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Indeed, calorimetric data are available for the toluene, =methylstyrene (AMS) and tfrans- -methylstyrene
(TBMS) demonstrating a thermal polymerization at an onset temperature of 103°C for toluene (with a heat of
reaction "H of 602 J/g) compared to more than 350°C for both AMS and TBMS (with "H <280 J/g) by differential
scanning calorimetry at a 4°C/min temperature rate, as shown in Table 3 (Lin et al., 2008). It should be noticed
that, for AMS and TBMS, a first exothermic pic of low heat (proposed as associated to a dimerization process)
is observed prior to polymerization, at lower temperature.

Table 3: Experimental onset and peak temperatures (Toand Tp, DQG KHDW R bbthibée\franRike = +
DSC tests (Lin et al., 2008)

Styrene AMS TBMS
To (°C) 103.3 136.5 356.3 74.6 385.4
Tp (°C) 205.8 140.5 402.9 97.6 415.6
AH (J/g) 601.7 17.6 266.3 29.8 277.3

At first, the detailed reaction mechanisms involved in the self-polymerization of toluene were theoretically
investigated by use of the density functional theory (DFT). These mechanisms were already investigated in
literature using the B3LYP/6-31G* and BPW91/6-31G* methods (Khuong et al., 2005) but this study presented
some failures. In particular, the calculated diradical transition state of one main reaction of the mechanism (a
Diels-Alder type reaction) was found as presenting unstable wave functions.

For this reason, these mechanisms have been analyzed again using a more recent functional, M05-2X, identified
as more relevant for Diels-Alder reactions in benchmark studies (Johnson et al., 2008; Zhao and Truhlar, 2011).
Finally, the new theoretical study (at M05-2X / 6-31+G(d,p) level) overcame the limits of the study of Khuong
since the corresponding Transition States were found stable.

Moreover, some deviations were found between the new method and the results of Khuong, in agreement with
the observations made in the benchmark studies (highlighting an underestimation of reaction exothermicity
using B3LYP). However, the global reaction mechanism and relative balance between the different reactions
remained the same.

Figure 2: Reaction mechanisms involved and in competition with the initiation of styrene thermal polymerization,
as proposed by Khuong (2005)
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Figure 2 shows a summary of the main mechanisms involved and in competition with the initiation of a self-
polymerization of styrene. This initiation is proposed as based on a Diels-Alder reaction between two styrene
monomers M. The diradical transition state associated to this reaction, TSpa, was found as unstable in the study
of Khuong.

This reaction leads to the AH dimer intermediate from which two different reactions can occur in contact with
another toluene monomer. An ene reaction leading to the 1-phenyl-4-(1’-phenylethyl)-tetralin trimer (A-Sty) or
an H-abstraction (Habs) from the AH dimer by the additional toluene monomer to produce the A* and HM*
radicals from which propagation begins. Another reaction was found in competition with this initiation mechanism
in which two toluene monomers form 1,2-diphenyl cyclobutene (DCB) through a diradical intermediate *Mz°.
As shown in Figure 3, the formation of DCB and the Diels-Alder reaction present similar activation energies
(associated to their respective transition states TS1 and TSpa). Then, formation of the monoradicals (responsible
for polymerization propagation) is slightly more difficult than trimerization, which agrees with experimental data

evidencing an higher production of A-Sty trimers than polymers during the polymerization process (Khuong et
al., 2005).

40 -

20 1 TSpa

My My

2M
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Figure 3: Energetic profile of the mechanisms involved and in competition with the initiation of styrene thermal
polymerization, as calculated at M05-2X/6-31+G(d,p) level (Fayet and Rotureau, 2022)

The next step of the study now consists in computing these main mechanisms for AMS and TBMS. These
calculations are under progress and may help to understand why self-polymerization occurs at higher
temperature for these compounds than for styrene despite their similar structures. For instance, the relative
activation energies could be influenced making the propagation less favorable compared to the two other
mechanisms, or the presence of additional methyl groups in AMS and TBMS could favor other reactions
compared to styrene.

5. Conclusions

The new classification framework proposed for the transport of polymerizing materials encourages some
adaptations of the testing methods and criteria for their classification. They concern both the feasibility of the
testing methods already implemented in the TDG regulation but also additional testing methods to fulfill the
requirements of the classification (notably regarding the efficiency of stabilizers and the need and sizing of
pressure relief devices).

The use of theoretical chemistry also opens new perspectives towards an in-depth understanding of their
thermal self-polymerization mechanisms and a better identification of compounds subject to possible hazardous
polymerization issues. These theoretical studies could, for instance, be the basis of development of practical
tools complementary to experimental methods, to support the identification of reaction types (e.g. self-
polymerization rather than self-decomposition) within the classification process.
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