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Photooxidation of 1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzenes was carried out in the NO,-air system. For-
mation of glyoxal, methylglyoxal and biacetyl was observed in the cases of 1,2,3- and 1,2,4-trimethylbenzenes,
and only methylglyoxal was observed from 1,3,5-trimethylbenzene. Yields of glyoxal, methylglyoxal and biacetyl
were 7, 18, and 45% and 8, 37, and 11% of trimethylbenzene consumed in cases of 1,2,3- and 1,2,4-trimethylben-
zenes, respectively. The reaction mechanism which was used to explain the yields of a-dicarbonyl compounds
from toluene and o-, m-, p-xylenes in the preceding paper (part II) has been applied to explain these yields,
and has been found to reproduce these yields well. Formation of 3-hexene-2,5-dione was observed only from
1,2,4-trimethylbenzene. The fractions of the ring-cleavage process in the total reaction were 70, 56, and 64% in
cases of 1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzenes, respectively. The yields of the ring-cleavage process are
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discussed.

In the final paper of this series,!:? quantitative
analysis of ring-cleavage products in the photo-
oxidation of 1,2,3-, 1,2,4-, and 1,3,5-trimethylben-
zenes is reported. The rate constants for the re-
actions of OH-+trimethylbenzenes are reported to
be very large3.4:9 (as large as OH+butenes), and
the branching ratios for side-chain hydrogen abstrac-
tions (estimated to be 2—3% of total reaction®®) are much
smaller than in the cases of toluene and xylenes.

The questions addressed in this study are as
follows: (1) How large is the fraction of the ring-
cleavage process in the total reaction of trimethyl-
benzenes? (As described in papers I and II, fractions
of the ring-cleavage process were in order of m-xylene
(55%)>0-xylene (41%)>p-xylene (36%)>toluene (29%)>
benzene (15—20%)): (2) Can the formation ratio of
a-dicarbonyls (glyoxal, methylglyoxal, and biacetyl)
be explained by the cyclization mechanism with
three assumptions used in cases of toluene and
0-, m-, p-xylenes?: (3) Can formation of unsaturated
y-dicarbonyls be observed? (In the case of 1,2,4-
trimethylbenzene, formation of 3-hexene-2,5-dione
has been observed by the GC analysis?): (4) Are there

TaBLE 1.

new specific ring-cleavage products in the photo-
oxidation of trimethylbenzenes?: (5) How consistent
are the results for the photooxidation of aromatic
hydrocarbons (from benzene to trimethylbenzenes)?

Results

A mixture of trimethylbenzene (4 ppm), NO (1.5
ppm), and NO: (0.5 ppm), diluted in 1atm (=101
kPa) air was irradiated in the reaction chamber
as described in paper I.Y Three experiments were
carried out for each 1,2,3-, 1,2,4-, and 1,3,5-trimethyl-
benzenes.

Product spectra (spectra of reactants and H20 were
subtracted) of each trimethylbenzene are shown by
spectrum (a), (c), and (e) in Fig. 1. Residual spectra
(spectra of identified products were subtracted from
spectrum (a), (c), and (e)) of each trimethylbenzene
are shown by spectrum (b), (d), and (f) in Fig. 1.
These spectra were obtained under nearly equal
(about 20%) conversions of trimethylbenzenes. In all
cases, formation of formaldehyde, formic acid, and
PAN was observed. a-Dicarbonyls observed are

YIELD OF PRODUCTS® (APRODUCT/— ATRIMETHYLBENZENE) IN THE PHOTOOXIDATION

OF TRIMETHYLBENZENES?)

1,2,3-Trimethylbenzene

1,2,4-Trimethylbenzene

1,3,5-Trimethylbenzene

. Run

Product 1 2 3 Ave.® 4 5 6 Ave.? 7 8 9 Ave.)
HCHO 0.17 0.18 0.17 0.17 +0.01 0.18 0.18 0.17 0.18 +0.01 0.15 0.15 0.16 0.15+0.01
(CHO), 0.073 0.071 0.071 0.07240.001 0.072 0.081 0.081 0.078+0.005 — — — —
CH,COCHO 0.17 0.18 0.19 0.18 +0.01 0.38 0.37 0.36 0.37 +0.01 0.67 0.63 0.63 0.64+0.03
(CH;CO), 0.44 0.45 0.47 0.45 +0.02 0.09 0.11 0.11 0.11 +0.01 — — — —
Total yield of

a-dicarbonyls 0.70 +0.02 0.56 +0.02 0.64+0.03

a) Values were calculated by the least-square fit of six initial points of each run.

