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ABSTRACT

RUSIK, CATHERINE A. The Gas Phase Ozonolysis of
Tetramethylethylene. Department of Chemistry
March 1982,
The gas phase reaction between ozone and olefins
is thought to proceed via an oxy-peroxy biradical inter-
mediate, which may undergo cleavage or a variety of hydro-
gen abstractions. The validity of this biradical mechanism
is investigated in a study of the products and stoichio-
metry of the gas phase ozonolysis of tetramethylethylene.
Various pathways in the ozonolysis mechanism for this ole-
fin are compared thermochemically to assess the relative
favorability of the reaction possibilities of the birad-
ical intermediate.
Experimentally, olefin-rich and ozone rich reaction
conditions are studied in the concentration range 10-800
ppm, using gas chromatography. The concentration of ozone

present is determined by a spectrometric buffered KI method.

Acetone is identified as a major product in the ozonolyais

of tetra. :thylethylene. The stoichiometry of the reaction
js found to be a function of initial reactant concentra-
tions in both olefin-rich and ozone-rich conditions. Ace-
tone yields exhibit direct concentration dependence in tne
presence of excess olefin and inverse dependence in the

presence of excess ozone. In addition, the yield of acetone

ii




is overall much lower in an ozone-rich environment than

in the olefin-rich cage, The possible existence of addi-

tional pathways in the biradical o2onolysis mechanignm is

Suggested in terms of thege observations. Results of this

study are compared with previous work at hi

gher concen-
trations.

and the modelling of atmospheric ozonolysisg
reactions ig considered,
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INTRODUCTION

EDEYLL A

Ozone-olefin reactions are Jnown to give a variety of
very complex product mixtures. Since about 1950, congider-
able efforts have been made in an attempt to better under-
gtand the mechanism of ozonolysis. Early work in the lig-
uid phase resulted in Criegee's proposal.1 suggesting the
initial formation of a 1,2,3-trioxetane five-membered ring
(molozonide). The molozonide decomposes to carbonyl and
zwitterion products which can then react further. One re-
action possibility involves recombination of the molozonide
~ragments to form the monomeric secondary ogonide, a 1,2,4-
trioxetane. This species has been identified as the major
product in condensed-phase work.z'9 The observed complexity
of the final product mixture is explained by subgequent re-
arrangements, additions, and dimerizations involving the
gwitterions formed. The Criegee mechanism for l-butene is

summarized in Scheme 1.

The Criegee ozonolysis mechanism was originally agsumed
to be applicable not only to the reactions in golution that
it was based upon, put also to gaseous ozone-olefin reac-
tions. However, experimental work in the gas phase produced

results that were increasingly difficult to rationalize in
10-15

terms of the Criegee mechanism.

In 1973, 0'Neal and




Blumstein16 proposed an alternative mechanism for gas-phasge
ozonolysis, Rather than decomposition of the initial ozon-
ide (molozonide) to carbonyl and zwitterion products, the
0'Neal~Blumstein mechanism (Scheme 2) postulates a ring-
opening reaction (path B), forming a biradical intermediate
which can react in a variety of ways. Either 0-0 bond in
the molozonide bridge may break, so unsymmetric olefins pro-
duce two biradical forms, Lach biradical may undergo bond
fission (path C) which yields the typical Criegee products.
In addition, various intramolecular hydrogen abstractions
(fromc*,/Q, and ¥ carbons) are possible for both the oxy
and peroxy radical centers (paths D~I and K-P).

The O'Neal-Blumstein mechanism is generally accepted as
the more reasonable explanation of gas-phase ozonolysis, as
it not only provides a plausible interpretation of the vari-
ety and relative yields of Products, but also accounts for a
number of unusual experimental observations which are unex-
plainable in terms of the Criegee mechanism. One example is
the reported fluorescence of ozone-olefin reaction mixtures
at low total pressures.12'13'15'16 Pathway E involves the
formation of a four~membered 1,2-dioxetane ring. Dioxetanes

are rather unstable at room temperature and are known to de-

compose to aldehydes and ketones with light emission.17'18

Thus the observed fluorescence supports the choice of the

0'Neal-Blumstein mechanism to describe gas-phase ozonolysis.
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Scheme 11
Criegee Ozonolysis Mechanism for 1-Butene
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THERMOCHEMICAL CONSIDERATIONS
T ey LUNSIDERATTONS

Before attempting to rationalize ozonolysis products
in terms of the 0'Nea1~B1umstein mechanism, it ig worthwhile
to consider the thermochemistry of the various reaction path-

ways. Comparison of heats of reaction can give information

The O3 * 1-butene reaction was chosen ag a model,
These calculations are similar in forng to those of O0'Neal
and Blumstein, The heat of reaction of each step is cal-
culated from the heats or formation of the products and re-

actants involved:

rxn,
A+ B — (4 D

Angns AHg (products) - AHg (reactants)

(e} o] o] o
r,c * AHZ oo - LHp » - LHe g

Only for the simplest compounds (03. formaldehyde. and
1-butene) are the heats of formation directly available from
tables. The required zﬁHg values for more complex specieg

are obtaineq by Benson's method of group additivities.19

sum of the contributiong from the individua) atoms and bonds

that it contains. The Species isg considered ag g collection

of groups of atoms, each contributing a Specific amount to




-8 -

the total Aﬂg. A group is defined as an atom and its 1li-
gands., Additive heats of formatioh of component groups are
found in Benson's tables. Occasionally approximations must
be made for additive values not listed. Those estimates

were made in a systematic way so that the following method
can be applies to the analysis of other ozone-alkene reac-

tions.

Themochemigtry of 1-Butene

A, Molozonide Formation

The initial step in the O'Neal-Blumstein ozonolysis
mechanism is the addition of ozone to the olefin, forming
the molozonidet

1)
AL
CHZ--CHCHZCH3 + 0 <2 FHE-—QFCHZCH

3
N’

3

molozonide
(initial ogonide)

The heat of formaticn of the molozonide is calculated via
Benson's additivity values.19 A correction must be made

for molozonide ring strain. The effect of strain in a five-
membered 1,2,3-trioxetane ring is not available from tables.
According to Benson, heterocyclic ring strain may be approx-
imated by using the strain value for a corresponding hydro-

carbon ring. Therefore, the value is estimated to be the

e e
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game as that of a similar five-membered 1,3-dioxocyclopen=~

tane ring.

Additive 8HZ (4y1  C-(0)(C)(H), -8.1
c-(0)(Cc),(H) -7.2
2( o-(0)(c) ) 2(-4.5)
0-(0)2 +19.0
'C-(C)Z(H)z -4.93
c—(c)(H)3 -10,20
ring strain, estimated
agt //c‘\ +6,00
\C_C/
kcal
-14.4 mole
20
o . kcal
AHf (03) = 34.8 mole
21
AHY (1-butene) = -0.2 ko2l

The heats of formatior. of the reactants and products are

then used to find the heat of reaction for molozonide for-

mations
AHX = AH;.). (products) - A}Ig (reactants)
= AHg'(l) - AHZ (1-butene) - IN:o (04)
kcal

-14.4 - (-0.2) - 34.8 = -49,0 mole




B. Oxy-peroxy Biradical Formation

The molozonide undergoes reversible ring opening, yield-
ing an oxy-peroxy biradical. Either 0-0 bond may cleave in

this equilibrium process, so two biradical species can be
produced,

(2)
;:Hz--—agcnzcl-x3
o
(1) 0~
FHs—GHCH,CH,

4 o
o (2"

Hs— CHCH,CH
0/32 NS

~o

To calculate the additive heat of formation of the oxy-
peroxy biradical, additivity values of three groups not llsted
in Benson's tables are required. One value is approximated
as that of a non-radical group, and the other two values are
obtained by calculation, using Benson's table of heats of

formation for gas-phase organic free radicals.

Radical groups for which additivity values are required:

0-(.0)(c)
+0-(0)
«0-(C)
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The additive ISHg of 0-{+0){C) is approximated as that of
0-(0)(C). This is reasonable because the unpaired electron
is located on a ligand of the central atom, rather than on
the central atom. Since the forces between atoms are very
short-range, the o -effect of the unpaired electron is as-
sumed to be small.

The approximated value for 0-{(+0)(C) and a tabulated

value for the heat of formation of the methyl peroxy radis
ca1l? are used to calculate the additive Zkﬂg of *0-(0)1

0 WY = keal
&Hg (CHy000) = +6.7 po7e
Additive Aﬂg (CHBOO-)l c-(0) ()4 -10.08
approximated as 0-(-0)(C) 4.5
o-(0){(c)
+0-(0) x

Ang (CH,00+) = known additive AH's + x

+6.7

-14.,58 + x

x = +21.3 8L < aqaitive AHD +0-(0)

Likewise, the additive Zng of the group +*0-(C) is found
using the heat of formation of the methoxy radical.19 In
this calculation, the group additivity of C-(-‘O)(H)3 is
approximated as that of C-(O)(H)B. Again, the effect of
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the unpaired electron or to the central atom is assumed to

be small.

o _ ki
AH (CH,0) = 43,5 e,
cas o
Additive tlﬂf (CHBO-)a

approximated as

——> C~(+0)(H) -10.08
c-(0) (1), 3

«0-(C) y

Aﬂg (CH30') = known additive Aﬂg oy
3.5 = -10.08 + y

yo= +13.6 8L | 4s0145ve AH2 .0-(c)
Now that the required group additivity values are known, the
additive heat of formation of the oxy~peroxy biradical QlH:'(z))

can be calculated:

Additive AH .., C-(+0)(C)(H), +6,1%2
calculated —»+0-(C) +13.6
c-(o)(c)z(H) -7.2

approximated as

O-(O)(C) —0-(+0)(C) ~4.5
calculated —» .0-(0) +21.3
c-(c)z(H)2 -4.93

C-{C) (H)4 -10.20

+14,2 Keal

mole
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Additive Ang values are listed for only one of the birad-
icals, labeled (2). Additive AHJ (2+)» in which the other
’
0-0 bond is broken, is the same as z&Hg (2)* since Benson
1]

additivities consider only ¢f -effects and not /!—effects.

