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Abstract

We investigated the molecular electronic structure characteristics of flavoring chemicals 2,3-butanedione (1) and the analog
2,3-pentanedione (2) and its reduced form acetoin (3) within DFT. The study includes estimating essential issues of their
interactions such as the chemical reactivity, bond dissociation energy (BDE), and potential energy curves (PES) of COCO
homolytic bond rupture. Relaxed scanning of the ground state geometry at different theory levels generated PES for So, S1, Sz,
Tiand T2 states. Based on the excited state dynamic (ESD) module of the ORCA package, we predicted the excited states'
radiative (fluorescence and phosphorescence) and non-radiative (intersystem crossing (ISC)) emission rates to provide a detailed
picture of the considered flavors' photophysical characteristics. The information gained could be helpful for ongoing
investigations on the toxicity, health, and environmental impact of the vaporizations and free-radical formation of foods and E-
cigarettes' flavors. It may represent a practical orientation for assessing the effectiveness of flavors’ safety for the health and the
atmosphere and predicting more stable candidates.

Keywords: a-Diketones; DFT; Bond Dissociation Energy; reactivity indices; deactivation rates

1. Introduction based alpha-diketones and their structurally related

Electronic cigarette (e-cig) use has increased too
quickly worldwide over the last decade due to a
penetrating marketing promotion aiming to push them
to reduce or eliminate the habit of tobacco cigarette
smoke [1]. Moreover, a provocative debate is still
ongoing within the scientific community on possible
effects on both users' and bystanders' health. There are
significant anxieties about e-cig use related obviously
to e-liquids composition. Some problems are the
possible breath exposure to flavors present in the
preparations and the potential exposure to harmful by-
products formed during the vaporization and the
dissociation process [2-5]. Given the health-related
worries raised by the international scientific
community and EU member states' experienced
authorities, specific requirements concerning e-cigs
manufacture were incorporated in the EU Tobacco
Products Directive 2014/40/EU (TPD) [6].

Our attention here is focused on the intrinsic
properties and photophysical characteristics of e-cig-

acetoin (a-hydroxy ketone).

The simplicity of 2,3-butanedione, 2,3-
pentanedione, and acetoin makes them suitable model
molecules to study various characteristics (Figure 1).
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2,3-butanedione 2,3-pentanedione  acetoin
Figure 1. The 2D structures of the studied molecules

It is well known that naturally occurred or
chemically produced molecules 1, 2, and 3 are
popular flavorants in the food industry. They are made
during the coffee roasting process [7]. Recent studies
discovered a connection between the flavors and
bronchiolitis obliterans, known as "popcorn lung," a
disease first detected in workers at popcorn factories
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[8]. Furthermore, they are also released during the
composting of solid wastes and digestates [9].

A hot investigation has evaluated the effect of the
flavoring chemicals on human bronchial epithelial
cells in culture and proposed a possible mechanism
for how they could impair lung function [10]. Few
ongoing studies are investigating the health impacts
of these compounds on e-cigarette users [11].
Chemical toxicity is often associated with the
covalent modification of cellular nucleophiles by
electrophilic chemicals. Electrophilic a-diketones
may covalently modify nucleophilic arginine residues
in critical proteins and, thereby, produce the observed
respiratory-tract pathology. The major pathway for
the biotransformation of a-diketones is reducing to o-
hydroxyketones (acyloins) [12,13]. For this reason,
we will predict the reactivity indices of these
molecules from the energies of their frontier orbitals.

Additionally, because of its impact on the
atmosphere, few studies were reported on pyrolysis,
photolysis, dissociation, fragmentation, and DFT
investigations of mainly 2,3-butanedione (diacetyl)
(1) and 2,3-pentanedione (2). [14 — 19]. One of the
sources of atmospheric free-radicals is from the
pyrolysis and photolysis of alpha-diketones. The
generated free radicals interact with the atmospheric
hydroxyl radical and ozone. Thus, these flavors'
thermal stability is an essential issue for
environmental impacts and health concerns, so we
will investigate further to shed light on the free radical
generation by pyrolysis and photolysis.

Despite its intrinsic interest and practical
importance, the triplet state interactions and
phosphorescence have seemed far removed from
more commonly studied physical and chemical
properties [20-27]. The primary missing information
concerns the photophysical characteristics. Therefore,
one final goal of this work is to attempt to supply
some of the missing information. We here report that
a theoretical study of phosphorescence provides
quantitative data on the alpha diketones and acetoin
triplet state involved in chemical reactions considered
a source for harmful free-radical productions.