b) Initial concentrations of

reactants were 4 ppm trimethylbenzene, 1.5 ppm NO, and 0.5 ppm NO, in 1atm (=101kPa) air in all runs.
c) The indicated errors are one standard deviation of three runs.
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glyoxal, methylglyoxal, and biacetyl in cases of 1,2,3-
and 1,2,4-trimethylbenzenes, and only methylglyoxal
is produced from 1,3,5-trimethylbenzene. Maleic
anhydride, which is produced in the reactions of
benzene, toluene, and o-xylene, was not observed as
products of the trimethylbenzenes in significant
amounts. Dimethylbenzaldehydes are probably
produced, but were not analyzed because of too small
yields.

The profile of the product concentrations versus
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irradiation time in the case of 1,2,4-trimethylbenzene
is shown in Fig. 2 as an example. Among the
products identified, formic acid and PAN were found
to be secondary products, like in the cases of toluene
and xylenes. As described in paper LY amounts of
products formed were plotted against trimethyl-
benzene consumed. From the slopes of these plots,
the yield of each product was determined. Yields of
products except formic acid and PAN (secondary
products) are listed in Table 1. Values of yield were

1.2.3-TRIMETHYLBENZENE

(CH3C0),
n -
HCOOH

m

PAN
n

PAN

n

1.2.4-TRIMETHYL BENZENE

ABSORBANCE

1.3.5-TRIMETHYL BENZENE

:)‘—/W/V\“ss

)

3i50 3050 2950 2850 2750 =2e50%20b0 1800 16b0  1sbo_ 12b0  1obo  8bo
WAVENUMBERS WAVENUMBERS
Fig. 1. Product spectra (spectra of reactants were subtracted) and residual spectra (spectra of products

identified were subtracted). The initial conditions:
[NO;]=0.5 ppm in 1 atm (=101 kPa) air.

a) Product spectra in the photooxidation of 1,2,3-trimethylbenzene after 80 min irradiation.
b) Residual spectra after subtraction of products identified (H,CO,
(CHO),, CH;COCHO, (CH,CO),, PAN, and HCOOH).
Conversion of 1,2,4-trimethylbenzene is 199,.

of 1,2,3-trimethylbenzene is 199%,.

1,2,4-trimethylbenzene after 66 min irradiation.

[trimethylbenzene]=4 ppm, [NO]=1.5 ppm, and
Conversion

c) Product spectra in the photooxidation of
d) Re-

sidual spectra after subtraction of products identified (H,CO, (CHO),, CH,COCHO, (CH,CO),, PAN,

and HCOOH).
radiation.

Conversion of 1,3,5-trimethylbenzene is 189,.
ucts identified (H,CO, CH;COCHO, PAN, and HCOOH).

e) Product spectra in the photooxidation of 1,3,5-trimethylbenzene after 50 min ir-

f) Residual spectra after subtraction of prod-
| : See text.
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Fig. 2. Concentration of each product as a function of
irradiation time in the case of 1,2,4-trimethylbenzene.

calculated by the least-square fit of six initial points
of each run. The indicated errors are one standard
deviation of three runs. Yields of a-dicarbonyls are
fairly large in cases of 1,2,3- and 1,3,5-trimethyl-
benzenes compared with those of xylenes.

Discussion

A. Yields of a-Dicarbonyls and Reaction Mechanisms.
It should be examined whether the yields of a-
dicarbonyls shown in Table 1 can be explained by
the cyclization mechanism with the assumptions used
in cases of toluene and xylenes, as described in paper
II.2 The rules in the reaction mechanism used in
paper II are as follows: (1) OH radicals add primarily
to the ortho position of each side chain ([Assumption
I] in paper II): (2) When the aromatics have side
chains (-CH3) at 1- and 3-positions (e.g. in m-xylene,
1,2,3- and 1,3,4(=1,2,4)-trimethylbenzenes), the prob-
ability of OH addition at the 2-position is two times
larger than at other ortho position, otherwise the
probability is the same ([Assumption III] in paper
II): (3) Addition of Oz to the OH-aromatics adduct

