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The oxidations of organic compounds and polymers by tripleiv@re called “dark oxidation” or “auto-
oxidation”, in contrast to their “photo-oxidation” by singlet.(d o study the relevant dark oxidation mechanism

we take methylacrylic acid (MAA) and methyl methacrylate (MMA) as prototypes to study their reactions
with triplet O, by performing density functional theory calculations. Two reaction channels, ¢ labnd
oxidation and &C bond oxidation, have been characterized in detail. The structures of the initial contact
charge-transfer complexes, intermediates, transition states, and final oxides involved in the reactions have
been localized at the UB3LYP/6-311(d,p) level. It is found that the €H bond in the methyl group
connected to the €C bond presents relatively higher reactivity toward triplgttkan the G=C bond itself.

Thus, the reactions are expected to proceed via thél ®ond oxidation branch at room temperature and
also via G=C bond oxidation at elevated temperature. In this sense, an effective method for preventing or
retarding the dark oxidations of MAA and MMA in a natural environment is to chemically decorate or protect
the C-H bond in the methyl connected to the=C bond. The present results are expected to provide a
general guide for understanding the dark oxidation mechanism of organic compounds and polymers.

1. Introduction the relevant oxidation mechanism was not given. Subsequently,

Oxidation reactions of organic compounds and polymers in Feng _et al. studied tge_ dark.omdatlon reactlonsgof a selr;es of
a natural environment have been observed for 100 yérese ~ ©rdanic compounds;**including MAA and MMA® ethers’®
reactions were called “dark or auto-oxidation reactions” of cumene, and polystyrefido understand the dark oxidation
organic compounds and polymers since they involve ground- Mechanisms. By determining the electronic absorbing spectra
state (triplet) @ and occur under conditions without light and  of these model compound systems, they observed the existence
any additional excitement, in contrast to the corresponding of the initial contact charge-transfer complexes (CCTCs) as well
photocatalytic oxidation reactions involving excited-state (sin- as the final hydroperoxides (HPs). These experimental studies
glet) 0,2 Thus far the mechanism of the dark oxidation reactions have provided useful information for understanding the dark
has remained less known, although a lot of experimental researchoxidation reactions of organic compounds and polymers;
in this area has been carried 8ut. however, the details of the mechanism and structures of CCTCs

Methylacrylic acid (MAA) and methyl methacrylate (MMA)  are still not very clear. To model the dark oxidation reactions
are important unsaturated organic compounds. They and theirg¢ organic compounds and polymers, here we take the reactions
polymers play substantial _roles ir_1 chemical_ industry. MAA can of MAA and MMA with triplet O, as prototypes to study the
be used to make dope, insulating materials, bond, and i0n- yeaijed reaction mechanism by performing quantum chemistry

g;(tg?]aggee d r:SS'Q .suMbl\gtAitulfea;losrogf;s”segu%r?(?ri]tlsc ugr:iquesrl)rr]g;?elrttilss calculations. !:or the ch_osen prototype systems we are interested
such as high transparency, cheap prices, and easy processing].z? the followmg gugshons. @ Whgt are the structures and
Both MAA and MMA, however, can be slowly oxygenated under ropert.|es of the initial CCT(;s and final HPs observeq garly?
ambient conditions to form the corresponding peroxides. As (2) Which bonds or groups in MAA and MMA are oxidized
early as 1958 Frank and Milleobserved the oxidation of MMA  €asily by triplet Q, and what is the effective way to retard or
by triplet O, while studying the effect of oxygen on polymer-  Stop them being oxidized? (3) What are the formation mecha-
ization of MMA. They found that the presence of oxygen strong- nisms of peroxides, methyl pyruvate, and formaldehyde, which
ly retarded the polymerization reaction since it oxidized MMA were observed in experimerits?® from the reactions of MAA
into peroxides, methyl pyruvate, and formaldehyde. However, and MMA with triplet ©,? And (4) how are the detailed profiles
of the potential-energy surfaces (PESs) for the reactions of MAA
*To whom correspondence should be addressed. E-mail: zhangdj@ and MMA with triplet G,? In the following we describe our
Sdlﬁ'gﬂ:#&;ng University. theoretical procedures and discuss the calculated results. We