2. Computations.

All calculations were carried out, exploiting
the ORCA 4.2 (parallel) software package [28]. We
applied density functional theory (DFT) and its time-
dependent extension (TD-DFT) and employing the
range-separated hybrid functional ® B97X-3D
[29,30] that includes empirical corrections for long-
range non-bonded dispersive interactions and basis
set 6-311G(d,p). This is one of the recommended
methods for the geometries of organic molecules.
Overlap fitted RIJCOSX approximation was used to
improve the calculations' efficiency and enhance
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speedups at almost no harm. [31]. We utilized the
CPCM solvation model with acetonitrile [32].

The rates and spectra were calculated using
the same methods recommended and detailed in the
literature [33, 34], employing the "ESD module" in
the Orca program package. When computing
phosphorescence rates kenos, €ach rate was requested
individually. For the flavours under investigation, we
were predicted the kpnos as the mean of the sum of the
individual Kpnos (T1), Kenos (T2), and kenos (T3). When
indicating kisc, we also considered the triplet spin-
sublevels (1, 0, or -1), and the kisc is the sum of the
individuals.

Dissociation of the COCO was studied via
relaxed linear transit scan using TDDFT as
implemented in the Orca program package, changing
CO-CO distance from 1.0 to 3.0 A in 30 steps.
Potential energy curves of the ground and excited
states of the molecules were evaluated. Moreover, to
overcome the failure of the PES at a more
considerable distance, we employed the lIterative-
Configuration Expansion Configuration Interaction
(ICE-CI) method of the ORCA package [28]. The
ICE-CI advantage is that the potential energy surface
is entirely smooth and correctly behaves in the
dissociation limit. The calculation utilizes the basis:
def2-SVPD [35, 36]. Our calculation utilizes the
auxiliary basis: def2-SVP/C [37]. Potential energy
curves of the ground and excited singlets and the
triplet states of the molecules were evaluated
separately and added to the same figure.

3. Results and Discussion
3.1. Bond Dissociation Energy (BDE).

The flavors' thermal stability is an important issue
to investigate to shed light on the free radical
generation by pyrolysis and photolysis. Information
acquired from previous studies confirms homolytic
bond dissociation as the first step in molecular
degradation. The fragmentation pattern obtained from
Mass spectroscopic studies
[https://webbook.nist.gov/cgi/cbook.cgi?ID=C43103
8&Mask=200#] reveals a dominant fragment 43 m/e
in the spectrum of diacetyl, which corresponds to
acetyl species CH3CO due to homolytic dissociation
of diacetyll. Two dominant fragments at 43 and 57
m/e correspond to the existence of CH3CO and
CH3CH2CO species in the case of 2. This finding
confirms that the primary step in the fragmentation of
both molecules is the COCO bond dissociation. This
prompted us to compute CO-CO bond dissociation
energy in the three compounds and compare our
results with the reported BDE. The BDE is given in
terms of enthalpy change (AH®) of the dissociation
reactions below according to the following equations:

1- (CH3CO); — CHiCO + CH3CO:
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AH° = H°(CH3CO)2 - 2 H° (CH3CO)
2- CHsCO-COC:zHs — CH3CO: + C2HsCOr
AH° = H° (CH3CO-COC:Hs) - {H° (CH3CO) + H°

is adequate for validating the experimental data. It
could be safely used to predict accurately enough
BDE for other structurally related flavors.

C:HsCO} Another possible way to predict BDE is by
3- CH3CO-COHCzHs—CH3CO+ scanning along the distance between the two carbonyl
C2HsCOH groups to get the potential energy surface (PES). We

AH° = H° (CH3CO-COHC:Hs) - {H° (CH3CO) +
H° C2HsCOH}

Our computed results are summarized in Table
1. Excellent agreements with the experimentally
reported data could be noticed by inspection of Table
1, revealing that our simple theoretical methodology

met difficulties generating PES regarding inconsistent
quality throughout the surface at distances more
considerable than the equilibrium minimum. In other
words, the description of the bond did not remain
consistent along with all spaces by the method we
used. In section 3.3. we are going to illustrate and fix
the issue further.

Table 1. Thermodynamic parameters and the predicted and the available experimental BDE (kcal/mol) of the
flavors and the corresponding radicals. Observed values are reported in [15-19, 38]

Molecule Energy He G°
(au) (au) (au)
1 -306.475 -306.378 -306.413
2 -345.79 -345.665 -345.704
3 -306.475 -306.378 -306.413
Radical Energy He° G° BDE BDE BDE
(au) (au) (au) AE AH Exp.
1 -153.18 -153.134 -153.164 -72.53 -69.58 -66.9 - -72.9
2- -192.495 -192.42 -192.455 -72.26 -69.56 -67.9
3 -154.375 -154.307 -154.338 -75.04 -71.32 --

Finally, rate constants for the volatile hydroxy
carbonyls' reactions with OH and NO; radicals and O3
have been reported [39]. The NO; radical and Os;
reactions are slow. The OH radical reactions will be
the dominant atmospheric gas-phase loss process for
these hydroxy carbonyls, within general, calculated
lifetimes for the OH radical reactions of 0.7-1.5 days
[39]. However, to the best of our knowledge, no details
exist on the bond dissociation's reactions generated
radicals of the flavors with the OH, NOg3, or O3 radicals
in the atmosphere.

