material constant and Mc is the molecular weight between crosslink junctions, 

and is inversely proportional to the crosslink intensity (density). 

The Tg of synthesized polymer networks was obtained from DSC. It is clear from the DSC 

curves that, the polymerization is completed confirmed by not observing any monomer traces 

on DSC thermograms of prepared samples. The samples BA9 and BA10 Tg were not possible 

to obtain with DSC due to higher crosslinking in the network and hence broader glass 

transition. The glass transition temperature of the crosslinked networks are increases linearly 

upon an increase in the crosslink agent (EGDMA) content as shown in Figure 6. 2 according 

to Equation (6.2). The Tg versus EGDMA weight % is fits linearly with intercept of -43.20 ± 

0.38 °C and slope 1.12 ± 0.035. The R
2
 of the fit is 0.993. The intercept value is exactly equal 

to the glass transition temperature of pure poly (n-butyl acrylate) polymer (sample BA1).  
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Figure 6. 2 The glass transition temperature dependency on crosslink agent (EGDMA) 

content. With increase of crosslinker, the crosslink yield increases and glass transition rising 

linearly. The linear fit is indicated with dotted line. 

 

6.3.4 Molecular weight of polymer 

 

The molecular weight of synthesize poly (n-butyl acrylate) polymer was measured by GPC 

on solution polymerized sample by dissolving the polymer in THF solvent. Since the bulk 

polymerized sample was not possible to dissolve in the solvent due to presence of self 

crosslinking. The number and weight average molecular weights respectively are Mn= 89224 

g/mol, Mw =127376 g/mol and the polydispersity index 1.42. The molecular weight 

distribution peak maximum (Mp) =133076 g/mol. 
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6.3.5 Crosslink network analysis by NMR 

 

The physical properties of crosslinked polymer materials depend on the volume-average 

network density. To understand the structure-property relationship of crosslinked networks, 

the precise knowledge on crosslink density is prerequisite. The most common methods for 

measuring crosslink density are equilibrium swelling and mechanical measurements. In 

addition to the network structure, these methods can provide information that is desirable for 

practical applications, such as modulus, stress-strain behavior, and glass transition 

temperature. The statistical and phenomenological theories are used to relate experimental 

measured quantity to the density of chemical and physical crosslinks. These molecular 

models have been developed for ideal networks assumed in which no defects are present. Due 

to these differences between theories and experimental leads several discrepancies in the 

experimental results. In real networks, chain entanglements, network defects, and network 

heterogeneity etc. presents and these causes deviation of results from theoretical models. The 

traditional macroscopic techniques such as mechanical measurements are not capable of 

providing complete information about network topology. 

The well known fact is that when linear polymer is transformed into a crosslinked network, 

resulting restrictions on the motion of polymer chains induced by topological constraints. The 

NMR is sensitive enough to detect any local anisotropy caused by such a topological 

restrictions (crosslinks, entanglements etc.) on the molecular level. 

 

6.3.5.1 NMR Relaxation  

 

Detailed information on the dynamics of the polymer chains is provided by NMR relaxation 

measurements. The relation of T1 and T2 with correlation times depends on the sample nature, 

field dependency, obtained from the simplified theory is shown in Figure 6. 3. There are 

several mechanisms by which molecular motions can influence nuclear relaxation: direct 

interactions with nearby magnetic nuclei (dipole-dipole), chemical shift effects, quadrupole-

electric field gradient interaction and rapid modulation of J-coupling as explained these 

interactions in chapter 1. In addition to molecular motion, rotational transitions can also be 

the source of fluctuating magnetic fields. A local magnetic field is generated by the circular 

motion of electrons in a rapidly rotating molecule or part of a molecule, such as a methyl 
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group. Among these interactions, the dipole-dipole interaction is more significant especially 

in our present case of variable crosslinked samples. The direct dipole-dipole interaction as 

detailed in the chapter 2 is much pronounced by the local anisotropic motions, which is 

induced by the crosslinking of polymers. 