* Shandong Institute of Light Industry. expect that the present results may provide a general profile of
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the dark oxidation reactions of unsaturated organic compounds > Jj
and their corresponding polymers. ' sor
J‘,_-‘ ::‘.’.’.‘.--.
2. Computational Method o :"‘:‘“'".- L by ‘T? "
Density functional theory (DFT) is reaching widespread use ? ,:_:m.--w;‘l;;" ¢ ‘:

in calculations of quite sizable organic and inorganic molecules. Q @

In particular, B3LYP“~16 calculations have been shown numer-

ous times in the literature to be successful for modeling systems CCTCuman CCTCrma

containing C, H, and O atom$:2° In the present work, we ?

checked the performances of two functionals, B3LYP and

PWO91, for describing the reactions of MAA and MMA with J‘J @J}‘"” 3.5(»1,"‘\._ ?

triplet O.. The calculated results show that the PW91 functional i 200 ‘«" ‘,\ ‘;) 2

is not able to provide appropriate geometrical structures for some e 1327 (@)

of intermediates involved in the concerned reactions. For this @ .0_;;'""‘“ ooy e :

reason, we chose the B3LYP functional with the standard - . .
CPRuax CPRyvma

6-3114+G(d,p) basis set, which is flexible enough to give a good
account of longer range intermolecular interactions. Combination ]
of the B3LYP functional and 6-31G(d,p) can offer a good
compromise between speed and accuracy for obtaining reliable
thermodynamic and kinetic data of many reacti&hs.

The structures of various species involved in the reactions
of MAA and MMA with triplet O,, including the reactants,
transition states, intermediates, and products, were fully opti-
mized Witlhout any symmetrical restriction. Harmonic vibrat!onal HPyan HPynia
fre_quenc!es were calculated a_t _the same level for all Statlpnary Figure 1. Structures of the most stable contact charge-transfer
points to identify the nature (minima or first-order saddle points) complexes (CCTCs), cage-like pairs of radicals (CPRs), and hydro-
of these species and provide zero-point vibrational energy (ZPE) peroxides (HPs) involved in the-€H bond oxidation branches for the
corrections. The atomic charge assignments were based omneactions of MAA (MMA) with triplet G, optimized at the UB3LYP/
natural bond orbital (NBO) analysis. The intrinsic reaction 6-311G(d.p) level. The gray, black, and white balls denote C, O, and
coordinate (IRCY paths were traced in order to verify the H atoms, respectively.
pathways between the transition states and the corresponding o 1293
minima. The basis set superposition errors (BSSE) have been .r. @ S L551 gy | 869
corrected by standard counterpoise method. To obtain the N '

. . - . I.SJO‘f ?"‘ “ 2 . ‘J. ]'Jg . “/J J
accurate relative energy, a single-point calculation for each ? 2 j;({ - f/.’;
structure optimized at the B3LYP/6-31G(d,p) level was again P sl 153 @ o
_calqulate(_j at the MP2/6-3_11—]G(d,p) level. Because singlet,O TSIpan TS2uan TS0
is higher in energy than triplet by only 0.98 eV (22.60 kcal/ »
mol),? the singlet-triplet interstate crossing for the reactions '.“.
considered here may occur on the PESs. We addressed this issu¢ '“:(
in the present work by performing calculations for the relevant s A Bt

? ﬁﬁ‘*a

9

| 46l | 957
W

1
1.423 X

singlet species and searching for possible crossing points
between the two PESs of different spin states. All calculations
were implemented using the Gaussian 03 packége. TS Lyia TS2unia TS3amn