Ring-cleavage Reactions of Aromatic Hydrocarbons
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occurs predominantly at a position which yields
conjugated double bonds (see Reactions 6a and 6b in
paper IV): (4) The OH-aromatics-Oz adduct primarily
undergoes a cyclization reaction forming a bicyclo-
(-O-0O-bridge) compound. In this case, formation
of 6,7-dioxabicyclo[3.2.1]Joctane compound (allyl-
type radical) is dominant. (In the case of 2,3-diox-
abicyclo[2.2.2]octane compound, a radical point
and a double bond are not conjugated): (5) The
probability of Oz addition to resonance structure
with tertiary radical is two times larger than that to
resonance structure with secondary radical when the
resonance structures of the allyl-type radical consist
of both secondary and tertiary radicals, otherwise the
probability of Oz addition to resonance structures of
allyl-type radical is the same ([Assumption II] in
paper II): (6) After addition of Oz to the bicyclo[3.2.1]
radical, an alkoxyl-type radical is produced by the
abstraction of an O atom by NO: (7) The resulting
alkoxyl-type radical undergoes cleavage of the ring,
and a 1-hydroxyl-2-oxoalkyl radical (R-C(OH)-CR’=
O) and an unsaturated y-dicarbonyl are produced: (8)
The 1-hydroxy-2-oxoalkyl radical undergoes hydrogen
abstraction by Oz, and an ea-dicarbonyl is produced.
Ring-cleavage reactions of the trimethylbenzenes
according to the above rules are shown in Scheme 1.
The process of Oz addition to the OH-aromatics
adduct and the formation of 6,7-dioxabicyclo[3.2.1]-
octane compound are excluded just for avoiding
complication. Formation ratios of a-dicarbonyls
obtained by experiments and of a- and unsaturated
y-dicarbonyls calculated using the above rules are
listed in Table 2. Branching ratios used in the
calculations are as follows: Compound Ia:Ib:Ic=
1:1:1 and Ia:IIb:1lc:1Id:1le=2:1:1:1:1, according
to the number of equivalent positions and Assump-
tions I and III: Compound Id:Ie=2:1, If:Ig=2:1,
IIf:1Ig=2:1, ITh:Ili=2:1, and IIj:IIk=2:1, according
to Assumption II in paper II: One to one is used for
all other branching ratios. Yields of a-dicarbonyls
obtained by the calculations are in excellent agree-
ment with experimentally observed values. In the

TABLE 2. EXPERIMENTAL AND CALCULATED RELATIVE YIELDS OF &- AND UNSATURATED y-DICARBONYLS

< N e 3 cha g CHj
3 3 3 3 ps
(CHO), CH,COCHO (CH,CO), [;3 1[:3 ch:g 1[;3 CH3,¢8 [;g Cua)ég cn,¢°
H H H H H CH H CH3
1,2,3-Trimethylbenzene
Exp. 0.10 0.26 0.64
Calcd 0.11 0.33 0.56 0.56 — —_ 0.33 — — 0.11 —
1,2,4-Trimethylbenzene
Exp. 0.14 0.66 0.20
Calcd 0.19 0.67 0.14 — 0.14 0.06 0.11 0.17 0.33 — 0.19
1,3,5-Trimethylbenzene
Exp. — 1.0 —
Calced — 1.0 — — — — — 1.0 —_ — —
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calculations, Assumption III in paper II is crucial.
Without this assumption less satisfactory agreement
of calculations with experimental values was ob-
tained.®

B. Yield of the Ring-cleavage Process. The
fractions of the ring-cleavage process in the total
reaction are 70, 56, and 64% in cases of 1,2,3-, 1,2,4-,
and 1,3,5-trimethylbenzenes, respectively. The
percentages in 1,2,3- and 1,3,5-trimethylbenzenes are
larger than in the cases of benzene, toluene and
xylenes. The value of 56% in 1,2,4-trimethylbenzene
is close to 55% in the case of m-xylene which shows
the largest value of all xylenes. Factors governing the
extent of ring cleavage are as follows: 1) The
branching ratio between OH addition to the aromatic
ring and side-chain hydrogen abstraction: 2) The
branching ratio between cyclization of the OH-
aromatics-Ogz adduct and the formation of phenols by
hydrogen abstraction from the ring by Og, and the
formation of aromatic nitro compounds by the
addition of NO2:? 3) The distortion energy of 6,7-
dioxabicyclo[3.2.1]octane compound (the alkoxyl-type
radical).

As to factor 1, 100%, 85—90%, 90—95%, and 97—
98% of total reactions are estimated to proceed
through addition in the cases of benzene (no side
chain), toluene, xylenes, and trimethylbenzenes,
respectively.¥ Therefore, side-chain abstraction
might have a slight effect on the yield of ring
cleavage, except the case of benzene. Factor 1 alone
seems not to explain the large variations of the ring-
cleavage yields (15—20% in benzene, 29% in toluene,
36% in p-xylene, 41% in o-xylene, 55% in m-xylene,
56% in 1,2,4-trimethylbenzene, 64% in 1,3,5-tri-
methylbenzene, and 70% in 1,2,3-trimethylbenzene).