 

Figure 6. 3 Dependence of T1 and T2 upon τc according to the simplified theory in which all 

interactions are assumed to have the same correlation time (adopted from ref [147]) 

 

In small molecules and liquids, both T1 and T2 relaxations are nearly equal and are vary with 

increasing of molecular weight or viscosity according to the simplified theory as shown in 

Figure 6. 3. The experimental measured relaxation times are plotted against the EGDMA is 

shown in Figure 6. 4. Starting from at 0% EGDMA, the T1 and T2 are not very close because 

the molecular weight is higher, around MW =127400 g/mol with poly dispersity index 1.42 

obtained from GPC measurement. It is note that the molecular weight obtained from the 

sample prepared in solution polymerization. With increasing of crosslink density T1 is 

basically constant at low crosslink density, probably due to being dominated by fast 

relaxation in the highly mobile side chains. Only at very high (>10%) crosslinker fraction, the 

polymer dynamics undergo relevant modifications that result in increasing T1, whereas T2 
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relaxation time continuously decreases. This first finding confirms that a direct relation 

between T2 and crosslink density also exists in polyacrylates. 

 
 

Figure 6. 4 T1 and T2 relaxation times versus EGDMA content. 

 

6.3.5. 1.1 T1 relaxation  

 

Different parts of molecules can have different correlation times, and consequently T1 values. 

T1 measurements performed at range of temperatures could allow systematic understanding 

of internal and segmental motions of high polymers. The temperature dependence of T1 for 

two different amounts of crosslinking agent is represented in Figure 6. 5. Below the glass 

transition temperature T1 values are nearly over-lapping irrespective of crosslink density since 

main chains are frozen and side chains are not much influenced by main chain motions. The 

decaying of T1 below the 255 and 293 K temperature for 1% and 20% EGDMA samples 

correspond to the motions of side chain ester alkyl groups [17]. It appears that at the lowest 

temperatures, the only possible motion (side chains) has specific frequency close to the 

Larmor frequency in the defined experimental conditions, resulting in very low relaxation 

value. In fact, due to the presence of spin diffusion phenomena, we basically see the 

relaxation time of the fastest relaxing nuclei that then act as magnetization sinks for the rest 

of the material. At higher temperature, differences in network structure produce differences in 

T1: the relaxation time of each sample continues to grow until several degrees after the 
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sample Tg, and then declines. Basically, as temperature increases, the side chains move with 

higher frequencies and reduce the spin-lattice relaxation rate. On the other side, after Tg the 

main chains of each polymer gain are less constrained and become the new magnetization 

sink. Of course, as temperature is increased again, the main chains also move more freely, 

initially bringing the detected T1 to a new minimum. Finally, further increase of temperature 

results in a second increase of T1 that was only detected in the low crosslink sample due to 

the impossibility of raising the experimental temperature without degrading the sample itself. 

As a result, the low crosslinked sample displays two maxima one at low temperature and one 

at higher temperature while for the higher crosslinked sample only one maximum is observed 

within measurement temperature range and is shifted to higher temperature (see in Figure 6. 

5). The V-shape curve and minimum of Tl value for 1% and 20% EGDMA samples 

respectively at higher temperature corresponds to segmental motions and may be influenced 

by topological constraints in the polymer. To further explore this effect, we measured their 

values in two differently crosslinked samples of poly (n-butyl acrylate) sample without 

crosslink agent prepared in a solution and bulk polymerization are showing exactly the same 

trend of temperature dependence shown in Figure 6. 6. However the bulk polymerized 

sample showing lower T1 values in the entire range of temperature and may be due to 

influence of very less amount of self crosslinks present in the bulk polymerization sample. 

 

Figure 6. 5 Temperature dependent T1 relaxation times of two different amounts of 

crosslinked samples. The EGDMA % is given in the legend and arrow indicates the Tg of 

corresponding sample. 
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Figure 6. 6 Temperature dependent T1 relaxation times of poly (n-butyl acrylate) sample 

synthesize as bulk and solution polymerization. 