We checked the accuracy of the chosen UMP2/643%1 . - C . . .
d,p)//UB3LYP/6-311-G(d,p) level by calculating the ground- Figure 2. T;ansmon-staye structures involved |n.the. two possible
(d.p . . pathways (&=C bond oxidation and €H bond oxidation) for the
state properties of triplet O The calculated the bond length, = eactions of MAA (MMA) with triplet O, optimized at the UB3LYP/
binding energy, and vibration frequency at this level are 1.206 A, 6-311+G(d,p) level. The gray, black, and white balls denote C, O, and
5.15 eV, and 1633 cm, respectively. The results compare well H atoms, respectively.
the experimental valu&?of 1.21 A, ~5.12 eV, and 1580 cr.
In addition, we find that at the chosen level of theory the
deviations of$? expectation values for the open-shell species

. o e : \
|nyolvedther§ ife small "Jl‘tr.'d r}evertﬁxceed Sf” |r|1d|c|:att.|ng that|n 1953 when he observed that triples €uld form a loosely
spin contaminations resulting from the present caiculations are .5 ynected complex with organic compounds. To ascertain the

negligible. structural details of the CCTCs of MAA and MMA with triplet
O, we considered their various possible geometrical structures
by setting an @ molecule at different positions of MAA and
Optimized structures for various possible species involved MMA, such as near the<€C bond, ether group, methyl group,
in the reactions of MAA and MMA with triplet @are shown methylene group, and carbonyl. Upon optimization, the relaxed
in Figures 13, the profiles of PESs are shown in Figure 4, structures generally resemble the initial inputs. By comparing
and the relevant energies are listed in Table 1. For all cited the total energies of geometrically different CCTCs, we identi-
relative energies, ZPE and BSSE corrections have been takerfied the energetically favorable CCTC structures for MAA and
into account. MMA with triplet O,, denoted as CCTigaa and CCTGuua,
3.1. Contact Charge-Transfer Complexes.The contact as shown in Figure 1. These most stable CCTCs are considered
charge-transfer complexes (CCTCs) we are talking about meanas appropriate structures for the following oxidation reactions.

1.4%6

the simple complexes formed between organic compounds and
triplet O, in the initial stages of the reactions. This notion has
been used in academics since it was first discussed by Evans

3. Results and Discussion
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Figure 3. Possible intermediates and products involved in the reactions
of MAA (MMA) with triplet O ,, optimized at the UB3LYP/6-31HG-

(d,p) level. The gray, black, and white balls denote C, O, and H atoms,
respectively.

=&

gy

z&g

e

ot

I MaA 1l MAA

1.205

: I
10201/ 405
U Fans

sl A2

I MMA

e

“.\-1 MA

Relative Energies (kcal mol‘l)

-100
Reaction Coordinate

n
o

(b)

104.5
100 }- Tssmﬁf—-“.
w80
£
Ei
g eof
£
2 sl
=
= L
] 5
Z 20} \
= 1
3 5
& 0.0 .
ok -4.7
MMA+O, CCTC,, TS

20
Reaction Coordinate

Figure 4. Profiles of the potential-energy surfaces along both théiC

bond oxidation branch (connected by solid lines) armetGCbond

oxidation branch (connected by dotted lines) for (a) reaction of MAA

with triplet O, and (b) reaction of MMA with triplet @ calculated at

the UMP2/6-31%G(d,p)//UB3LYP/6-311#G(d,p) level.

From the structural parameters shown in Figure 1 we find that
the distances between MAA (MMA) and,Gre large. Both
the MAA (MMA) and O, units in CCTGyaa and CCTGyma

almost remain the geometrical structures of isolated molecules.

For example, the lengths of the=<©® and G=0 in CCTGyaa

J. Phys. Chem. A, Vol. 111, No. 5, 200749

with respect to the isolated reactants are only 0.8 and 0.5 kcal
mol~%, respectively. NBO population analyses show that the
electronic charge transfers from the lone pair electrons on the
carbonyl O atom in MAA (MMA) to ther* orbital in O, are

also very small. In this sense, the initial complexes should be
described as simple van der Waals complexes rather than so-
called “CCTCs”. However, we still use the idiom of CCTCs to
name these initial complexes, although it is not very appropriate
to describe their nature. The weak interactions between MAA
(MMA) and O, are in good agreement with the experimental
findings®~13 that the formation of CCTCs is slow and reversible
at room temperature.