The reaction heat of biradical formation is found from

the heats of formation of the species involved:

o _ o _ o o _
AHB = AHB, = AHf,(z) - AHf,(l) = +14.2 -~ (-14.4)
_ kcal
= *+28.6 mole

The biradical formation reaction is an 0-0 bond disso-

ciation; therefore Aﬂg = D(0-0).

(1) (2)

D(0-0)
}:Hz—-CHCHZCH3 — /CHZ—- C\HCHZCHB
0 0 0
o7 o
- o - o = - -
D(0-0) = AHf'(z) Aﬁf’(l) +14.2 (-14.2)
_ kcal
= +28.6 mole

This 0-0 bond dissociation energy is comparable to values

for organic D(0-0), which range 30-36 ggiﬁ. However, cal-
culations by O'Neal and Blumstein resulted in a markedly
different D(0-0) value of about 14 ﬁ%%%. It appears that

the O'Neal-Blumstein value for the heat of formation of the
biradical is based on a model 0-0 bond dissociation reac-

tion. This is an alternative method, rather than approx-
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imating the additive heat of formation for 0-(+0)(C) and
calculating the unknown additivities from tabulated values

for organic radicals.

The model digsociation reaction involves species for
which heats of formation are available. The 0-0 bond dis-
sociation energy for the formation of the oxy-peroxy birad-
jcal is estimated by correcting the calculated dissociation
energy of the model reaction for the added effect of strain

relief, due to ring-opening.

_0- model rxn . .
CH30 0 OCH3 AREEsSS CH30 + CH300

Additive AHQ (cn30-o-ocu3)-
2( C-(H)3(o) ) 2(-10,08)
2( 0-(c)(0) ) 2(-4.5)
0-(0), +19.0

RS

_ keal
10.2 mole

Tabulated heats of formation of organic radicalst

o _ kcal
AHg (CHBO-) = +3.5 ole

o A kcal
£L3Hy (CHy00°) = +6.7 pole

o A 40 P o -0-
Aﬁf (CHBO-) + AHg (cn3oo } LiHg (cnjo 0 ocnj)
= +3.5 % 6.7 - (-10.2)

keal _ _
+20.4 256 © D(0-0)
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o _ o _ .

A Hp = AHmodel sqn - Ting strain relieved
= = kecal
= -20.4 - 6.00 = 14,4 keal

Once the heat of reaction is known, the heat of formation of

the oxy-peroxy biradical can be calculated:

o _ o - o
AHp = AHp () -~ SHp (4)

T by
o - o o _ _ kecal
ést.(Z) - LAHB * Zka.(l) = #1h.b + (-1h.B) = 0 TS

This suggests that 0'Neal and Blumstein used an estimated
43H? value of zero for the biradical. The 0'Neal-Blumstein
heat of formation of the oxy-peroxy biradical differs sig-
nificantly from the value obtained by approximating group
additivities. 1In calculations that involve Zsﬂg,(z), both
the value calculated via approximation of radical group values
and the apparent O0'Neal-Blumstein value were used. Then the

results obtained with each were compared.

C. Further Reactions of the Oxy-peroxy Biradical

1. Criegee Split

Bond fission may occur, resulting in secondary ozonides

as predicted by the Criegee ozonolysis mechanism.

(2) (3) () (5)
CH— CHCH,CH El—)CH 0 + «CHCH.CH & H c/o\
SHa—CHOH,CH, 5 CHCH,CH, 2K CHCH,CH,
0. //o 00- 0-0
"0 secondary ozonide

(1,2,4-trioxetane)




- 16 -

The heat of formation of the biradieal has already been cals.
culated, and that of formaldehyde is directly availables

AHS = 0 (0'Neal-Blumstein method)
£.(2)
+14.2 (by approximation)

(3 23

0 =
ZAHf»(B) = =27.70 15te

Additive Hg'(5)| C-(0),(H), ~16.1
0-(c), -23.2

2( 0-(0)(c) ) 2(-b4,5)

c-(0),{c)(n) -16.3

C-(C),(H), -4.93
c-(c)(H)3 -10.20

ring strain, estimated
ass o/C\\o +6,00
~o—¢”

-73.7

keal
mole

The heat of formation of species (4) is not directly avail-

able, so it is calculated using the method of Wadt and God-

da.rd.zl+ ZSH; %) is estimated by consideration of a disso-
1]

ciation reaction involving species for which heat of forma-
tion data ig available:
D) ,
- - - + .
CHBCH2 % H CHBCHZQ H H

H
00 rxn 00.
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D(C-H) = AH, . = AHg(CHBCHZ(')HOO') + AH;(H-) - AHI‘Z(CH3CHZCH200-)

The expression is then solved for the unknown heat of forma-
tion, Z‘Hg,(h)'

AHI‘,"(M = AH;(CHBCHZ(.JHOO-) = D(C-H) + AHIE’(CHBCHZCHzoo-) - 4HQ(H-)
The heat of formation of a hydrogen atom is available in

Benson's tables:

o _ kecal
zSHf (He) = 52,1 mols

Zxﬂg (CHBCHZCHZOO') is calculated directly via additive heats

of formationt

Additive AHJ (CHyCH,CH,00°) s
C—(C)(H)3 -10.20
C-(C)Z(H)Z ~4.93
. C—(o)(C)(H)2 -8.1
approximated as
0-(0)(c) ——> 0-(.0)(C) ~b.5
calculated ~—=+0-(0) +21.3
kecal
6.4 mole

T Y A o) = _ 1o} . o .
ZAHf(CHBCHzcﬂoo ) D(C-H) + LXHf(CHBCHZCHZOO )+ A Hf(H )

Now only D(C-H) is required to find L&Hg (4)+ The C-H bond
’

strength should be comparable to that in propanol:
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H
{
DGHBCHZE -OH)

The propanol C-H bond strength is estimated by using an al-
kyl C-H bond strength and correcting for the stabilization
of the CO-1t bond.

o) - 2
D§CH3CHCH3 =9 mole

The stabilization of the three-electron CO-% bond is esti-~

kcal 2k

mated at 4 mols’

80, by analogy:

H
. = gp kecal
D(%HBCHzéHOO) 91 oTe
i Now the required heat of formation can be calculated:
|

A Hg' ) = AH;(CHBCHZC".‘HOO‘ )

D(C-H) - AHQ(H:) + Ang(cnjcxizcnzoo-)

91 - 52,1 + (~6.4) = +32.5 g%%

Using the heats of formation of the reactants and pro-
ducts, the reaction heat of each step in the Criegee split
pathway is calculated. (Both values for the biradical heat

of fermation are given.)

o] 0 o] 0
Aflg = Alg (3) * A () - LHe ()

. 0 = o keal
The 0°Neal-Blumstein value for A Hf'(z) 0 reie !

AHg = ~27.70 % 32.5 -~ 0 = +4.8 mgae
1
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0 - keal 3 3
The value of zﬁHf'(z) = #14,2 meie @ found by approximating
additive AHP values:

AH81 = -27,70 + 32.5 - 14.2 = -9,k ggg
o _ o _ o _ o
A, = ARz (5) = Hg,(3) - AHe, )
= =73.7 - (-27.70) - (+32.5) = -78,5 keak

mole

The two methods of calculating ASH? (2) give different
’
results for the Criegee split reaction. The 0'Neal-Blum-

stein value, based on a model 0-0 bond dissociation reactionm,

kcal
mole

favorable heat of reaction for the Criegee split. The meth-

gives a slightly endothermic (+4.8 ) and therefore less

od of approximating additive heats of formation of radical

groups gives a A;Hg (2) value that makes the Criegee split
’

keal
mole

reaction exothermic (-9.9 ) and therefore quite favor-

able.

In addition to bond fission, 0'Neal and Blumstein pro-
pose a variety of hydrogen abstraction pathways involving
both the oxy and peroxy portions of the biradical. Each
hydrogen abstraction results in another biradical species
which may rearrange or ring-close. In some cases (paths E,
H, and P) ring closure produces four-membered cyclic units,
which are quite strained and probably undergo cleavage to
carbonyl products, Several stable five- and six- membered

heterocyclic products are predicted (paths F, I, L, and M)
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Epoxides and « -keto hydroperoxides are also possible (paths

@, H, and 0).

2. Oxy-/-hydrogen Abstraction

This abstraction pathway results in initial formation
of a four-membered ring, which subsequently cleaves26 and
possibly fluoresces.m'18 The final products are an o¢ ~hy-
droxy ketone and an '"ynusual” aldehyde; that is an aldehyde
which is not predicted by the Criegee mechanism. Both the
fluorescence and the unexpected aldehydes have been observed
experimentally, which supports the choice of the 0'Neal-Blum-

stein mechanism to describe gas phase ozonolysis.