Factor 2 is likely to be important. The probability
of cyclization might be governed by the reactivity to
electrophilic attack of the carbon with which the end
oxygen of the OH-aromatics-O:z adduct forms a
bond. Presumably increase of the number of methyl
side chains enhances the probability of cyclization,
meta substitution being particularly favorable for
electrophilic attack leading to cyclization. The in-
creasing extent of ring cleavage in the order of
benzene<toluene<xylenes<trimethylbenzenes, and
the large extent of ring cleavage in the cases of m-
xylene and 1,3,5-trimethylbenzene, might reflect the
reactivity of the aromatic ring to electrophilic
attack.10

After the formation of the 6,7-dioxabicyclo[3.2.1]-
octane compound, the distortion energy of this
compound would affect the occurrence of the ring
cleavage as mentioned in paper I1.? Although
distortion energies of the bicyclo[3.2.1] compounds
are not known, the distortion energy is probably
larger in the case that the side chains are located
adjacent to each other than in the case that side
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chains are located separately in good symmetry. The
larger extent of the ring-cleavage process in the case
of 1,2,3-trimethylbenzene as compared with 1,3,5-
trimethylbenzene and also in the case of o-xylene as
compared with p-xylene, might be partly due to
differences in distortion energy. The fate of the
bicyclo compounds when the ring cleavage does
not occur is not clear. One possible route is the
formation of quinones after rupture of the -O-O-
bridge in 6,7-dioxabicyclo[3.2.1]octyloxyl radicals.
For example, in the case of p-xylene:

CH3 0 SH3 0 GH3
: H O No H
- %,
. 0, .
3 CH3 CH3
CH3 CH3

oL S @ e m 4)
o HO,

CH3 CH3

Formation of small amounts of dimethyl-p-benzo-
quinones have been reported in the photooxidation
of 0-, m-, and p-xylenes.11:12 The relative yield of
dimethyl-p-benzoquinone is the largest for p-xylene.12

As discussed above, the yield of the ring-cleavage
process and the ratio of the a-dicarbonyls formed are
governed by several factors. Some features of the
ring-cleavage reaction can be explained, although a
quantitative evaluation of all factors is not possible
at present.

C. Residual Spectra of Products and Unsaturated y-
Dicarbonyls. The spectra of unidentified prod-
ucts are shown in the residual spectra (b,d, and f) in
Fig. 1. Absorptions appearing in the frequency
region of 2850—3010 cm—! (C-H stretching of hydro-
carbons) are stronger than in the case of xylenes.
This is probably due to larger yields of unsaturated
y-dicarbonyls (cf. Table 2 and Scheme 1) which have
more methyl groups.

Residual absorption around 1800cm~! can be
accounted for by C=0 stretching of carboxylic acids,
anhydrides, and peroxyacyl nitrates. A sharp
absorption at 1800 cm~! observed in the case of m-
xylene is also apparent for 1,3,5-trimethylbenzene
(marked by an arrow). No absorptions of maleic
anhydride, methylmaleic anhydride, and dimethyl-
maleic anhydride were observed in this frequency
region. Absorption around 1700 cm~! (C=0O stretch-
ing of aldehyde, ketone, dialdehyde, and diketone) is
also present. The large number of overlapping bands
in the frequency region of 1700—1850 cm—! shows
that there should be a variety of carbonyls present.
Sharp absorption at 1670 cm—! is due to organic
nitrates which have accompanying bands at 1280 and
850 cm™1.

Absorptions in the region of skeletal vibrations
(1400—900 cm™!) are shown on an expanded scale in
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Fig. 3. The spectra shown in Fig. 3 are arranged in
order of 1,2,3-, 1,3,5-, and 1,2,4-trimethylbenzene:
(Note that the order differs from the order in Fig. 1).
Spectrum (d) in Fig. 3 shows a standard spectrum of
trans-3-hexene-2,5-dione. Formation of 3-hexene-2,5-
dione in the photooxidation of 1,2,4-trimethylbenzene
has been reported in the previous work using the
method of GC/MS analysis.”? In this study, also the
formation of 3-hexene-2,5-dione was observed in the
case of 1,2,4-trimethylbenzene (spectrum (c) in Fig.
3). Subtraction of the spectrum of trans-3-hexene-2,5-
dione from spectrum (c) led to an estimated yield of
6% for trans-3-hexene-2,5-dione to 1,2,4-trimethyl-
benzene consumed. According to the study on atmo-
spheric chemistry of cis- and trans-3-hexene-2,5-dione
by Tuazon et al.1® cis and trans isomers of the com-
pound is expected to establish a photoequilibrium
with the ratio of [trans]/[cis]=0.5 under the present
experimental conditions.? The estimated total yield
of 3-hexene-2,5-diones is thus about 18%. The
uncertainty of this estimate is +100% because of the
ambiguity of the subtraction. Spectrum (e) shows the
difference spectrum (c)—(d).