3.2. Reaction Mechanisms.To understand the oxidation
mechanism of MAA and MMA by triplet @ we considered
several possible reaction pathways and performed detailed
potential-energy surface (PES) scans to locate the minima and
first-order saddle points on the PESs. The calculated results
show that the dark oxidation reactions may proceed via two
possible pathways which involve-1 and C=C bond oxidation
of MAA and MMA, respectively, as shown in Scheme 1. The
optimized transition-state structures involved in the two path-
ways are depicted in Figure 2, where TS1 involvesHCbond
oxidation via H-atom abstraction and TS2 and TS3 correlate
with C=C bond oxidation. Formation of CCTCs was found to
be a viable initial step for both-€H and C=C bond oxidation.

In the following discussion we focus our attention on one of
the two reactions concerned, reaction of MAA with triplet, O
while for reaction of MMA with Q we only show the optimized
structures in Figures-14 and list corresponding energies in
Table 1 for simplification, and the relevant details are less
involved in view of its large similarity to the former.

3.2.1. C-H Bond Ooxidatiorvia an H-Abstraction Mecha-
nism.The H atom in the methyl group connected to thre©
bond of MAA is expected to have higher reactivity toward
ground-state @ than other H atoms due to the effective
conjugative effect between the electrons in the €H bond
and ther electrons of the €&C bond, which results in the
electrons in the €H bond being highly delocalized and hence
the reactivity of the H atom is enhanced. The present calculations
have confirmed this conjecture. We optimized various transition-
state structures for the reactions of different i€ bonds in
MAA with triplet O, and found that the €H bond in the methyl
group connected to the=€C bond is oxidized most easily via
an H-abstraction mechanism. From the structural parameters
shown in Figure 2 it is clear that TH4a is a late saddle point
on the PES, where the forming- bond is 1.110 A and the
breaking G-H bonds are 1.529 A. The relative energy is 54.7
kcal mol! above the isolated reactants, and the imaginary
vibrational frequency is 1253The transition vectors associated
with the imaginary frequency and the geometry of the transition
structure are completely consistent with the notion of H-atom
abstraction. By performing IRC calculations we confirmed that
the forward product from TSdaa is CCTGuaa While the reverse
product is a cage-like pair of radicals CRR, as shown in
Figure 1. CPRiaa is less stable by 40.7 kcal mdlthan the
corresponding isolated reactants, indicating these cage-like pairs
of radicals are instantaneously stable structures formed between
the dehydrogenated organic radicals and newly forming OOH
radical via hydrogen bonds. It is noted that a planar seven-
membered ring structure is formed in GiAR via two hydrogen
bonds with distances of 1.648 and 1.780 A, respectively (Figure

are 1.210 and 1.205 A, which are almost the same with those 1). The structural parameters of the OOH radical unit in GRBR

in isolated MAA and Q. On the other hand, our calculations
indicate that the binding energies of CGI£a and CCTGyva

are obviously different from those in CRRa due to the
existence of the double hydrogen-bond structure. In (RR
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TABLE 1: Total Energies (E, in hartrees) and Relative Energies AE, in kcal mol~?2) for Various Species Involved in Reactions
of MMA (MAA) with Triplet O », Calculated at the UMP2/6-31%G(d,p)//UB3LYP/6-311+G(d,p) Level

specied EP (au) AE® (kcal mol?) ZPE (kcal mot?) BSSE (kcal mat?)
MAA + O, MAA + O, —455.7789766 0.0 61.9 0.0
CCTGuaa —455.7811887 —-0.8 62.2 0.3
TS1van —455.6881547 54.7 58.7 0.9
CPRuaa —455.7152039 40.7 61.9 0.7
HPwaa —455.7931235 —4.5 64.8 1.5
H,0 + C4H,01 —455.9058255 —76.7 63.8 1.0
TS2uan —455.6570201 78.1 62.0 1.5
11 vaa —455.7152119 42.9 63.3 15
TS3uaa —455.6153289 107.1 62.5 3.8
I maa —455.7779412 5.7 65.4 1.6
MMA +0O, MMA +0, —494.9563171 0.0 79.3 0.0
CCTGuma —494.9577752 —0.5 79.5 0.2
TSluma —494.8662806 54.2 76.1 0.9
CPRuma —494.8849290 451 78.9 0.7
HPuma —494.9707621 —4.7 82.2 1.5
TS2uma —494.8346616 77.9 79.4 1.5
Ivima —494.8928804 42.7 80.7 1.5
TS3uma —494.7938318 104.5 80.0 1.8
1 mma —494.9559008 4.4 82.8 1.6

