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Abstract

A new rigid tricyanate ester consisting of seven conjugated aromatic units is synthesized, and
its structure is confirmed by X-ray analysis. This ester undergoes thermally stimulated
polymerization in a liquid state. Conventional and temperature-modulated differential scanning
calorimetry techniques are employed to study the polymerization kinetics. A transition of
polymerization from a kinetic- to a diffusion-controlled regime is detected. Kinetic analysis is
performed by combining isoconversional and model-based computations. It demonstrates that
polymerization in the kinetically controlled regime of the present monomer can be described as
a quasi-single-step, auto-catalytic, process. The diffusion contribution is parameterized by the
Fournier model. Kinetic analysis is complemented by characterization of thermal properties of
the corresponding polymerization product by means of thermogravimetric and
thermomechanical analyses. Overall, the obtained experimental results are consistent with our
hypothesis about the relation between the rigidity and functionality of the cyanate ester
monomer, on the one hand, and its reactivity and glass transition temperature of the
corresponding polymer, on the other hand.

http://dx.doi.org/10.3390/polym13111686

Keywords

Cyanate esters, Diffusion control, Isoconversional kinetic analysis, Polymerization kinetics,
Thermal analysis, Vitrification

References

[1] Burrows, D.N.; Hill, J.E.; Nousek, J.A.; Kennea, J.A.; Wells, A.; Osborne, J.P.; Abbey, A.F.; Beardmore, A.;
Mukerjee, K.; Short, A.D.T.; et al. The Swift X-Ray Telescope. Space Sci. Rev. 2005, 120, 165-195.

[2] Hamerton, I. Chemistry and Technology of Cyanate Ester Resins; Springer: Dordrecht, The Netherlands, 1994.
[3] Fang, T.; Shimp, D.A. Polycyanate esters: Science and applications. Prog. Polym. Sci. 1995, 20, 61-118.

[4] Adrian, P.M. 13-Polymers for aerospace structures. In Introduction to Aerospace Materials; Mouritz, A.P., Ed.;
Woodhead Publishing: Cambridge, UK, 2012; pp. 268-302.

[5] Grenier-Loustalot, M.-F.; Lartigau, C.; Metras, F.; Grenier, P. Mechanism of thermal polymerization of cyanate
ester systems: Chromatographic and spectroscopic studies. J. Polym. Sci. Part. A Polym. Chem. 1996, 34,
2955-2966.

[6] Simon, S.L.; Gillham, J.K. Cure kinetics of a thermosetting liquid dicyanate ester monomer/high-Tg
polycyanurate material. J. Appl. Polym. Sci. 1993, 47, 461-485.


http://dx.doi.org/10.3390/polym13111686

[7]

(8]
[9]

(10]

[11]

[12]

[13]

(14]

[15]
[16]

(17]

(18]

[19]

[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]
(28]

[29]

[30]

(31]

[32]

[33]

[34]

Fyfe, C.A.; Niu, J.; Rettig, S.J.; Burlinson, N.E. High-resolution carbon-13 and nitrogen-15 NMR investigations of
the mechanism of the curing reactions of cyanate-based polymer resins in solution and the solid state.
Macromolecules 1992, 25, 6289-6301.

Bauer, M.; Bauer, J.; Kihn, G. Kinetics and modelling of thermal polycyclotrimerization of aromatic dicyanates.
Acta Polym. 1986, 37, 715-719.

Glasstone, S.; Laidler, K.; Eyring, H. The Theory of Rate Processes; McGraw-Hill Book Company, Inc.: New York,
NY, USA; London, UK, 1941.

Chapter 7-Structure and Reactivity Relationships. In Studies in Organic Chemistry; Ruff, F., Csizmadia, I.G.,
Eds.; Elsevier: Amsterdam, The Netherlands, 1994; pp. 161-209. Available online:
Https://www.sciencedirect.com/science/article/pii/B978044488174850013X (accessed on 15 May 2021).

Atovmyan, Y.G.; Baturin, S.M.; Fedotova, T.l. Intermolecular interactions and the reactivity of
polyoxyalkyleneglycols. Polym. Sci. USSR 1989, 31, 1852-1859.

Vyazovkin, S. Isoconversional Kinetics of Thermally Stimulated Processes; Springer International Publishing:
Dordrecht, The Netherlands, 2015.

Mason, P. Thermal expansion and viscoelasticity of rubber in relation to crosslinking and molecular packing.
Polymer 1964, 5, 625-635.

Bakule, R.; Havrének, A. The dependence of dielectric properties on crosslinking density of rubbers. J. Polym.
Sci. Polym. Symp. 1975, 53, 347-356.

Stivala, S.S.; Reich, L. Structure vs stability in polymer degradation. Polym. Eng. Sci. 1980, 20, 654-661.

Agapov, A.L.; Wang, Y.; Kunal, K.; Robertson, C.G.; Sokolov, A.P. Effect of Polar Interactions on Polymer
Dynamics. Macromolecules 2012, 45, 8430-8437.

Kotha, S.; Kashinath, D.; Lahiri, K.; Sunoj, R.B. Synthesis of C3-Symmetric Nano-Sized Polyaromatic Compounds
by Trimerization and Suzuki—Miyaura Cross-Coupling Reactions. Eur. J. Org. Chem. 2004, 2004, 4003-4013.

Yu, H.; Shen, C.J.; Tian, M.Z.; Qu, J.; Wang, Z.G. Microporous Cyanate Resins: Synthesis, Porous Structure, and
Correlations with Gas and Vapor Adsorptions. Macromolecules 2012, 45, 5140-5150.