3.2. Reactivity Indices

Reactivity indices were defined and discussed in
[40], reflect the electronic changes induced by
substituents in a closely related series of molecules.
Molecular reactivity indices such as chemical
potential (u), hardness (1), and electrophilicity (o),
were calculated from the energies of frontier orbitals
and defined as follows:

(1) Chemical potential
p=0.5(LUMO+HOMO)

is simply defined as
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(2) Hardness is given by n=0.5(LUMO-HOMO)

The chemical hardness 1 can be believed of as a
molecule's resistance to exchange electron density
with other molecules. Softness is, however, the
reciprocal of hardness.

(3) Electrophilicity is given by w@=p"2/2m, which
measures a molecule's ability to attract electrons. The
electrophilicity index measures a molecule's energy
stabilization if it acquires an additional electron
density from the environment. The electrophilicity
index is considered a crucial parameter for studying
the reactivity of a series of molecules.

Our computed results reveal the close
similarities between 1 and 2, while the parameters are
drastically different for 3. Acetoin 3 has the smallest
o value and is a weaker electron acceptor relative to
diacetyll or 2,3-pentadione 2. Also, it is much harder
(n=5.13) to release electrons than 1 and 2. Thus, it is
expected that both 1 and 2 should have closely similar
electronic characteristics that will reflect on their
photophysical parameters.
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Table 2. The frontier orbital energies and the
reactivity indices (in eV) defined in [40] for the
flavors.

Molecule  pomo  Lumo  u . w
1 -9.09 054  -482 428 271
c -9.02 048 475 427 264
3 -9.02 123 -390 513 148

Similar conclusions have been reached in studying
the toxicity of diacetyl 1 and related a-diketone 2 and
its reduced form the acetoin 3 [12,13]. The reduction
of a-diketones to the less electrophilic acyloins is a
detoxication pathway for a-diketones.

Excited-state Photophysics.

3.1.1. Potential energy surfaces.

We generated Figure 2 (see figure caption) to
fundamentally test PESs in different excited states for
conical intersections that could be responsible for
radiationless deactivations processes, including the
intersystem crossing,
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Figure 2. PES curves of different excited states of molecule 1. C-C
bond distance of COCO is the scan coordinate. Similar PES curves
were obtained for 2 and 3. Curves A shows an intersection between
the T1 (blue) and the SO (black) at 2.85 Angstrom Curve B
obtained by the computationally expensive ICE-CI method
showing no intersection between the T, (blue) and the S, (black) at
2.85 Angstrom.
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Figure 2 shows several points of intersections
between the PESs of the singlets and triplet states. This
is entirely happening, as shown between the T1 and S,
because at above 2 Angstrom apart, the nature of the
scanned distance changes. Consequently, BDE cannot
be produced from the PES. Fortunately, ORCA
features a method that has been termed lIterative-
Configuration Expansion Configuration Interaction
(ICE-CI) [28]. The ICE-CI goal is to provide compact
wavefunction(s) (e.g., one or several states) close to
the full-ClI limit at a reasonable enough computational
cost. We used ICE-CI to scan all potential energy
surfaces, as presented in Figure 2 (B). From the
vertical difference between the equilibrium distance
and the curve at 3.0 Angstrom, we get the BDE value
of equal -64.0 kcal/mol for 1 and 2, which is in good
agreement with the experimental amount listed in
Table 2. A value of -72.5 kcal/mol was obtained for 3
because the reduction of 1 resulted in a stronger
COCOH bond relative to the COCO bond, which
suffers from the electron withdrawings’ properties of
the two carbonyls oxygen. In general, the non-
parallelity error along a potential energy surface is, to
a large extent, avoided. Thus, ICE-CI yields consistent
quality throughout the surface. Hence, the description
of the bond remains constant to a large extent. The
PES is entirely smooth and also correctly behaves in
the dissociation limit. Figure 2 (B) shows that near the
minimum, it is very close to the applied method
represented in Figure 2 (A) that T1 drops below the SO
state as the bond is stretched.

3.1.2. Excited-state decay kinetics

We observed an overall similarity in the
flavors' absorption and luminescence spectra. The
wavelength of maximum emission of fluorescence and
phosphorescence varies only slightly with increased
chain length or the hydroxyl group [41]. The most
crucial difference is the intensity of the
phosphorescence peaks. Figure 3 shows the predicted
phosphorescence and absorption spectra of 1 in
acetonitrile as an example (molecules 2 and 3 have
similar spectra, see Table 3). Predicted and
experimental spectral band positions are in
satisfactory agreement (see Table 3).

