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Introduction

Thermosetting polymers play an important role in adhesive, coating and composite

applications. In such polymers, the introduction of permanent chemical crosslinks leads to

the formation of stresses during curing. It has been proposed that polymer systems with

large heterogeneities can be fully cured at temperatures well below the final glass

transition temperature (Tg). The use of solid state 1H nuclear magnetic resonance (NMR)

spectroscopy can be used to directly probe the polymer chain dynamics near Tg. NMR then

gives the polymer chain correlation times and activation energies (Ea) for the Tg process. Of

specific interest is the impact dynamic heterogeneity has on the observed changes in the

NMR line shape. By combining simulations and experiment, the line shapes were used to

determine distributions in Ea for a series of thermosetting polymers with systematically

varied heterogeneity.

Background and Theory

heterogeneous network
(typical of chain-growth polymerizations)

z 1-1Onin

El-L..10-100nm

XDT (photoinitiator)

homogeneous network
(typical of step-growth polymerizations)

TCDDA (ene) PETMP or BTT (thiol)

Alkene (TCDDA) and photoinitiator (XDT) lead to chain-growth
polymerization while thiol (BTT)-alkene chemistry leads to step-growth
Ratio of alkene to thiol allows control over heterogeneity in the polymer
(r = [SH]j[C=C].)

How do Dynamics Impact the 1H NMR Spectra?
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Figure 1. a) 1H NMR spectra of thiol-ene system at different temperatures. b) Second moment of the

NMR line as a function of temperature.
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Strong 1H-1H dipolar coupling leads to broader NMR lines
Different dynamics lead to motional averaging of the dipolar coupling,
represented by the second moment (M2)

Single-Component Dynamics

(M2) = High Temperature Limit

Mo = Low Temperature Limit

M2 = Lower Limit of 1st Transition

M2 = Height of 1st Transition

What is the Impact of Activation Energy Distributions?
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Figure 2. a) Simulated NMR second moments with increasing distributions in activation energy.

Reference Ea and To were taken as 31.6 kJ/mol and 5.9e-10 s respectively, calculated from
experimental data at r = 0.47. Distributions in Ea were calculated by integrating over a probability

density function and multiplying to the second moment. b) Probability density as a function of Ea with

different sigma values. Sigma represents standard deviation.

Distributions in Ea result in broader glass transitions, but the center
point remains the same (Determined by Ea)

What is the Impact of Different Activation Energies?
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Figure 3. Simulated NMR second moments with different activation energies. a) Single-component

model with To taken to be 5.9e-10 s, calculated from experimental data at r = 0.47. b) Two-component

model with To taken to be le-14 s. Activation energy for the first transition, Eal, is the varied
parameter.

Increasing Ea shifts the second moment plot, increasing the glass
transition temperature

NMR Analysis of Thiol-ene Systems
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Figure 4. a) Experimental second moment data, calculated from NMR lines. Temperature is varied

along the x-axis. b) Arrhenius behavior of thiol-ene systems. Ti is calculated based on the single-
component equation.

Activation energy and correlation time can be extracted from
experimental data using the arrhenius relationship
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Simulation of Thiol-ene Systems

Experiment vs Single-Component Simulation (r = 0.47)
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Figure 5. Simulated NMR second moments using the single-component

experimental data.

model compared to

Initial simulation (dashed blue) was run using effective activation energy
Best fit (red) required increasing activation energy and shifting the curve
to the right
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Single vs Two-Component Simulation (r = 0.47)
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Figure 6. Simulations of NMR second moment using both single and two-component models.

Two-component model better represents the P-relaxation region
Best fit was created by introducing a distribution in the activation energy
of the first transition (Eal)

CONCLUSIONS

Increased dynamic heterogeneity leads to broad glass transition temperatures

Dynamic heterogeneity introduces large distributions in Ea, which significantly
change the NMR and second moment line shapes.

Thiol-ene system is better represented by a two-component correlation function,
due to the initial linear decay.

Both models tend to under-predict the experimental data when using the effective
activation energy and correlation time.

Future Work
Complete NMR analysis of remaining samples (r = 0.08 and r = 0)

Attempt to control heterogeneity in epoxy systems using the same methods
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