a|nvolved in the dark oxidation reactionsZPEs have been includetiZPE and BSSE corrections have been taken into acc8@at,O,
denotes 2-carboxy acrolein generated fromusiP

SCHEME 1: Possible Pathways for the Reactions of O—0 distances in TSz are elongated to 1.442 and 1.293 A
MAA (MMA) with Triplet O » compared to those in the corresponding free molecules (1.337
C-H Oxid. CH,O0H and 1.206 A), and the €0 distances are 1.999 and 2.029 A,
> H,c=C indicating thesr bonds of G=C and G=0O are being broken
CH, COOR and the G-O bond is being formed. The imaginary vibrational
H,C=C + 0, frequency of TSRaa is 720. IRC calculation allows us to find
SOOR the minima connected by T§2a: intermediates paa and
C=C Oxid /cH3 IImaa, Which correspond to the initial complexes between MAA
MAA(R=H) ="  Hec=0 + o=cC and Q and the adduct oxides between MAA and, @spec-
MMA(R=CH;) COOR tively. The relative energy of TQaa is 78.1 above the isolated

reactants, and that of the corresponding adduct oxigle IIs

the O-O and O-H bond lengths are 1.322 and 1.010 A, 42.9 kcal motl. This oxide can further be converted into
respectively. Once the metastable radical is formed, it would intermediate lliaa via TS3uaa With a barrier of 64.2 kcal
couple quickly to form the energetically favorable ydR, which mol~*. The imaginary vibrational frequency of T is 3016.

is shown in Figure 1. It should be noted that the ground state From the structural parameters shown in Figure 2 and the
of HPyax is in the singlet state, and thus, its formation demands transition vector associated with the imaginary frequency for
an intersystem crossing between the triplet and singlet surfaces,T S3waa, it is very clear that the second-® ¢ bond is being

as indicated by the dotted cycle in Figure 4. The interstate formed with a C-O distance of 1.869 A and the-@ and
crossing between the singlet and triplet will be discussed in the C—C o bonds are being broken with distances of 1.581 and
last section of this work. Hia is calculated to be 4.5 kcal ~ 1.535 A, respectively. The forward minimum from T3 is
mol~1 more stable than the isolated reactants. Clearly, the total intermediate Ilaa, which further dissociates into formaldehyde
dark oxidation reaction of MAA with @is exothermal, although ~ @nd pyruvate. However, it should be noted that these products
they initially need to overcome a high barrier of 54.7 kcalmiol ~ Will occur on the singlet surface via an intersystem crossing
Once the reaction is initiated, however, the accumulative heat Petween triplet and singlet during dissociation.

would make the reaction proceed continually and slowly. Itis  3.2.3. Comparison of €H and C=C Bond Oxidations.
noted that HRaa Was not observed in the experimért.could According to the results above, we summarized both th¢iC

be that it was quickly dissociated into 2-carboxy acrolein and C=C bond oxidation branches into Figure 4a and b for the
(C4H40,) and a water molecule under acidic conditi§rur two systems considered here. Clearly, the PES profiles for
calculated results indicate that the dissociation products arereactions of MAA and MMA with triplet @ are very alike,
energetically more favorable by 76.7 kcal mbthan HRyaa. though small differences exist in the relative energies of the
The PES profile for the dark oxidation reaction of MAA with  corresponding species, as expected from the similar reaction
triplet O, along the C-H bond oxidation pathway is shown in  mechanisms of MAA and MMA toward triplet OComparing