The required heats of formation are found via additiv-
jties. Two approximations for radical group values are nec-

essary.

(2) (6) (7) L@ )

60 ? V] 0
o

__ ——L . 2 _ 3 / N
CHZ Q%CHZCHB HOCHZCHCHCH —‘—9H0CH2?H ?HCH3 HOCH2C§O + o//CCH3

1,2-dioxetane « ~hydroxy
ketone

Additive AHg.(é): 0-(C)(H) -37.9
0-(0) (C) (H), -8.1

approximated as
C-(O)(C)Z(H) — C—(O)(-C)(C)(H) -7.2

approximated as
0-(0)(C) I o0-(+0)(C)

previously calculated‘——»-o—(o)
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+C-(C), (H) +37.45
C-(-C)(H)3 -10.08
-9.0 kool
Additive A&Hg.(7)z 0-(C) (H) -37.9
c-(0)(C)(H), -8.1
2( c-(0){(c),(H) ) 2(-7.2)
2( o-(0)(C) ) 2(-4.5)
C-(C)(H)3 ~10.20
ring strain, estimated
o +25,7
as N
! c\c/c
-53.9 keal
Additive A&Hg'(s). 0-(C) (H) -37.9
approximated af——,»c-(o)(co)(.H) -8.1
¢-(0)(C) (H), 2
CO0=(C) (H) -29.1
kcal
~75.1 pete
Additive zﬁﬂg’(9): co-(C) (H) -29.1
c-(co)(H)3 -10.20
-39.3 Eeal

Then the reaction heat for each step in the oxy-/ -hydrogen

abstraction pathway is found.
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o _ o _ o
Atg = AHe () - AFe,(2)
. 3 o = o keal
The 0'§eal Blumstein value of ZSHf’(z) 0 pere

mole

AHS = -9,0 - 0 = -9,0 keal
1

. o = keal
The approximation value of Lle,(z) = +14,2 2=

o _ p = keca
A Hg, = 9.0 - th.2 = -23.2 K8l

AHg, = AHp (7) = AHZ (g) = -53.9 - (-9.0) = -b4.5 Kes

Atg = Ag () * AU, (9) - A, (7)

ca
-75.1 - 39.3 + 53.9 = -60.5 keal

The thermochemistry of three other representative ab-
straction pathways (F, G, and 0) was calculated as shown for
the oxy-/a-abstraction case, The results of the calculations

for 1-butene are summarized in Table 1.

Summary
Various pathways of the O'Neal-Blumstein mechanism for
gas phase ozonolysis have been compared thermochemically,
using the O3 + 1-butene reaction as a model. Working through

this model reaction has resulted in several accomplishmente:

a) Additive leg values for certain unlisted groups

were calculateds
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Group A Hg ' :——E‘%—

+0-(0) *21.3
.0-(C) +13.6

b) A systematic method for evaluating the thermo-
chemistry of individual compounds and pathways
was developed. This method can easily be applied
to other alkenes, since it is systematic and is

based on tabulated materials.

The heat of reaction for the Criegee split was
found to be more exothermic than in 0'Neal’s and

Blumstein's calculations because the heat of for-

mation of species (2) (the biradical produced

upon ring-opening in the molozonide) was lower
than the 0'Neal-Blumstein value. Since every
pathway begins with the oxy-peroxy biradical as
a reactant, each of the hydrogen abstraction re-
actions is more exothermic than in the 0'Neal-
Blumstein calculations. Therefore, the relative
favorability of the cleavage and abstraction
pathways is the same as predicted by the 0'Neal-

Blumstein calculations.




Table 11

Thermochemistry for Selected Pathways

of the O0'Neal-Blumstein Ozonolysis Mechanism for 1

27 28

o kecal o keal
A H.alc'mole 4 Hlit 'mole

~Butene

Molozonide Formation

A,
CH2:CHCH2CH3 + 03 <A CH§—(3\H0H20H3

0
\o/

Biradical Formation

FHE—_QSCH20H3
O

0~

0 B'
~N —
0 'B\\ /CHZ CHCH,CH,
- 0 A
~o.

CHi—-Q§CHZCH3




- 25 -

27 28
0 keal o keal
AHealc'mole AHlit 'mole

REACTIONS OF THE BIRADICAL

Criegee Split

c
1
/CHé—CHCHZCHB v d CHZO ¥ -?HCHZCH -9.4

0 00 ?
'q/

0
2 AN

CH20 + -(')HCHZCH3 —> HZC /CHCHZCHB -78.5
00* B—O

o]
AHg

Oxy- 8 -Hydrogen Abstraction
E1
CH;— CHCH,CH, —— HOCH CH&HCH
6 2 N 2Y3 2y

0 bo. >
-o/

E
. 2
HOCH_CHCHCH. = HOCH,CH-CHCH
2 3 27

3
00 0—0

E
—

HOCHZCIJH—(IZHCH

3
0—0
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Oxy- ¥ - ogen Abgtraction

F

1 i

6pHé——Q?CHZCH3 — HOCHchCHZCH2
. .o/o 0-

F2 H,
—_— HOCHZCH CH,
\ /

HOCHZ(EHCHZCH2 >
0-—0

00+

Peroxy-=f -Hydrogen Abstraction

H
G N\
J 2 CHCH CH3 — oﬁng:HZCHB
'O’/
Pero -Hydrogen Abstraction
01 9'

H;— H,CH, —* CH,CHCHCH
FH3 Qgc 20t OH,CHCHCH,
. O0H

0

0- 0,

P, /N
?HZCHCHCH3 ———t ?HZCH—CHCH3
00H 00H

27
mols

Aflae AHpy, ao8t

-19.7

-63.5

-83.2 27

™
%
L]

= -69.5 28

-86.4 -74.3

*+5.7 +19.9

-69.7

AHS = 64,0 27

= -4g,8 28
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LITERATURE REVIEW

A e ———

The work outlined in this section indicates progress
toward the understanding of gas-phase ozonolysis of olefins
from 1929 to the present. The 1950's showed a dramatic in-
crease of interest in the gas-phase reaction, corresponding
to the realization that ozone ig a product of the photochem-
jcal decomposition of nitrogen dioxide in air.29'3° Atmo-
gspheric ozonolysis reactions were found to produce plant

11,31-37

toxicants, eye irritants, and smog.

Interest in the chemistry of the atmosphere has con-

38-44 1 .4dition to studies of gaseous

tinued to grow.
smog components, efforts have been made to investigate par-
ticulate matter. Aerosol formation has been reported in
several ozonolysis studies.10’11'33'35'45_u7 Some workers
have attempted to identify the aerosol productsua and their
role in photochemical smog.38'49'5° Current work includes
attempts to determine the atmospheric fate of organic toxic
substances by assessing individual effects of various chem-
jeal and physical removal processes.so'52 Studies of the

products and rates of the reaction of ozone with organic pol-

lutants constitute an important facet of this work.

Considerable progress has been made in the accumulation

of gas phase ozone-alkene product data, as summarized in
Table 2. The period from 1929 to 1949 resulted in some in-

troductory information about ozonolysis products, based to-
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tally upon chemical analyses and analogy with solution-phage
work., The development of increasingly sophisticated analyt-
ical methods has led to work at lower concentrations and more
complete product studies, In the 1950's, product analyses
utilized infrared spectroscopy.lo'u'33'35'53'54 The addi-
tion of ultraviolet spectroscopy and gas-liquid chromato-
graphic analysis in the 1960's facilitated product identi-
fication and expanded the possibilities for quantitative
work.""5'l"'6'48'55—58 Experimental work of the 1970's depended
upon gas chromatography, mass spectrometry, and gc/hs.lu'ls'

34,59,60,62,63 The application of mass spectrometric anal-

¥sis proved to be a major breakthrough, as it is a more sen-
sitive method for identification of stable products and also
provides information about free-radical intermediates pro-
duced in ozonolysis reactions.su'66 A recent ozonolysis

67 couples gas-phase nmr with gc/ms to probe for less

study
stable products such asg peroxides, which may decompose ag

a result of gas chromatographic analysis.