T T T T

a) 1,23-Trimethylbenzene|
4

b) 135-Trimethyl-
benzene

¢) 124-Trimethylbenzene

ABSORBANCE

d)3-Hexene- 2,5-dione

e):c)-d)

1200 1100 1000 300

WAVENUMBERS

13b0

1400

Fig. 3. Residual spectra in the frequency region of 1400
—900 cm~!. Conditions are the same as in Fig. 1.
a), b), and c) are residual spectra in the cases of
1,2,3-, 1,3,5-, and 1,2,4-trimethylbenzenes, respective-
ly. d) Standard spectrum of trans-3-hexene-2,5-dione.
e) Difference spectrum of c)—d).
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Although no further products except 3-hexene-2,5-
dione could be identified in the residual spectra,
remaining of C-H stretching vibrations (2850—
3010 cm—?), strong absorption around 1700 cm~?, and
numerous bands in the region of skeletal vibrations
(800—1400 cm~1), suggests the presence of unsaturat-
ed y-dicarbonyls (shown in Table 2 and Scheme 1) in
considerable amounts. No unique products of the
trimethylbenzenes could be identified.

D. General Conclusions: The Photooxidations of
Aromatic Hydrocarbons. This study of eight
aromatic hydrocarbons (benzene, toluene, o-, m-, and
p-xylenes, 1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzenes)
and the conclusions drawn from it may be summarized
as follows:

1) Products formed by the ring-cleavage reaction in
the photooxidation of aromatic hydrocarbons were
analyzed by long-path FT-IR spectroscopy. The
advantage of this technique is that products can be
observed in situ, without the sampling and pre-
concentration processes which are needed generally
in GC and GC/MS analysis. The FT-IR is
particularly useful for the quantitative analysis of a-
dicarbonyls which cannot be analyzed with reason-
able sensitivity by GC even with flame ionization
detection.!¥ Therefore, reliable yields of a-dicarbon-
yls were determined for the first time in the present
study.

2) The a-dicarbonyls observed in the photooxidation
of aromatic hydrocarbons are glyoxal, methylglyoxal,
and biacetyl. The relative yields of these products
can be explained by a cyclization mechanism of
OH-aromatics—O2 adducts, and cleavage of 6,7-
dioxabicyclo[3.2.1]octane compounds. It is suggested
that an a-dicarbonyl and an unsaturated y-dicarbonyl
are produced in this process.

3) 3-Hexene-2,5-dione was observed as an unsatu-
rated y-dicarbonyl in the photooxidation of p-xylene
and 1,2,4-trimethylbenzene. Formation of maleic
anhydride observed in the photooxidation of benzene,
toluene, and o-xylene is considered as an indirect
evidence of the formation of cis-2-butenedial (an
unsaturated p-dicarbonyl). Other unsaturated y-
dicarbonyls could not be identified.

4) The fractions of the ring-cleavage process are:
15—20% (benzene); 29% (toluene); 36% (p-xylene);
41% (o-xylene); 55% (m-xylene); 56% (1,2,4-trimethyl-
benzene); 64% (1,3,5-trimethylbenzene); and 70%
(1,2,3-trimethylbenzene). It is suggested that the
extent of ring cleavage is governed by the reactivity to
electrophilic attack of the OH-aromatics-O2 adduct,
and by the distortion energy of the resulting 6,7-
dioxabicyclo[3.2.1]octane compound.

5) Since the formation of fairly large amounts of a-
and unsaturated p-dicarbonyls are expected in the
urban atmosphere, studies of the mechanisms of both
photolysis and photooxidation of a- and y-dicar-
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bonyls are necessary to develop the chemical models
of photochemical air pollution, although the rate
constants of the photolysis and OH radical reactions
of a-dicarbonyls® and 3-hexene-2,5-diones!® were
reported recently.
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laboratory for helpful discussions. The assistance of
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