In liquid solution at around 25°C, there is a
decreasing phosphorescence intensity in the order 1 >
2 > 3, validating the experimental observations [16,
41]. This effect is shown to be due to the increased
probability —of fluorescence or radiationless
deactivation with increasing chain length or hydroxyl
group instead of the alpha carbonyl one. It was
reported that all the aliphatic a- diketones are suitable
acceptors in triplet-triplet energy transfer [16, 41].
Studies on the products of the gas-phase reactions of
selected flavors with OH radicals, NOs radicals, and
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O3 under atmospheric conditions seems to be missing,
as discussed in section 3.1.

1.0 4
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Figure 3. The predicted phosphorescence and absorption spectra of
molecule 1 in acetonitrile.

We then carried out excited-state dynamic
computations to predict the triplet state's
photophysical characteristics of molecules 3 and 2.
We then compared the results with that of 1 to consider
the effect of the alpha-hydroxyl group in 3 and the
substitution of a hydrogen atom by the methyl group
in the case of 2 on the radiationless processes in these
flavors.

Table 3. Photophysical data of the flavors studied. The
phosphorescence lifetime (1/ Kpnos/S™) is given between parenthesis
in ms. (Available experimental data are provided [20, 41] *)

Molecule  phos/nm  Abs/nm kils Kphos/s™ kisc/st
604.4 470 190
1 0.924 e+5 7.83 e+5
{520} * {422} * (5.26)
2 5434 465.8 1.01e+5 190 1.398 e+5
{500} * {419} * : (6.67) :
35
3 421.0 311.0 2.88 e+5 15.77 e+7
(28.57)

*Experimental data of 1 and 2 in ethyl ether-isopentane-
ethanol (5:5:2 volume ratio) [41].

The effect on the deactivation rates of the excited
state of molecular architecture is summarized in
Figure 4. Molecule 2 fluoresces somewhat faster and
is of marginally lower Kisc and Kpnes than 1. Alpha-
hydroxy ketone (acetoin 3) exhibits remarkable
fluorescence and intersystem crossing rates over those
of 1. In conclusion, the triplet state lifetime in 3 is
relatively long; a condition considerably favors triplet
state interaction than in 1 and 2.

| Kese = 15.77 x 107 s |

T 12951075
T 282x10°S%

N S P
ki = 2.88 x 105 574 )

Kghos = 0.035 x 10% 57 ]

Egypt. J. Chem. 64, No. 11 (2021)

1.398 x 10°57!

[ e

" 091Bx10°5t
o 0.480 %1055

Tt

i

7.83x10%s ‘

5

[ e

C o oa1sx108st
o 3.68x10°5¢

i

Tt

I’m: 0.924x 1055 |

Kyhos = 0.19 x 107 571 ]

S,

Figure 4. Scheme for calculating photophysical processes in 1, 2,
and 3 (from bottom to top, respectively). The kisc(i) between the S;
and T is the sum of the transitions to the spin-sublevels indicated as
Tiand To. The kisc to T, and T3 are negligible.

Thus, it is highly expected that the excited states'
radiationless processes play a dominant role in the
studied flavors' photophysics. Therefore, these
molecules are not astonishing to populate their triplet
states, leading to the observed phosphorescence at
room temperature.

4. Conclusion

We predicted the reactivity indices, the BDE,
and the photophysical properties of three flavors for
food and e-cigarettes, negatively impacting human
health and the atmosphere. Generally, excellent
agreement with the available experimental data was
achieved. Toxicity is related to the electrophilicity of
the molecules. The acetoin is less reactive and less
toxic than the other two alpha-diketones based on the
electrophilicity index. PES of the So obtained by
applying the ICE-CI method yields BDE value in good
agreement with the experimental value. The triplet
state lifetime and the predicted bond dissociation
energy point to the possibility of free radical
generation due to smoking and vaporization of the
flavors. The studied flavors' molecular structure is
reflected in the predicted rates of radiative (ke and
kehos) and non-radiative processes (kisc). The reduced
form of diacetyl 1, the acetoin, has the highest ISC and
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fluorescence rate and the lowest phosphorescent rate
relative to the two alpha-diketones 1 and 2.

Consequently, its triplet-state is more inert relative
to the alpha-diketones studied. The information gained
could be helpful for the ongoing examinations on the
health and environmental impact of the vaporizations
and free-radical formation of foods and E-cigarettes'
flavors. It may represent a practical orientation for
assessing the effectiveness of flavors’ safety for the
health and the atmosphere and predicting more stable
candidates.
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