Future work can be expected to include chemiluminescence
spectroscopy. In ozone-olefin reactions conducted at low
total pressures, fluorescence has been observed.15'16'68
Chemiluminescence techniques have been applied succegsfully
to the study of thig phenomenon13'69'7u and will probably
become increasingly valuable for probing excited state and

free-radical intermediates in ozonolysis reactions.12'59'6o'75-77
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This summary of studieg of the €as-phase reaction of
ozone with olefing concentrates on Products; burely kinetic
work is not included. Reactant concentrationg span a wide

range, but the majority of the work (86 out of 110 studies)

sand partgs per million. The broducts for the lower molecular
weight (506) l-olefins are fairly well characterizeq, 11,14,
15'33"35'45'53'56'58'78'79 Some work has been done on the
straight-chain and branched olefins up to C7, and recent

studies include aromatic hydrocarbons62 and terpenes.67

Table 2 1igts the products observed for the gas-phase
Ozonolysis of each olefin, Yields are eéxpressed in g vari-

ety of ways, as explained in the footnotes, Also included

olefin, the total bressure of the reaction mixture, and the
method of product analysis. Gasesg listed as diluents were
added to the reaction mixture to obtain the desired total
bressure. Some studies were not conducted at room temper-
ature. The temperatureg for these reactions are listed be-
low the total bressure of the reactant mixture, Rate con-

stants are listed for 0zonolysis studies which includeq

absolute op relative rate data,
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phase work.so'81 the bimolecular recombination and dimeri-
zation reactions appear to be disfavored in the gas phase.
In only a few cases ig the formation of secondary ozonides
reported. FPropylene ozonide was found to be a major prod-
uct in a single 1ow-temperature gas phase study in an argon
environment.46 The formation of monomeric ozonides at room
temperature has been reported (with yields of less than 20%)
for g_;g_-z—butene,63 and also for i-pentene, 1-hexene, and
3-heptene.35 In addition, the l-hexene reaction produced
a small amount of "internal ozonide", a secondary ozonide

with a Cul-{7 chain on each end.35

The vast majority of gaseous ozonolysis work has re-
sulted in the Criegee gplit carbonyl species as the major
product. This supports the hypothesis that recombination
to form the secondary ozonide is disfavored in the gas phase.
Several sources indicated that a portion of the carbonyl
products are initially "bound" as peroxide or peracid in-
termediates.ll'33'3u'53'56'78’79 These species are "freed”
as a result of the analysis procedure, producing aldehydes

and ketones as stable products.

The products for the Cps C5. and Cé 1-olefins provide
some insight into comparative advantages of the Criegee and
0'Neal-Blumstein proposals in explaining the mechanism of
gas-phase ozonulysis-ii’Bu'u5'56 The major carbonyl prod-
uct is an aldehyde cantaining one less carbon than the orig-

inal olefin, resulting from addition of ozone across the

T
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double bond and eventual cleavage. Another aldehyde, two
carbons shorter than the original chain, is also produced.
This carbonyl product, which is about one third as abundant
as the major aldehyde, corresponds to cleavage of the C-C

bond < to the olefin 7-bond. For example, consider i-bu-

tenes56
major product: " "
(0.48 relative to 03) CHBCHZCHO normal" carbonyl product
lesser products CH.CHO so-called "unusual"
(0.133 relative to 0 ) 3 carbonyl product

The 3-carbon "normal" aldehyde is predicted by the Criegee
split, which is also recognised as a possible pathway in

the 0'Neal-Blumstein mechanism., Criegee's mechanism offers
no plausible explanation for the cleavage of the o<-carbon

bond, whereas O'Neal and Blumstein predict the formation of

Cn_2 carbonyl products via cleavage of a 1,2-dioxetane in-
termediate:
xy-#-H abs.
?H—CHCH CH R —-——r HOCH CHCHCH R —-+‘-[OCH2CH-CHCH R
0. 0 00- 0 [¢]
N i
H H
/ N\
HOCHZCQ + ”CCHZR
0 0

C,-p aldehyde
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Ti s evidence lends support to the O'Neal-Blumstein mech-

a2 sm for gas-phase ozonolysis.

Comparison of ozonolysis of the same olefin at low and
high concentrations reveals large variations in the amount
of carbon dioxide produced. For example, consider 1-pen-

tenets

65 ppm 1-pentene,

32 ppm ozome yield:s 9% C0,, relative to olefin’>

3300 ppm 1-pentene,

3300 ppm ozone yields 46% 002. relative to olefinl!

Although both the Criegee and 0'Neal-Blumstein mechanisms
suggest reactions which would generate COZ’ one may question
whether these ozonolysis pathways can account for the large
amounts reported in high-concentration studies. Some ozonol-
ysis reactions at high concentrations were accompanied by
significant warming of the reaction vessel and in some cases

even emission of light.ué'us’sé'éo

These are signs of com-~
bustion rather than ozonolysis of the olefin, and could ac-
count for the markedly greater yield of carbon dioxide at
high concentrations. The possibiliiy of olefin combustion

in competition with the ozonolysis reaction could change sig-
nificantly the resultant product mixtures and thus obscure
any mechanistic information that may be obtained from such

product studies. Therefore, there exists some question of

the validity of high-concentration work in explaining the
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mechanism of gas phase ozonolysis of olefins.

Although a significant amount of ozone-olefin product
data has been gathered, the mechanisnm of gas phase ozonolysis
is still not thoroughly understood. Severa]l aspects of the
reaction are worthy of additional research. Topics of in-
terest include the formation of free-radical intermediates
and excited-state products, the production of aerosols, and
products of ozonolysis reactions involving more complex ole-
fins. Comparison of high and low concentration work and
efforts to assess the relative favorability of the various
pathways suggested by O'Neal angd Blumstein could also pro-

vide userul mechanistic information.

Specific details of the ozonolysis mechanism can be
elucidated by noting how characteristics of the olefinic
reagent affect the final product mixture. In this study,
the ozonolysis of tetramethylethylene is investigated. The
composition of the product mixture should provide insights
into the relative favorability of various pathways in the
0'Neal-Blumstein mechanism, Tetramethylethylene was chosen
because it is symmetric about the double bond and has no hy-
drogens attached to the doubly bondeq carbon atoms. The sym-
metry of the molecule simplifies mechanistic considerations
somewhat because fission of either 0-0 bond in the primary
ozonide results in the same biradical. Also, cleavage of

the double bong creates only one carbonyl product, acetone.
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The doubly bonded carbons cannot be involved in abstraction
processes, as they bear no hydrogen atoms.

Several workers have reported cleavage of the C-C bond
o to the double bond in ozonolysis reactions.li'lu’ju’Bs’
45,48, 54,56-59,63. Some have tried to explain such cleavage
products in terms of ozone-catalyzed allylic attack of molec-

ular oxygen.us'tPa

Ozonolysis of tetramethylethylene could
be useful in probing possible «-cleavage pathways, as it

contains only o C-C bonds in addition to the double bond.

The summary table of olefin ozonolysis cites five stud-
ies which involve tetramethylethylene. All five were com-
pleted more than a decade before the proposal of the 0'Neal-
Blumstein mechanism, and therefore include Criegee-type ex-
planations of products. Schemes 3 and 4 show the Criegee
and 0'Neal-Blumstein mechanisms for the ozonolysis of tetra-
methylethylene. Some of the advantages of using the 0'Neal-
Blumstein proposal to rationalize gas phase ozonolysis are
illustrated by comparison of the products predicted in each
mechanism with actual results reported for tetramethylethy-

lene.

In three of the studies, analysis of the product mix-
ture was not the primary interest, Although these investi-
gations list only one or two ozonolysis products, they pro-
vide some information which has value in the consideration

of mechanistic possibilities,
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Acetone was reported as a broduct of the 03—tetramethy1-
ethylene reaction in a kinetic study by Vrbaski and Cvetan-
ovic'.55 Formation of acetone ig rationalized in the Criegee
mechanism by decomposition of the primary ozonide to yield
a carbonyl product and a 3-carbon zwitterion fragment which
may then react further., Thig Possibility is included ag the

"Criegee split" pathway (C) in +he 0'Neal-Blumstein mechanism,

of pPhoto-oxidation of azomethane.54

were found to be unreactive, 1In addition to acetone, form-
aldehyde wag formed, indicating that the C-C bong = to the
double bond wasg cleaved. The Criegee mechanism provides no
reasonable rationale for cleavage of thig sort. However,
0'Neal and Blumstein explain the formation of formaldehyde
as M-hydrogen abstraction by the Oxy radical, followed by
ring closure and subsequent cleavage (path G), Recombina-
tion of the Criegee split productsg does not appear to occur,

48 no ozonides were detected,

Acetone ang carbon dioxide were

produced, ang an aerosol wag for~ . ratio of olefin
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consumed to ozone was found to be unity in a nitrogen envi-
ronment. Since olefin consumption was greater than stoichi-
ometric in the presence of molecular oxygen, secondary at-
tack on the olefin was postulated. This explanation is un-
derstandable in terms of the 0'Neal-Blumstein mechanism,
since several pathways produce free radicals and highly re-
active peroxides which may in turn attack any unreacted
olefin present.

Two studies involve fairly complete product analyses

for the ozonolysis of tetramethylethylene.u8’56

Both were
at high concentrati 1s (217,000 ppm olefin) and reported
significant warming upon mixing of the reactants, accompa-
nied by the production of carbon dioxide. Various one-,
two-, and three-carbon fragments were formed, corresponding
to cleavage of both the single and double carbon bonds. In
addition, Smith and Eastman’"8 reported the formation of methyl
acetate, which may be interpreted as a rearrangement product
of the biradical produced in the Criegee split pathway (path
D). Both gaseous and aerosol portions of the product mix-
ture were analyzed, and were found to contain the same com-=

pounds in roughly equivalent mole ratios.