Figure 4a with the thin solid line. the C—H bond oxidation branch with the=€C bond oxidation
3.2.2. G=C Bond Oxidation Mechanisrithe transition-state  branch for each system we find that the former, which results
structures of the reaction of MAA with triplet{£along the G= in formation of HPs, is energetically more favorable than the

C bond oxidation branch, T§2a and TSaa, are collected latter, which dissociates MAA (MMA) into formaldehyde and

in Figure 2, and the corresponding minima obtained by pyruvate (pyruvate ester). However, the latter is expected to be
performing IRC calculations from them, denoted @, [lvaa, a viable reaction channel at elevated temperature. The results
and lllyaa, are shown in Figure 3. From the structural support the early experimental finding by Frank and Miller
parameters shown in Figure 2 and the corresponding transitionthat the products of oxidation from the reaction of MMA with
vectors associated with the imaginary frequencies, it is very clear oxygen at 50°C consist of 80% HP and 20% methyl pyruvate
that O in TS2yaa is attacking the &C bond. The &C and and formaldehyde.
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Figure 5. Potential-energy profiles of the triplet and singlet PESs along
the reaction coordinates (a) in the vicinity of T\al and (b) in the
vicinity of TS1uua. Superscripts 1 and 3 denote spin multiplicity.

From the present calculations the=C bond oxidation
pathway is not competitive with that of the-E1 bond oxidation;
thus, the latter is mainly responsible for the observed dark
oxidations of MAA and MMA by oxygen at room temperature.
Thus, an effective method for preventing or retarding the dark
oxidation of MAA and MMA could be to chemically decorate
or protect the &H bond in the methyl connected to the=C
bond.

3.3. Singlet-Triplet Interstate Crossing. In this section we
discuss the possible crossing between the trijgetglet PESSs,
which are a crucial issue for reactions involving triplet @is
known that spin inversion can generally occur in the vicinity
of a crossing seam of two PESs of different spin multiplici-
ties26-27 As shown in Figure 4, the calculated reaction barriers
for reactions of MAA (MMA) with triplet G, are ca. 54 kcal
mol~1, which is larger than the singletriplet energy splitting
of O, (22.60 kcal mot1).22 In this sense it seems possible that
the crossing seam between the triplsinglet PESs occurs in

the vicinity of the entrance channel. To see the possible crossing

at this region, we performed calculations for the singlety/&al
and TShuma. However, the resulting data indicate that their
energies are higher by 13.41 and 13.77 kcal thohan the

corresponding triplet counterparts, although the geometrical
structures on the singlet PESs are similar to those on the triplet

J. Phys. Chem. A, Vol. 111, No. 5, 200751

the reactions would preferentially proceed on the triplet surfaces
and do not involve interstate crossing until the CPRs are formed.
As mentioned above, the CPRs are metastable radical and would
couple quickly to form the energetically favorable singletdP

via the triplet-singlet intersystem crossing. To illustrate the
crossing seams in the vicinity of the exit channels, we tried to
optimize the structures of CPRs and HPs on both the triplet
and singlet PESs. Our attempts, however, at obtaining singlet
CPRs and triplets HPs were always unsuccessful. The initial
guessed singlet CPRs always converge to the HPs upon
optimization, while the imaged triplet HPs are always taken to
the CPRs after relaxation. Therefore, we believe that in the
vicinity of the existing channels there exists a tripisinglet
intersystem crossing that bears heavily on the product makeup.

4. Conclusions

DFT calculations for the reactions of MAA and MMA with
triplet O, have been performed in detail to study the relevant
dark oxidation mechanisms. Calculated results show that the
dark oxidation reactions proceed via a-B bond oxidation
mechanism at room temperature and also via=aCChbond
oxidation mechanism at elevated temperature. The structures
and properties of all stationary points involved on the PESs,
including initial contact charge-transfer complexes, intermedi-
ates, transition states, and final oxides, have been shown in
detail. Chemically decorating or protecting the-B bond in
the methyl connected to the=€C bond may be an effective
way to prevent or retard the dark oxidation of MAA and MMA
at room temperature. The present results are expected to provide
a guide to understanding the mechanisms of dark oxidation of
unsaturated organic materials and their corresponding polymers.
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