 

6.3.5.1.1 T2 relaxation 

 

The relaxation rate (1/T2) at Tg+120 K for samples as a whole reveals also a linear 

dependence against the content of crosslinker as shown in Figure 6. 7. The relaxation rate at 

temperatures well above Tg (T>Tg+120K) is proportional to the network density it can be 

concluded from results plotted in Figure 6. 7. The crosslink densities in cured poly acrylate 

are proportional to the content of crosslink agent which could create tetrafunctional crosslink 

networks.  

The T2 relaxation time curves of variable EGDMA content networks consists of fast and 

slowly decaying components which are represents with characteristic decay time T
s
2 and T

l
2, 

respectively shown in Figure 6. 8. The superscripts “s” and “l” relate to short (T
s
2) and long 

(T
l
2) relaxation time, respectively. Two components are observed only after 5% EGDMA 

content samples. The shorter component reveals T2 relaxation time, which is typical for 

crosslinked rubbers, i.e., in the range of milliseconds or shorter. A longer component shows 

high molecular mobility. This fraction presumably originates from residual uncured material 

and low molecular weight polymer chains long dangling chain ends, chain loops, and loosely 

crosslinked chains. 
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Figure 6. 7 T2 relaxation rate at T>Tg+120 K versus EGDMA content. The dotted line 

represents the linear fit of results. 

 

Figure 6. 8 Shorter and longer components of T2 relaxation times at variable EGDMA 

content. 
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The mobility of system depends on the nature of the polymer chain as well as on the presence 

of chemical and physical crosslinking. Even low field instruments can provide sufficient 

information on the molecular mobility and structure by neglecting the chemical shift 

resolution and simply analyzing the FID of appropriate experimental data. The simple Hahn 

echo experiment [101] could also give the crosslink density but recent literature [2] 

suggesting that, such experimental results are potentially influenced by mathematical fitting 

artifacts due to fitting of data with multi-variable equation and also suggesting that MQ NMR 

is more robust for crosslink measurements.  

Hahn echo measured relaxation curves of poly (n-butyl acrylate) with 0, 10 and 50 Wt.% of 

crosslinker (EGDMA) are as shown in Figure 6. 9 . The faster decay of intensity with 

EGDMA content reveals the increasing crosslink yield in the polymer. The longer component 

is account for network defects and residuals of initial components or lower molecular weight 

chain molecules may present due to the nature of bulk polymerization. The higher 

polydispersity index of our sample is evident for presence of shorter molecular weight chains. 

 

 

Figure 6. 9 T2 Relaxation curves of poly (n-butyl acrylate) samples with variable EGDMA 

percentage obtained from Hahn echo pulse sequence. The EGDMA percentage is given in the 

image legend. 
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6.3.5.2 Network analysis by MQ NMR 

 

The importance and basic theory behind the multiple-quantum NMR has been discussed in 

the chapter 2 and is directly applicable to all crosslinked networks. But the lengthy Baum-

Pines pulse sequence is directly applied to less crosslinked networks which are consist of 

weak dipolar coupling constants. In the present poly (n-butyl acrylate) networks, at higher 

concentrations of EGDMA, the system transforming from rubber to self-standing rod like 

structure due to higher crosslinking. For characterize such a higher crosslinked networks, the 

lengthy Baum-Pines pulse sequence as it is not suitable due to limitation of experimental time 

scales. The significant amount of signal will lose within the first single cycle time. To 

overcome this problem, five-pulse sequence has been used to characterize the strong dipolar 

coupled networks. The Baum-Pines pulse sequence has been used for characterizing lower 

crosslink density samples, below 10% of EGDMA, beyond 10%, networks crosslink density 

is high, due to that reason, the maximum of build-up intensity reaching within the first 

experimental cycle time as shown in Figure 6. 12 for 12.5% EGDMA sample and 

corresponding samples reference intensity is shown in Figure 6. 11. The faster decay of 

reference intensity with increasing EGDMA is also a clear indication of increasing crosslink 

density. The schematic of different crosslink density network structure is as shown in Figure 

6. 10. 