The yield of acetone (0.132 per mole of olefin) is far
less than the Criegee mechanism predicts. Since the only
reaction possibility of the molozonide in the Criegee scheme
is cleavage into carbonyl and zwitterion fragments, 111 stoi-

chiometry is expected in the production of acetone. The

—;—*
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experimental yield can be explained by the 0'Neal-Blumstein
predictions because only one of several possible pathways

leads to the production of acetone,

In this study, nearly twice as much olefin as ozone wasg
consumed. This observation is not explainable in terms of
the Criegee mechanism, which predicts 111 stoichiometry. The
unexpectedly high consumption of olefin was rationalized by
the proposal of two gimultaneous reactionss attack of ozone
at the double bond, and attack of molecular oxygen at the

allylic position of the olefin,

The work of Vrbaski and Cvetanovic'56 produced final

product mixtures similar to those reported by Cvetanovic'

and Wei.45 Peroxidic intermediatesg ("bound " carbonyl prod-
ucts) were shown to be present by a positive KI test before
GLC analysis. These products were assumed to be reduced to
the corresponding carbonyl products as a result of the anal -
ysis procedure. The Criegee mechanism does not predict the
formation of peroxidic intermediates. whereas several 0'Neal-

Blumstein pathways involve these highly reactive species,

The 0O'Neal-Blumstein mechanism is the more complete
description of gas phase ozonolysis because it containg sev-
eral abstraction pathways in addition to all of the Criegee
possibilities. The Previous experimental observations illus-
trate that 0'Neal's and Blumstein's proposal is more infor-

mative than the Criegee mechanism in explaining the ozonolysis
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of tetramethylethylenc. Consideration of thermochemical
aspects of the various proposed pathways could provide in-

sight into their relative favorability.

The thermochemistry of the reaction of tetramethyleth-
ylene with ozone was calculated as for the model 1-butene
case. Radical group additivity values for .0-(0) and .0-(C)
which were determined as part of the 1-butene reaction were
used in these calculations. As before, the heat of forma-
tion of the radical species produced in the Criegee split
was not directly available. Using the method of Wadt and
Goddard.zu the needed heat of formation value was estimated

by considering the appropriate dissociation reactions

(1) (2)

H D(C-H)

=C-= . =~ . + .

CH, z}{oo —*+ CHy iHoo H
3 3

AH;_), (1) and AH?. (H) are avajlable, and the Cc-H bond dis-
’

sociation energy was found by considering
B
D kCH -C-OH
3
CH3 /
and correcting for the additional atabilization of the C-0
~¢ -tond. Then Z;Hg (2) could be calculated.
’

The thermochemistry of each step and each pathway is

jncluded in the O'Neal-Blumstein mechanism for tetramethyl-
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ethylene (Scheme 4). The overall heat of reaction for each

pathway is negative, indicating that all pathways are exo-

thermic and therefore thermochemically allowed. Certain
steps (Cl' Fl’ and Hi) involve positive heats of reaction
which may affect the relative favorability of the pathways
to which they lead. One may note that the two pathg which
are predicted to be the most exothermic (D and G) result in
the formation of compounds which have already been reported
as products of the ozonolysis of tetramethylethylene, namely,

methyl acetate and formaldehyde.

Previous work involving the gas phase ozonolysis of
tetramethylethylene which ig discussed in this section in-

dicates several aspects of the reaction which merit further

investigation. In this work a study was made of the prod-~
ucts of the tetramethylethylene-ozone reaction at low init-
ial concentrations (<800 ppm). Comparison of relative pro-
duct yields and the stoichiometry of reaction for low and
high concentration work is valuable to understanding the mech-
anism of ozonolysis. Trends observed in the product mixture

over a range of initial reactant concentrations should also

provide mechanistic information,
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Scheme 31
Criegee Omonolysis Mechanism for Tetramethylethylene
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Scheme #;
0'Neal-Blumstein OsondYysis Mechanism for Tetramethylethylene
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EXPERIMENTAL

a) Ozone Analysis

The stoichiometry of the reaction of tetramethyleth-
Yylene with ozone is important in terms of the mechanism of
ozonolysis. A method of analysis for ozone wag required,

in order to know how much of thig reactant was present.

The concentration of ozone in the reactant sample wag
determiried by the oxidation of iodide ion to iodine in aque-

ous solution, which occurs according to the reaction:
’ ——
03 + 2I- + 2= I, + H,0 + 0, (1)

This reaction is PH-dependent. Analysis of ozone requires
either acid or neutral conditions, as the liberation of 12
by oxygen is favored in basic medium. The actual stoichio-
metry varies according to pH, so the aqueous KI solution

is usually buffered. The traditional iodometric analysis

procedure employs a phosphate buffer (KHZPOL*/NaZHPOL,’),88
and has been found to pProduce hydrogen peroxide as a by-
product, The H202 produced reacts with I- to liberate 12
15%-30% in excess of the stoichiometric equation.89 In

addition, phosphate buffer results appear to be affected
by the humidity of the gas sample, and the degree of non-

Stoichiometry is a factor of the time period between absorp-

tion ang analysis.go'91
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In this study, ozone concentrations were monitored by
a method proposed by D. Flamm.89 which employs &an aqueous
golution of 1% potassium jodide buffered with 0.1 M boric
acid. This method was tested against ultraviolet photomet-
ric absorption in the 0.35-3.5 ppm range and was found to

89

produce iodine quantltatlvely according to equation (1),

The apparatus is shown in Figure 1. A known volume
of boric acid buffered KI solution was placed in each gas
impinger flask. A portion of the ozone sample was drawn
through the impingers by a vacuum pump. The sampling flow
rate was regulated by a valve on the pump outlet and was
read off in liters/minute on the calibrated flow meter.

Sample size is a function of flow rate and sampling time.

Flamm's analysis method was proposed for the concentra-
tion range 0.1-1 ppm. Since this study involves 03 concen-
trations ranging from 10 to 800 ppm, some adjustments in
the analysis procedure were necessary. The proposed method
was adapted to higher concentrations by decreasing the sam-
ple size and increasing the amount of XI solution in each
impinger.

The amount of iodine liberated was determined from the
absorbance of 13- at 352 nm, measured against 2 reference
of fresh KI solution on 2 Cary 118 UV-Visible Spectrometer.

The settings on the instrument were as followss
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Sources visible, normal intensity

Mode : autoslit

Gain s 0.30

Periods 5 seconds

To ensure stable and accurate operation, the Cary-118 was
allowed to warm up for at least one hour with fresh buffered
KI solution in both the sample and reference cells. During
analysis, the fresh KI solution used as the reference was
replaced frequently and care was taken to limit the amount

of time that the sample was exposed to the light beam. These
precautions were taken in order to minimize error caused by
the liberation of additional iodine, which is catalyzed by

the analyzing beam.

Solutions of iodine in the buffered KI solution were

prepared and standardized by titration with thiosulfate:

2=

25,0 + Iye==50°" + 2I- (11)

273
Absorbance values for the standardized I2 solutions provided

a calibration curve for the ozone determination (Figure 2).

Buffered KI solutions were stored in a dark cabinet to
minimize photolytic liberation of Iz. An air blank was used
to test for the presence of extraneous oxidizing agents which
would liberate additional iodine. The absorbance of the air

blank was within experimental error of the absorbance value




Figure 2

Calibration Curve--~Iodine in Buffered KI Solution
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for the fresh KI solution, indicating that ozone was the

only oxidizing agent present.

The contents of the second impinger was used as a check
of the amount of ozone not trapped by the first impinger.
Iodine concentrations in the second impinger were found to

be 0~2.4% of those in the first impinger.

Ozonized oxygen was generated with a Welsbach ozonator,
uging Linde tank oxygen. The settings on the Welsbach were

as follows:

Pressure ¢+ 8.0 % 0.2 psi
Power t 90 volts

Flow Rates 0.60 £ 0,05

Calibration of the flow meter indicated that a rate of 0.60
corresponds to 0.34 liters/minute. In order to produce a
constant ozone flow, the ozonator was conditioned by making
ozone for at least twenty minutes before the reactant sample

was collected.

The ozonolysis chamber was a teflon bag, constructed
from a running roll of teflon film with a thermal impulse
sealing device., A quick-connect fitting allowed easy access
to the gaseous contents of the bag. The teflon film is rel-
atively inert to most classes of chemicals and is clear,

facilitating the detection of possible aerosol ozonolysis

products.
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Prior to actual ozone-olefin runs, the rate of decom-
position of ozone in the teflon bag due to surface catal-
ysis was assessed. The appropriate amount of ozonized ox-
ygen was gas-injected into the bag and diluted with Linde
Hydrocarbon-free Grade air to make a gample containing about
9 ppm 03. mhe boric acid buffered KI analysis method was
used o follow the decay of ozone with no olefin present
over a period of twenty hours. A plot of 1n ([03']t / [05]0)
as a function of time (Figure 3), resulted in a straight
1ine, indicating first-order decay. The slope of this line
gives the rate constant for ozone decay, which was uged to

calculate the halflife of ozone with no olefin presents

slope = —k1

L = Lb9E 1073 min~!

Y2 T 465 min = 2.79 % 10% seconds

The experimental rate of ozone decay in the teflon bag was
found to be comparable with values reported in a previous

study.57

The halflife of the tetramethylethylene-ozone reaction
wus estimated for the tolefin] = 2% ppm case, using a

pseudo first-order rate law approximation:

k, = 9 x 1015 1iters/mole-sec 92




Figure 3:

First-order Decay of Ozone in the Absence of Olefin
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~

t1/2 2 ) seconds

The difference in the halflife of ozoné in the presence and
apsence of olefin ensures that essentially all of the ozone
in the reaction mixture was available to react with tetra-

methylethylene.

p) Ozonolysis Experiments

The technique used in the experiments consisted of pre-
paring the desired concentration of each reactant in a sep-
arate teflon vag, and then forcing the contents of one bag
into the other. Mixing of the reactants was completed in
approximately two minutes. All experiments were performed

at ambient temperature and pressure.

