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The triplet energies of butenedioic acid derivatives
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The oxygen perturbation spectra of butenedioic acid derivatives were
measured and the vertical triplet energies were determined to be 62 kcal mol™*
for fumaronitrile, about 66 kcal mol~ ! for dimethyl fumarate, 71 kcal mol ?
or more for dimethyl maleate and 72 kcal mol~ ! for maleic anhydride.

Butenedioic acid derivatives such as maleic anhydride (2,5-furandione),
maleic acid esters (e.g. cis-butenedioic acid methyl ester), methyl fumarate
(trans-butenedioic acid methyl ester) and fumaronitrile (trans-butene dinitrile)
are frequently used as quenchers or reaction components in photochemical
reactions. Despite their importance in photochemistry, the exact values of
the triplet energies of these compounds are still uncertain for two reasons:
(i) they do not phosphoresce (see below) and (ii) they are powerful electron
acceptors, a property which leads to strong charge transfer interactions [1]
that obscure triplet energy determinations by the classical Saltiel method [2,
3] . We therefore investigated direct Sy = T, absorption in these compounds
by the oxygen perturbation method. In this method the enhancement of
the strongly forbidden S, -+ T, absorption by high oxygen pressures is utilized
to allow a direct measurement of the ‘“‘vertical” T, energy to be made [4, 5].
In our experiments we measured the absorption spectra of highly concen-
trated solutions of the compounds in both the presence and the absence of
oxygen at a pressure of 150 bar and determined the difference between the
two spectra. The oxygen effect was reversible in all cases. The triplet energies
measured and those reported in the literature are collected in Table 1.

The oxygen perturbation spectrum of fumaronitrile commences at
about 465 nm (61.5 kcal mol ?) on the long wavelength side and the first
maximum appears at 458 nm (62.5 kcal mol™!). Wong [3] has measured the
triplet energy by the Herkstroeter-Hammond method and has found a value
of 59 *+ 2 kcal mol™!. Thus the vertical triplet energy measured by So —
T; absorption is only slightly higher than the energy of the more relaxed
triplet state determined by the Herkstroeter—-Hammond method. Furthermore
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TABLE 1

Estimated triplet energies of butenedioic acid derivatives

Compound Eq Method® Reference
(kd mol™1 (kcal mol™}))
Fumaronitrile 260 (62) 1 This work
(trans-butene dinitrile) 247 (59) 2 [3]
~ 210 (=50) 3 (2]
Dimethyl fumarate 277 (66) 1 This work
(butenedioic acid =~ 260 (=60) 4 [12]
dimethyl ester) 255 - 280 (61 - 67) 3 (13]
cis-Dicyanoethene 247 (569) 2 [3]
(cis-butene dinitrile)
Dimethyl maleate >297 (> 71) 1 This work
(trans-butenedioic ~ 293 (~=T70) 4 [12]
acid methyl ester) 302 -323 (72 -77) 3 [13]
Maleic anhydride 302 (72) 1 This work
(2,5-furandione) 302 (72) 4 [8}

21, Oxygen perturbation spectrum; 2, flash photolysis; 3, quenching experiments;
4, perturbation by an external heavy atom.

these results confirm that the value of 50 kcal mol~! obtained by the Saltiel
method [2] does not reflect the true triplet energy of fumaronitrile; it is too
low owing to electron transfer quenching of the donors by fumaronitrile {3].

The Sy - T, absorption spectrum of dimethyl fumarate starts at 433
nm (66 kcal mol™1) with the first shoulder at 428 nm (66.8 kcal mol™1). This
suggests that the vertical triplet energy is about 66 kcal mol™, which falls
within the limits of 61 - 67 kcal mol? given by Hammond et al. [6] but is
higher than the value obtained by Cox et al. [7].

The oxygen perturbation spectrum of dimethyl maleate commences at
about 405 nm (71 kcal mol 1) on the long wavelength side and is featureless.
Because of the absence of a distinct maximum or shoulder that can be
assigned to an Sy — T, absorption, we can only put a lower limit (71 kcal
mol™1) on the triplet energy Eq. Featureless oxygen perturbation spectra are
commonly obtained for carbonyl compounds possessing a lowest nx* triplet
state [8].

As for dimethyl maleate the oxygen-perturbed absorption of maleic
anhydride starts at about 405 nm (71 kcal mol™ 1), but it shows a weak shoul-
der at 397 nm (72 kcal mol). The wavelength of this shoulder coincides very
closely with the first maximum of a phosphorescence spectrum reported by
Hardham and Hammond [9], but neither we nor other workers [10, 11]
have been able to reproduce this emission spectrum. However, the oxygen
perturbation spectrum confirms that the vertical triplet energy of maleic
anhydride is of the order of 72 kcal mol ™.
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The oxygen perturbation method gives only indirect evidence of the
nature of the triplet states [8], but our results are in agreement with the
assignment of a rn* character for fumaronitrile and dimethyl fumarate, an
nn* character for dimethyl maleate and a mixed nr*—na* character for maleic
anhydride [11, 12]. The relatively high energies of the n#* triplet states of
the cis isomers suggest a non-planar geometry for these compounds. A similar
argument has been used to explain the differences between the Sy - S,
absorption spectra of maleates and fumarates [13].
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