 

 

Figure 6. 10 Low and high crosslink network structures, spherical symbols in the image refer 

to chemical crosslink junctions.  
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Figure 6. 11 Variable crosslink density samples normalized reference intensity obtained from 

MQ NMR experimental results. Legend number indicates EGDMA percentage. 

 

Figure 6. 12 Variable crosslink density samples normalized DQ intensity obtained from MQ 

NMR experimental results. Legend number indicates EGDMA percentage. 
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Figure 6. 13 The normalized DQ intensity (InDQ) obtained by dividing IDQ with (Iref +IDQ) 

intensity. Legend number indicates EGDMA percentage. 

 

The typical DQ build-up intensity and reference intensity are reaching zero very rapid with 

increasing EGDMA, means increasing of crosslink density. The DQ intensity reaches nearly 

to zero at 6, 3.2, 1(not shown here) and 0.4 ms time for 15, 20, 30 and 50% EGDMA content. 

The reference and DQ intensity curves for 50% EGDMA sample is shown in Figure 6. 14. It 

is note that the five-pulse sequence is less efficient as to the excitation of higher-order 

coherences than the Baum-Pines sequence. In five-pulse sequence the DQ excitation time 

(τDQ) axis is features the common prefactor of 3/2, rendering the build-up quicker. IDQ excited 

by a five-pulse sequence, normalized DQ intensity (InDQ) does not reach the 50% limit, and 

𝐼∑MQ is subjected to notable homogeneous dephasing [2]. Due to all these reasons, for higher 

crosslinked samples data treatment, InDQ limit consider only up to 0.45 (Gauss-kernel).  

MQ NMR obtained residual dipolar coupling constant (Dres) is directly related to crosslinks 

and is model free quantity. The obtained Dres versus EGDMA content is plotted as shown in 

Figure 6. 15 . MQ NMR is sensitive enough to detect the minute crosslink variations and also 

able to measure physical crosslinks and is clearly seen from Figure 6. 16. In bulk 

polymerization a slight self-crosslinking may exist without any extra crosslink agent and may 
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be reason that bulk polymerization samples does not dissolved in the solvent, however 

solution polymerization sample dissolves. Due to such small amount of crosslinks in the bulk 

polymerized samples, the reference intensity decays relatively faster and DQ build-up 

intensity is raising faster with increased slope compared to corresponding solution 

polymerization sample as shown in Figure 6. 16. The Dres value of solution polymerization 

sample is less than corresponding bulk polymerization sample and is indicated with arrow in 

Figure 6. 15  

 

 

Figure 6. 14 The reference and double-quantum intensity of MQ NMR experimental data for 

sample 50% EGDMA obtained from five-pulse MQ NMR sequence. 
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Figure 6. 15 MQ NMR measured Dres constant of poly (n-butyl acrylate) samples versus 

EGDMA content. Arrow indicates solution polymerized sample (without EGDMA). 

 

 

Figure 6. 16 MQ experimental data of poly (n-butyl acrylate) prepared in solution and bulk 

polymerization. 
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6.3.6 High resolution 
1
H NMR study 

 

The 
1
H NMR spectrum of the synthesized polybutylacrylate is shown in Figure 6. 17. The 

chemical shift at 0.91, 0.93 and 0.94 ppm were attributed to the CH3 protons. Chemical shift 

at 1.61 ppm was assigned to -CH2- protons. 1.9 ppm corresponds to back bone protons of -

CH2-. Peak at 2.27 ppm corresponds to backbone proton represented with letter ‘d’ in Figure 

6. 17. Chemical shift at 4.02 ppm corresponds to -CH2- proton represented with letter ‘a’ in 

Figure 6. 17. It was not possible to dissolve the bulk polymerized sample due to self-

crosslinking that rendered the material insoluble. 