The rate of ozone production by the wWelsbach ozonator
was previously determined by J. Sawyer to ve 0.60 t 20%
mmoles/minute.93 Based on the output of the ozonator, the
amount of ozonized OxXygen required for the ozone gample was
calculated. This volume was gas-injected into a teflon bag
and diluted to the appropriate volume with hydrocarbon-free
air. After mixing well, the exact concentration of ozone
in the reactant sample was determined by the buffered KI

analysis method.

The olefin bag was prepared by metering in 2 known vol-
ume of hydrocarbon—free air and then injecting the proper

amount of liquid tetramethylethylene. using a microliter
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syringe. Masking tape was used to seal the syringe puncture
hole. The area around the puncture hole was warmed with the
hands and the bag contents were agitated to ensure complete

vaporization and thorough mixing of the olefin sample.

The purity of the tetramethylethylene was checked by
gas chromatography. Two small impurity peaks were observed,
one about 3% and one about 1.4% of the alkene peak.

Each reagent sample contained 5 liters of air. The
concentration of each reactant was calculated on the basgis
of the total reaction mixture (10 liters). In most cases,

the concentrations of ozone and olefin were approximately

equivalent. Initial concentrations ranged from 12.5 to 800

ppm. Olefin-rich and ozone-rich reaction conditions were
generated by the method of addition. 1In one set of experi-
ments, the contents of the ozone bag were forced into the
olefin sample (olefin-rich conditions), while a second set
involved the reverse addition (ozone-rich conditions). The
reaction mixture was agitated during the addition process

and checked for the possible formation of an aerosol.

¢c) GC Analysis

Reaction products were analyzed by gas chromatography,
using a 10-foot Carbowax column and flame ionization detec-
tion. Gaseous samples were injected directly into a Perkin

Elmer 900 gas chromatograph with settings as follows:




Carrier fiow s 3.0 * 0.2
Manifold temperature s 200° ¢

Injection port temperatures 200° €

Each product mixture was analyzed at 40° C and 150° Cc., At-

tempts to combine the two analyses in a single temperature-
programmed run proved to be unsuccessful because of the es-
tablishment of a temperature gradient in the column, which
adversely affected gensitivity. The possible formation of
peroxidic products which decompose at high temperatures was
jnvestigated by &¢ analysis with the injection port at room

temperature.

Calibration data was collected for acetone, an expected
product, and tetramethylethylene. A teflon bag containing
a known concentration of thege compounds in air was prepared
and analyzed by gas chromatography. Sequential dilution
gave additional concentration versus £¢ peak area data, which
provided calibration curves for both compounds (Figures b
and 5). These calibration curves were uged to estimate the
amount of acetone formed and the amount of unreacted tetra-

methylethylene remaining in each reaction mixture.

An attempt was made to identify additional ozonolysis
products. Compounds which were reported in previous gtudies
or predicted by the O'Neal-Blumstein mechanism were investi-

gated as possible products. The following compounds were
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Figure 4:

GC CALIBRATION CURVE FOR ACETOHNE
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considereds formic acid, acetic acid, methanol, n-propyl
alcohol, isopropyl alc&hol. acetol, methyl formate, and
methyl acetate. Commércially available samples of these
compounds were analyzed, except in the case of methyl formate
and methyl acetate, which were synthesized., The esters were

prepared as follows:

R-COOH + CHBOH

(10 m1) (100 ml1)

stoh(conc.) (1 dropz neutralize‘ filter

R—CO—OCH3
refilux 2 hours NaHCO3

] (R=H or CHB)
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ULT ISCUSSI

This study is intended to provide insight into the mech-
anism of gas phase ozonolysis of olefins by considering the
products of the reaction of ogzone with tetramethylethylene.
First the results of gc¢ analysis of product mixtures and at-
tempts to identify the preducts.are reported. Changes in
the stoichiometry of the ozonolysis reaction as a function
of concentration and method of addition are discussed in terms
of the 0'Neal-Blumstein mechanism for gas phase ozonolysis.
Finally, the results of this study are compared with pre-

vious work at higher concentrations.

Table 3 lists the results of gc analysis of the prod-
ucts of the ozonolysis of tetramethylethylene. The experi-
ments are divided into two groupss those involving the ad-
dition of ozone to the olefin sample (olefin-rich conditions)
and those involving the reverse addition (ozone-rich condi-
tions). The initial reactant concentrations, amount of tet-
ramethylethylene consumed, and amount of acetone formed are
listed for each experiment. Ozone concentrations which are
underlined in this table are ar .ximate; in these runs, the
exact concentration of the ozone reactant sample was not de-

termined.

Concentrations and gc retention times at 40° ¢ of prod-
ucts other than acetone are listed in column 3. The concen-

trations of these additional products are based on the ace-
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tone calibration curve, and are therefore approximate. Most
product mixtures also included several other peaks for which
concentration values could not be determined. Retention

times for these peaks are not listed in Table 3.

The stoichiometry of each experimental run is expressed
in the form of three concentration ratioss acetone formed
per olefin consumed, acetone formed per ozone consumed, and
olefin consumed per ozone consumed. Values in column 4 which
are underlined are somewhat uncentain because they are based

on approximate initial ozone concentrations.

A number of aspects of the data summarized in Table 3

are worthy of further attention:

a) Several compounds besides acetone are produced
in the gas phase ozonolysis of tetramethylethy-

lene.

b) Within each set of experiments, the stoichiometry
of the reaction varies with respect to initial

concentrations.

c¢) The method of addition (olefin into ozone or vice
versa) has a dramatic influence on the ozonolysis

product mixture.

Each of these observations will be considered in detail.




Table 3¢
Results o” GC Analysis of Product Mixtures Obtained in the Ozonoclysis of Tetramethylethylene

_Initial Conc. _Final Conc, _Other Brodicts —. - Stoichiometry Ratiog .
Acetone olefrin
(ppm) (ppm) Retention AE;;;:; Formed
Olefin Acetone Conc. Time Olefin Ozone Ozone
Run 04 Olefin  Reacted Formed {ppm) (minutes) Reacted Reacted Reacted
1 12.5 25 20.6 8.7 1.3 1.2 0.42 0.70 1.65
0.2 1.7
2 32.6 25 23,0 36.4 7.8 1.5 1.58 1.12. 0.71
4,1 7.2
[}
Q 3 50 50 b, 6 40,6 7.8 1.3 0.91 0.8 0.9
1
4 100 100 82.6 79.6 16.3 1.2 0.96 0.8 _0,8
5 100 100 97 .4 87.2 24,2 1.5 0.90 0,9
12.0 2.4
4.2 L.y
6 167 200 130 198 36.4 1.1 1.52 1.19 0.78
40.4 1.4

24.5 5.3




Steichiometry Ratios
(ppm) (ppm) Retention Acetone Acetone O:et:n
Olefin Acetone Cone. Time flefin Ozone i%i%%e_q_
Run 05 Olefin . ... Reacted . _Formed . (ppm) . (minutea) . _ __R .. ... . Reacted Reacted
7 200 200 109 158 b1.6 1.5 1.45 0.8 0.6
33.1 1.8
15,3 "2.0
8.0 2.5
35.7 3.0
35.0 3.4
ié'la 35.3 6.9
\ 72.7 10.1
8 _400 400 231 432 77.2 1.4 1.87 A1 0,5
57.6 2.3
79.4 2.7
8.2 3.8
70.9 5.4
1.2 10.7
20.0 12.8




Initial Conc. Final Conc. Other Products Stoichiometry Ratios
(ppm) Acetone Acetone Olefin
Retention Formed Formed Reacted
Olefin  Acetone Cone, . Time Olefin Ozone Ozone
Run '03 Olefin " ° ~ Reacted ~~ Formed - {ppu) "~ (minutes) - -~ Remeted - — Remcted Reacted
9 670 800 617 990 by, 5 5.5 1.60 1.48 0.92
7.1 10.3
10 45 50 i, 0 15.3 - - 0.35 0.34 0.97
11 86 100 4.5 25.8 - - 0.35 0.30 0.87
'12 163 200 144 ,6 38.3 2.5 5.2 0.27 0.24 0.89
3
, 1.3 8.0
2.7 11.4
72 13.8
13 426 4oo 354.6 55.1 6.0 3.8 0.16 0.13 0.83
12.2 7.0
17.5 11.3
14 792 800 690.1 67.0 1.3 3.7 0.097 0.085 0.87
18.2 7.0

1.2 8.1
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a) Identification of ozonolysis products

Gas chromatographic analysis indicated that the prod-
uct mixture for each run had several components. In addi-
tion to the products whose concentrations are reported in
column 3 of Table 3, most runs included some product peaks
that could not be calibrated. An attempt was made to iden~
tify the components of the ozonolysis product mixture by
comparison with the retention times of products which are
predicted by the 0'Neal-Blumstein mechanism. Table 4 sum-
marizes the results of gas chromatographic analysis of some

compounds which are suspected to be ozonolysis products.

