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Recent Advances in Quantitative Crosslinking Density Analysis of
Elastomers Using Multi-Quantum Solid-State Nuclear Magnetic
Resonance

Sang Ho Yeo' and Jae Woo Chung'?

'Department of Green Chemistry and Materials Engineering, Soongsil University, Seoul 06978, Korea
’Department of Materials Science and Engineering, Soongsil University, Seoul 06978, Korea

Abstract: Elastomers, which achieve high durability and excellent elasticity through cross-
linked network structures, are indispensable materials widely utilized across various mod-
ern industries. Since the physical properties of elastomers are closely correlated with their
crosslink density, numerous measurement techniques have been developed to quantify
the crosslinking structure, including the swelling method based on the Flory-Rehner equa-
tion, tensile testing using the Mooney-Rivlin model with a universal testing machine (UTM),
and rubber plateau region analysis via dynamic mechanical analysis (DMA). However, due
to the inherent heterogeneity of the actual crosslinked structures in elastomers, there
remains a need for a novel analytical approach capable of not only quantifying the cross-
link density but also elucidating the crosslinking distribution. In this review, we introduce
double quantum nuclear magnetic resonance (DQ-NMR) spectroscopy, which detects
nuclear spin signals arising from crosslink-induced double quantum coherence, as a pow-

"'Corr.es.ponding Author: Jae Woo Chung erful tool to evaluate both the crosslink density and its distribution in elastomers. This
E-mail: jwchung@ssu.ac.kr method enables precise quantification of the crosslink density and, through normalization,
provides crosslinking distribution curves that offer deeper insights into the structural het-
Received October 13, 2025 erogeneity of elastomeric networks. Accordingly, this review outlines the fundamental
Revised October 23, 2025 principles of DQ-NMR and highlights recent research trends employing DQ-NMR tech-
Accepted October 25, 2025 niques to characterize the crosslinking structures of elastomers.
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Figure 1. Diagram of the real and imaginary domains of quantum spins in NMR with phase factor ®. The DQ simultaneous flip phenomenon is

occurred by the dipolar coupling generated by crosslink-locking.
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Figure 2. A scheme of the pulse sequence in DQ experiment with low-field NMR. ® represents pure DQ Hamiltonian with relaxation time. n,, t.

denote the number of cycles and cycle time, respectively.
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Figure 4. (a) Build-up curves of NR-C2 and NR-C8. (b) Build-up curve
of a bimodal mixture of NR-C2 and NR-C8; the horizontal lines
indicate the fitting limit for the former [53].
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