 

 

 

Figure 6. 17 
1
H-NMR spectrum (CDCl3, 500 MHz) of the solution polymerized poly (n-butyl 

acrylate).  
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6.3.7 Mechanical measurements 

 

The temperature dependence of modulus was obtained from temperature sweep experiments 

performed in a broader range of temperature and obtained storage modulus on rubber plateau 

region at 50 °C is shown in Figure 6. 18. Both Tg and E' increased upon increasing EGDMA 

content that corresponds to an increase in the crosslink density. Mechanical measurements 

well agree with molecular level measured NMR results. 

 

 

Figure 6. 18 Storage modulus of crosslinked poly (n-butylacrylate) in the rubber plateau 

region versus EGDMA content. 
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6.4 Conclusions 
 

The network structures in thermal-cured polyacrylates were studied with 
1
H NMR relaxation, 

MQ NMR spectroscopy and mechanical experiments. The following conclusions are made 

from this study: (1) the NMR T2 relaxation, MQ NMR method shows good correlation with 

mechanical tests. This suggests that a similar correspondence should be verified with 

swelling methods (2) T1 measurements over a range of temperature allow understanding the 

internal motions of high polymer chains. (3) The bulk polymerization polybutyl acrylate 

creates a significant amount of self crosslinking whereas solution polymerization does not, 

and they are detectable by MQ NMR. (4) An increase in the content of EGDMA monomer 

causes a significant increase in the crosslink density because the EGDMA monomer acts as a 

tetrafunctional crosslinker. (5) Various NMR techniques could allow understand the various 

aspects of polymer dynamics, structure in the molecular level scale. 
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Chapter 7 

Conclusions  
 

Time domain NMR was used to characterize crosslink network structure of sulfur cured 

natural rubber, unfilled and carbon black filled polyisoprene, polybutadiene and 

polyisoprene/polybutadiene blends. Ionic and covalent mixed crosslink shape memory 

elastomers and polybutylacrylate model networks were also investigated. Multiple-quantum 

NMR (MQ NMR) technique has been elected for this purpose due to the robustness in 

probing network structure of polymer materials and advantages over the traditional 

equilibrium swelling method. 

Present thesis briefs MQ NMR basic theory along with the recent advances in literature. The 

complete procedure for MQ experimental data acquisition and corresponding data analysis 

has been discussed that can be easily applied to characterize unlabeled polymer networks. 

The precision, advantages and limitations of MQ NMR method was compared with that of 

equilibrium swelling method, a widely used method to measure crosslink density of 

elastomers. 

The natural rubber network crosslink density increases and crosslink density distribution 

becomes broader with sulfur content as revealed from MQ NMR measurements. Network 

defect fraction or slowly relaxing component decreases with sulfur content. Above the 

network percolation threshold, slowly relaxing component and crosslink density slightly 

deviates from the linearity. 

Equilibrium swelling method not only gives overall crosslink density but also mono-di and 

polysulfidic crosslinks population in the sulfur cured systems by applying thiol probe and 

selective cleaving of different sulfur bridges. The sulfur bridge ranking has a slight influence 

on the mechanical properties of crosslinked network. The swelling results are model 

dependent. The swelling crosslink density numbers are quantitatively in good agreement with 

independent MQ NMR results, only when phantom model is applied for swelling method. 

Statistical errors associated with MQ NMR measurements were much smaller than the 

corresponding values measured with swelling experiments. Moreover, the experimental time 
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is significantly reduced, thus demonstrating the feasibility of MQ NMR as a technique for 

quality control in industrial context and was the primary objective of present thesis work. 

Quantitatively good linear relation between MQ NMR and swelling methods are observed in 

unfilled compounds whereas higher swelling measured crosslink density values were 

observed in carbon black filled samples, due to filler restrictions on swelling that have no 

equivalent at the microscopic level probed by NMR. After eliminating the filler related 

restrictions on swelling results by empirical correction proposed by Lorenz, Parks and Kraus 

both methods were in good agreement, thus validating the current approaches for filler 

correction at least in the case of conventional CB fillers. This was a significant finding since 

most of the commercial products contain various fillers; in such a case MQ NMR 

measurements provide the actual crosslink density of filled compounds without artifact 

caused by the filler-rubber interface and also avoiding the influence of other effects on 

swelling method, such as osmotic expansion effects and vacuoles etc. arise in the filled 

rubber matrix during equilibrium swelling. 