Table 41

Results of GC Analysis of Some Suspected Ozonolysis Products

Compound Retention Time (min)

40% 150%

formic acid . 0.6. 0.3
1.3
acetic acid -—— 1.7
methanol 1.5 -—
n-propyl alcohol 2.4 0.4
isopropyl alcohol 1.2 0.3
acetol ——— 1.6
methyl formate 0.6 ——

methyl acetate 0.9 -—
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It was not possible to identify the ozonolysis products

by comparison of their retention times with thoge of the au-

thentic compounds

+ The complexity of the ldentification

Process is best illustrated by considering one of the ex~

Perimental runs.

Table 5 lists the product peaks observed

when approximately 400 ppm 03 was forced into 400 ppm of
tetramethylethylene (run 13).

Results of GC Analysis of Run 13 (400 ppm O

Table 53

3 + 400 ppm Olefin)

GC Column Retention Concentration
_Temperature (°c) Time (min m
ko 0.7 169 (1)
4o 1.1 432 (a)
Lo 1.4 77.2
40 2.3 57.6
4o 2.7 79.4
4o 3.8 8.2
Lo 5.4 70.9
4o 10.7 1.2
L] 12,8 20.0
150 3.5 30.9
150 11.3 124

(T) - tetramethylethylene

(A) - acetone
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The first two peaks were positively identified as unreacted
tetramethylethylene and acetone by spiking in an earlier
run. GC retention times for these two compounds were found
to vary by as much as %0.2 minutes. If this error margin is
agssumed to apply for all of the product peaks, none of the
compounds which are listed in Table 4 are ruled out as pos-
sible components of the product mixture.in this experimental
run. Conversely, none of the ozonolysis products in Table

5 can be positively identified solely on the basis of com-

parison of gc retention times.

Several cohponents of the product mixture for run 13
have retention times significantly higher than any of the
compounds considered as possible products in Table 4, These
peaks probably correspond to higher molecular weight ozonol-
ysis products, which move through the polar carbowax column
more slowly than the one-, two-, and three-carbon compounds
congidered in Table 4, GC analysis indicated that such com-
ponents (with retention times varying from 3 to about 14 min-
utes at 40° C) were present in most experimental runs. It
is possible that species predicted by the O'Neal-Blumstein
mechanism, such as peroxides, epoxides, or cyclic compounds,
are among these products. Due to the complexity of the ozon-
olysis product mixture, gas chromatographic analysis can pro-
vide little more than preliminary information. Positive
identification of products would require a more sensitive

analytical method, such as mass spectrometry.
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b) Changes in stoichiometry as a function of initisl reac-

tant concentrations.

The majority of previous gas phase ozonolysis studies
listed in Table 2 focus on the products observed for a sin-
gle pair of initial concentrations. Only three studies re-
port relative product yields at several initial concentra-
tions., In two of the studies.11’33 changes in initial reac-
tant concentrations were reported to have no effect on the
relative product yields. However, the conclusion that the
composition of the product mixture is independent of the con-
centration of reactants used was based solely upon compar-
ison of infrared spectral data, and is therefore somewhat
suspect as to its validity. A single study which utilized
gc analysis showed a change in the distribution of products
over a range of initial reactant concentrations in the ozon-

olysis of allene.éo'

Although this investigation of the ozone-tetramethyl-
ethylene reaction did not succeed in the positive identifi-
cation of major products, the results still provide insight
into the 0'Neal-Blumstein mechanism for gas phase ozonolysis.
The experiments are grouped into two sets, according to the
method of addition employed. In each set, changes in the
stoichiometry of the ozonolysis reaction with regpect to con-
centration are noted, and possible mechanistic explanations

are offered.
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Experimental runs 1-9 involved the addition of ozone
to the olefin sample. It is difficult to interpret the re-
sultes of this set in terms of a single, unified trend be-
cause the exact ratio of initial ozone and olefin concentra-

tions varies markedly in some cases (runs 1 and 2) and is

not accurately known in other cases (runs 3-5, 7, and 8).

However, information which is valuable in terms of the O'Neal-
Blumstein mechanism is obtained when certain subsets within

this group of experiments are considered.

In runs 1 and 2, the concentration of the olefin sample
was held constant while the initial ozone concentration was
varied. The stoichiometry of the ozonolysis reaction appears
to change dramatically as a function of the amount of ozone
added. However, the results of the first two runs must be
regarded as somewhat tentative, since they were not substan-

tiated by repetitive experiments under similar conditions.

The concentration of ozone was significantly less than
the concentration of olefin in the first run and signif :antly
greater than the olefin concentration in the second run. Due
to the method of addition, both of these experimental runs
occurred in olefin-rich conditions (the amount of ozone en-
tering the olefin bag at any instant was small in comparison
to the amount of olefin present,) Therefore, run 2 involved
the addition of an excess amount of ozone to the olefin sam-

ple such that the olefin was always present in excess. This




situation cannot be interpreted in terms of having a single

reagent in excess.

Although no definite conclusions about the mechanism
of ozonolysis can be drawn on the basis of runs 1 and 2,
comparison of the results listed in Table 3 produces some

interesting observationss

1) The amount of tetramethylethylene consumed is essen-
tially constant in the two runs, regardless of the

amount of ozone added.

2) In run 2, some olefin remained unreacted, even though
the total amount of ozone added was larger than the
initial olefin sample. This indicates that the “extra"
ozone does not react with the olefin, but instead at-

tacks one or more of the ozonolysis products.

3) The yield of acetone per tetramethylethylene consumed
in run 2 is greater than triple that of run 1. It ap-
pears that the biradical formed in the Criegee split
pathway may produce additional acetone via reaction
with itself or other species in the product mixture.
Another possible gource of acetone could be reaction
of the additional ozone in run 2 with an initial ozon-
olysis product. The latter explanation is the more
plausible of the two, since it also accounts for the

fact that the "extra” ozone in run 2 does not appear
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to consume tetramethylethylene (observations 1) and

2) above).

Comparison of the runs involving addition of the ozone
sample to an olefin sample of approximately equivalent con-
centration (runs 3-9)‘provides more insight into the mechan-
ism of ozonolysis. Replicate runs were performed at two in-
itial concentrations (100 ppm and 200 ppm). The stoichio-
metric ratios for two runs at the same initial concentra-
tion were about the same (allowing for some uncertainty con~
cerning the concentration of the ozone sample), indicating
that the results are reproducible. Over the concentration
range 50-800 ppm, the stoichiometry of the reaction appears

to vary as a function of the initial reactant concentrationss

1) Low concentrations (runs 3-5):

a) The amount of acetone formed is approximately equal
to the amount of tetramethylethylene consumed (- 0.9).
In the 0'Neal-Blumstein mechanism, the biradical
formed by homolysis of a molozonide 0-0 bond nay
participate in the Criegee split pathway, yielding
acetone. Since nearly one mole of acetone is pro-
duced for each mole of olefin that reacts, the Crie-
gee split appears to be the major reaction pathway

at low initial reactant concentrations.




b)
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About 1311 ozone~to-olefin stoichiometry is observed.
This suggests that the reaction between ozone and
the olefin predominates. Since approximately equal
amounts of ozone and olefin are consumed, other re-
actions involving ozonolysis intermediates or prod-
ucts and one of the initial reactants are assumed

to be minimail.

2) Higher concentrations (runs 6-9):

a)

b)

The yield of acetone per tetramethylethylene jumps
to about 1.5. As in run 2, this could be caused by
reaction of the Criegee split biradical with itself
or some other ozonolysis product, generating more

acetone,

Ozone could be involved in the production of addi-

tional acetone at higher concentrations: in runs

3-5, the ratio of olefin consumed per ozone reacted
is about 0.9, and drops to about 0.6 in most higher
concentration runs. This indicates that additional
O3 is consumed in processes not directly involving
tetramethylethylene. However, correlation between
increased consumption of ozone and greater acetone
yields at higher concentrations is not without ex-
ception. The experiment involving 800 ppm of each
reactant (run 9) produced anomalous results, con-

sisting of a high acetone yield coupled with nearly
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1:1 olefin-to-ozone stoichiometry. Therefore, the
role of ozone in the production of additional ace-
tone in higher concentration olefin-rich conditions

is not clear.

Definite stoichiometric trends are evident in runs 10-
14, which involved forcing the olefin into the ozone sample,
In these experiments, the ratio of tetramethylethylene con-
sumed remained constant (within experimental error) at a
little less than 1:1 in terms of ozone present. This implies
that the mode and rate of attack of ozone on the olefin (the
initial reaction of the 0'Neal-Blumstein mechanism, leading
to the formation of the molozonide) is essentially the same
over this concentration range. One-to-one stoichiometry in-
dicates that the ozonolysis reaction is proceeding via pri-
mary attack of ozone on the olefin; that is, various forms
of secondary attack which have been postulated in some pre-
vious worklo'l"'s’q’8 do not appear to operative under these

conditions.

0'Neal and Blumstein postulated the next step in the
ozonolysis process to be a ring~opening reaction, yielding
a biradical species which may then participate in a variety
of possible hydrogen abstraction pathways leading to the
final products., In the case of tetramethylethylene, acetone
is formed as a result of the Criegee split reaction. There-~

fore, the ratio of acetone formed per ozone reacted may be
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considered as a measure of the favorability of the Crieges
split possibility, in comparison to all other reaction path- ]

ways.