Zhao, C.; Lyu, H.; Ji, Z.; Zhu, C.; Yaghi, O.M. Ester-linked crystalline covalent organic frameworks. J. Am. Chem.
Soc. 2020, 142, 14450-14454.

Galukhin, A.; Liavitskaya, T.; Vyazovkin, S. Kinetic and Mechanistic Insights into Thermally Initiated
Polymerization of Cyanate Esters with Different Bridging Groups. Macromol. Chem. Phys. 2019, 220, 1900141.

Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A
Found. Adv. 2015, 71, 3-8.
Sheldrick, G. A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-122.

Macrae, C.F.; Edgington, P.R.; McCabe, P.; Pidcock, E.; Shields, G.P.; Taylor, R.; Towler, M.; van de Streek, J.
Mercury: Visualization and analysis of crystal structures. ). Appl. Crystallogr. 2006, 39, 453-457.

Vyazovkin, S.; Burnham, A.K.; Criado, J.M.; Pérez-Maqueda, L.A.; Popescu, C.; Sbhirrazzuoli, N. ICTAC Kinetics
Committee recommendations for performing kinetic computations on thermal analysis data. Thermochim. Acta
2011, 520, 1-19.

Vyazovkin, S. Modification of the integral isoconversional method to account for variation in the activation
energy. J. Comput. Chem. 2001, 22, 178-183.

Vyazovkin, S.; Wight, C.A. Estimating Realistic Confidence Intervals for the Activation Energy Determined from
Thermoanalytical Measurements. Anal. Chem. 2000, 72, 3171-3175.

Kamal, M.R. Thermoset characterization for moldability analysis. Polym. Eng. Sci. 1974, 14, 231-239.

Chen, C.-C.; Don, T.-M.; Lin, T.-H.; Cheng, L.-P. A kinetic study on the autocatalytic cure reaction of a cyanate
ester resin. J. Appl. Polym. Sci. 2004, 92, 3067-3079.

Galukhin, A.; Taimova, G.; Nosov, R.; Liavitskaya, T.; Vyazovkin, S. Polymerization Kinetics of Cyanate Ester
Confined to Hydrophilic Nanopores of Silica Colloidal Crystals with Different Surface-Grafted Groups. Polymers
2020, 12, 2329.

Galukhin, A.; Nosov, R.; Taimova, G.; Islamov, D.; Vyazovkin, S. Synthesis and Polymerization Kinetics of Novel
Dicyanate Ester Based on Dimer of 4-tert-butylphenol. Macromol. Chem. Phys. 2021, 222, 2000410.

Schawe, J.E.K.; Hltter, T.; Heitz, C.; Alig, |.; Lellinger, D. Stochastic temperature modulation: A new technique in
temperaturemodulated DSC. Thermochim. Acta 2006, 446, 147-155.

Zhang, B.; Wang, Z. Building ultramicropores within organic polymers based on a thermosetting cyanate ester
resin. Chem. Commun. 2009, 33, 5027-5029.

Harismendy, I.; Gdmez, C.M.; Rio, M.D.; Mondragon, I. Cure monitoring of catalysed cyanate ester resins.
Polym. Int. 2000, 49, 735-742.

Lin, R.H.; Su, A.C.; Hong, J.L. Kinetics of polycyclotrimerization of aromatic dicyanates. J. Polym. Res. 1997, 4,
191-202.



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Osei-Owusu, A.; Martin, G.C.; Gotro, J.T. Catalysis and kinetics of cyclotrimerization of cyanate ester resin
systems. Polym. Eng. Sci. 1992, 32, 535-541.

Li, W.; Liang, G.; Xin, W. Triazine reaction of cyanate ester resin systems catalyzed by organic tin compound:
Kinetics and mechanism. Polym. Int. 2004, 53, 869-876.

Koh, Y.P.; Simon, S.L. Kinetic Study of Trimerization of Monocyanate Ester in Nanopores. J. Phys. Chem. B 2011,
115, 925-932.

Li, Q.; Simon, S.L. Curing of Bisphenol M Dicyanate Ester under Nanoscale Constraint. Macromolecules 2008,
41, 1310-1317.

Koh, Y.P.; Simon, S.L. Trimerization of Monocyanate Ester in Nanopores. J. Phys. Chem. B 2010, 114,
7727-7734.

Burnham, A.K. Response to statements by Professor Sestak concerning logistic equations in kinetics. J. Therm.
Anal. Calorim. 2017, 127, 1127-1129.

Fournier, J.; Williams, G.; Duch, C.; Aldridge, G.A. Changes in Molecular Dynamics during Bulk Polymerization of
an Epoxide—Amine System As Studied by Dielectric Relaxation Spectroscopy. Macromolecules 1996, 29,
7097-7107.

Schawe, J.E.K. A description of chemical and diffusion control in isothermal kinetics of cure kinetics.
Thermochim. Acta 2002, 388, 299-312.

Ramirez, M.L.; Walters, R.; Lyon, R.E.; Savitski, E.P. Thermal decomposition of cyanate ester resins. Polym.
Degrad. Stab. 2002, 78, 73-82.

Witkowski, A.; Stec, A.A.; Hull, T.R. Thermal Decomposition of Polymeric Materials. In SFPE Handbook of Fire
Protection Engineering; Hurley, M.J., Gottuk, D., Hall, J.R., Harada, K., Kuligowski, E., Puchovsky, M., Torero, |.,
Watts, .M., Wieczorek, C., Eds.; Springer: New York, NY, USA, 2016; pp. 167-254.

Korshak, V.; Vinogradova, S.V. Dependence of Thermal Stability of Polymers on Their Chemical Structure. Russ.
Chem. Rev. 1968, 37, 885-906.