Changes occurring in the sulfur networks beyond the optimum cure time and the distribution 

of crosslinks were also discussed together with the effect of carbon black filler. Crosslink 

distribution in IR/BR polymer blends were studied by MQ TD-NMR for the first time, 

detecting differences between samples with higher precision than the swelling experiments. 

The comparison of residual dipolar coupling constants of blends and their distributions with 

those of pure components provided qualitative clues about different solubility/reactivity of 

curatives in the two rubbers composing the blend. High resolution 
13

C-NMR was used to 

study the crosslink structure. The precise quantification of crosslink density with high 

resolution 
13

C-NMR is tedious especially for quantification of small network differences and 

need expert’s hands for analyzing the data. This technique is time consuming and expensive 

measurements as compared to MQ TD-NMR measurements are performed on low resolution 

spectrometers. 

The prepared smart polymer material (with shape memory, UV-absorption and visible light 

transmission properties) network structures were characterized by MQ NMR. Shape memory 

polymers contain chemical and physical (ionic) crosslinks together to retain both fixation and 

recovery required for shape memory effect. The mixed network parameters and bound rubber 

fraction around the ionic domains have been quantified by applying various NMR methods. 

The redistribution of ionic domains in the ionomer matrix by breaking and reforming of ionic 
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crosslinks at higher temperature were also understood by the NMR measurements performed 

at variable temperatures. The incorporation of TiO2 nanoparticles into shape memory 

polymer matrix, we were achieved requisite optical properties. With TiO2 nanoparticles 

content in the polymer matrix, the refractive index was increased and nanocomposite acts as a 

UV-absorber and visible light transmitter. By thermal stimuli the shape memory effect was 

tested by transforming original shape into temporary shape and recovered to its permanent 

shape by heated up at above the transition temperature. 

 

The network structures, internal and segmental motions in thermal-cured polybutylacrylates 

were studied with MQ NMR, 
1
H NMR relaxation spectroscopy and mechanical experiments. 

The NMR T2 relaxation, MQ NMR method shows good correlation with measured 

mechanical storage modulus in rubber plateau region. T1 measurements over a temperature 

range allow understanding the internal motions of high polymer chains. The bulk 

polymerization of polybutyl acrylate creates self-crosslinks (branching) whereas solution 

polymerization was not. An increase in the content of ethylene glycol dimethacrylate 

(EGDMA) leads to significant increase in the crosslink density because the EGDMA acts as a 

tetrafunctional crosslinker. The capability of measuring small variations in polymer 

properties due to different synthesis could be used to characterize advanced materials such as 

polyacrylates polymerized in mini-emulsion or embedded in matrices. 

In conclusion TD-NMR has been used for probing various polymer network properties. It is a 

remarkable spectroscopic technique in the perspective of extending the application of 

inexpensive, fast and solvent-free (green) technique to characterize various polymer networks 

for quality control and day to day R&D purposes. 
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Abbreviations and Acronyms 
 

BR polybutadiene 

DCP dicumyl peroxide 

DMA dynamical mechanical analysis 

DQ double-quantum 

Dres  residual dipolar coupling constant  

DSC differential scanning calorimetry 

Dstat  static dipolar coupling constant 

EGDMA ethylene glycol dimethacrylate 

FID free induction decay 

GPC gel permeation chromatography 

HR-MAS high resolution magic-angle spinning 

IDQ double-quantum intensity 

InDQ normalized double-quantum intensity 

Iref reference intensity 

IR polyisoprene 

MQ multiple-quantum  

MSE magic-sandwich echo  

NR natural rubber 

SMPs shape-memory polymers 

T1 longitudinal relaxation time 

T2 transversive relaxation time 

τDQ double-quantum excitation time 

Tg glass transition temperature 

XNBR carboxylated nitrile butyl rubber 
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