In the ozone-rich set of experiments (runs 10-14), the
ratio of acetone per 03 starts out at a low value of about
0.3 and then drops by two-thirds over the concentration range
50 ppm to 800 ppm. If the acetone present in the ozonolysis
product mixture is assumed to arise only from the Criegee
split pathway, the trend in runs 10-14 could indicate a rel-
ative disfavoring of that reaction possibility with increas-
ing initial concentrations. Within the framework of the
0'Neal-Blumstein proposal, such an observation would be in-
terpreted as a relative favoring of the various abstraction
processes that the biradical (produced by 0-0 bond cleavage
in the molozonide) may undergo. This possible explanation
could be tested by further analysis of the ozonolysis prod-
uct mixture, in an effort to find compounds which are pre-
dicted as final products in abstraction pathways of the

0'Neal-Blumstein mechanism.

The ozonolysis scheme proposed by O'Neal and Blumstein

rationalizes the change in the yleld of acetone with respect

to addition method as a difference in the relative favora-
bility of the various pathways in olefin-rich and ozone-rich
reaction conditions. However, this explanation offers little

information about the observed concentration dependence within
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each set of experiments. Since every pathway available to
the OXy-peroxy biradical in the 0'Neal-Blumstein mechanism

ig unimolecular (involving either cleavage Or intramolecular
hydrogen abstraction), one would expect the distribution of
the biradical between the Criegee split and abstraction path-
waya to be concentration—independent. Ag a result, the yield
of acetone per olefin consumed would pe constant over the
concentration range in each set of ozonolysis experiments.
Contrary to the predictior of the 0'Neal-Blumstein mechanism,
both sets of ozonolysis experiments are concentration-depen-
dent. The proposed disfavoring of the Criegee reaction was
found to increase as a function of initial reactant concen-
trations in an ozone-rich enviromment (runs 10-14) and to
decrease as a function of initial concentration in an olefin-

rich environment (runs 3-9).

Several sources indicate that a portion of the carbonyl
products formed in gas phase ozonolysis reactions are ini-
tially "bound" as peroxides.11'33'34'u5'53'56'78'79 These
compounds are thermally unstable, and therefore often de-
compose during the analysis procedure. It is possible that
gsuch peroxide intermediates were formed in the ozonolysis
of tetramethylethylene. These highly reactive species would
decompose on the gc column, yielding more stable carbonyl
products (probably including acetone) in their "rree" state.

The stable compounds which are identified by &c analysis

are recognised as the final ogonolysis products.
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The environment in which these peroxide intermediate
gpeciesg are produced could determine what gtable form they
will appear in after they decompose on the gc column. Sup-
pose that peroxide intermediates are formed in the gas phase
ozonolysis of tetramethylethylene. If these specles are
acetone precursors in their initial form, and if conditions
are sufficiently mild to prevent further reaction, the de-
composition products which are obtained as a result of gc
analysis will include acetone. However, peroxidic ozonolysis
products are quite unstable, and would be expected to react

further in more vigorous conditions.

In the olefin-rich experiments (runs 3-9), any perox-
idic products would be formed in an environment composed
mainly of tetramethylethylene. It is possible that condi-
tions in this set of runs would be mild enough to preclude
further reaction of sueh intermediates. If the initial per-
oxidic species formed were aceione precursors, subsequent
decomposition due to g¢ analysis would result in a product
mixture with a sizable acetone component. However, any
"pound" carbonyl products formed in the experiments involv-
ing the reverse addition (olefin forced into ozone) are sub-
jected to reaction conditions which are more oxidizing, due
4o the excess ozone present throughout most of the reaction.
If these peroxidic intermediates undergo further reaction,

leading to non-acetone pracursors, the yield of acetone as

determined by &cC analysis would be much emaller (Scheme 5).




Scheme 51

Pogsible Fates of "Bound" Carbonyl Products in Olefin-rich and Ozone-rich Environments

Sxcess ge » decomposition to
olefin analysis acetone
e
0 ' <
H C-jb———éL-CH 0'Neal-Blumstein peroxidic products
3 i 3 pathways (acetone precursors)
H3.‘q CH,
excess
non-acetone

ozone precursors

g decomposition to
carbonyl products
analysis other than acetone
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This reaction Pathway may explain the dramatically
lower yield of acetone in ozone-rich conditiong, Peroxidic

broducts which are acetone precursors could react further

products other than acetone, Direct attack of ozone on any
peroxide intermediateg seems unlikely, since the ratio or

tetramethylethylene reacted per ozone i

the olefinic double bong, Consumption of ozone in processeg
not directly involving tetramethylethylene would alter the

observed 111 reaction stoichiometry.

could occur
~radical chain reaction which ig initiateq by
ozone., This sort of Process could consume an insignificant

amount of ozone, and therefore have no effect on the olefin-~

to-ozone stoichiometry. The existence of an 03 catalyzed

free-radicaj conversion pathvny would also account for the
decrease in acetone yields with increasing initial reactant
concentrations, In the higher concentration ozZone-rich ex-
periments, mope ozone is present to initiate such a2 process,
If a chain reaction ensues, resulting in the conversion of
"bound " carbonyl Species pProduced in the ozonolysis process

from acetone brecursors to other forms, the amount of acetone
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released in gc analysis would be expected to decrease with

inc ~aging reactant concentrations,

Alternative explanations for the decrease of the amount
of acetone formed with increasing initial reactant concen-
trations in the ozone-rich set of experiments should not
be ruled out. The experimental work leading to the 0'Neal-
Blumstein proposal for gas phase ozonolysislo'11’33’3u’53'
55:57,78,79,94 involved olefin-rich reaction conditions.
Without exception, the reaction vessel was filled with the
vaporized olefin, and then ozone was allowed to stream slow-
ly into the olefin sample. Consequently, the 0'Neal-Blum-
stein mechanism for gas phase ozonolysis presumes olefin-
fich reaction conditions. Since runs 10-14 took place in
an czone-rich environment, it is conceivable that procegses
totally different from those proposed by 0'Neal and Blumstein

occurred.

The decrease in the yield of acetone with increasing
reactant concentrations in ozone~-rich conditions may indi-
cate the existence of alternative pathways in the ozonolysis
mechanism, leading to products not predicted by 0'Neal and
Blumstein. These additional prathways, whose effects would
be minimal in the normal olefin-rich situation, may compete
or even predominate in determining the fate of the oxy-per-

oxy biradical in ozone-rich conditions. It is possible that

the biradical produced by homolysis of an 0-0 bond in the
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primary ogonide reacts in an entirely different way if ex-
cess ozone is present:

Scheme 61

Proposed Alternative Pathway(s)
1 in the 0'Neal-Blumstein Ozonolysis Mechanism for Tetramethylethylene

(1) HyC
Criggee > \C’O + other
~ >
split Hoe products
3
0. 0'
0\/ \/ / (2) H\ 8
HyC-G—C-CH, &= HBC—C—?—CH — hydrogen P=0 4 Hg-0-G-ch
H3C CH3 H3C CH3 abstractions H

5- and 6-membered hetero-
cyclic rings, peroxides,
and epoxides

3) 5 products other than
? acetone

Path (3) may involve reaction of the oxy-peroxy birad-
ical with ozone or peroxidic ozonolysig intermediates, pro-
ducing carbonyl species other than acetone. The possible
favorability of this pathway in ozone-rich reaction condi-

tions would reduce the amount of biradical available to par-

ticipate in the Criegee split and various hydrogen abstrac-
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tion pathways, and thus possibly diminish the amount of

acetone in the ozonolysis product mixture.

Reaction of the biradical with ozone or peroxides could
also aeccount for the concentration dependence obsgerved in
runs 10-14. Acetone yields were found to decrease with in-
creasing initial reactant concentrations. If ozone-rich
conditions favored pathway (3), the presence of ‘excess ozone
would result in reducing the total amount of biradical avail-
able to react via ordinary 0'Neal-Blumstein processes. Con-
sequently, the formation of products predicted by 0'Neal and
Blumstein, notably acetone, would be suppressed. The rel-
ative disfavoring of paths (1) and (2) would increase at
higher concentrations, resulting in even smaller acetone

yields.

¢) Changes in the stoichiometry of the reaction with re-
spect to the method of addition.

Traditionally, ozonolysis studies have focused upon
excess-olefin conditions, in which the ozone was allowed
to stream slowly into the olefin sample. Runs 10-14 inves-
tigate an entirely different aspect of the ozonolysis reac-
tion, in which the method of addition results in ozone-rich
conditions. Comparison of the product mixtures obtalned
for each addition method (ozone forced into olefin and vice
versa) can elucidate differences in the ozonolysis mechan-

ism in excess-olefin and excess-ozone environments. Runs




- 102 -

3-9 are representative of ozonolysis under olefin-rich con-

ditions, while runs 10-14 illustrate the ozone-rich case.

1) Olefinsozone stoichiometry:

The ratio of tetramethylethylene/ozone consumed is ap-
proximately unity for all ozone-rich runs, and also the low
concentration olefin-rich runs (3-5). In some of the ole-~
fin-rich experiments at higher concentration (runs 6-8) the
observed olefiniozone stoichiometry was somewhat lower than
1:1 (about 0.6). A stoichiometric ratio of less than one
indicates that ozone is being consumed in processes which
do not directly involve the olefin. It is possible that
gome ozone reacts with initial ozonolysis products in the
higher concentration olefin-rich experiments. Attack of
ozone on products or intermediates appears to be minimal
in the ozone-rich runs, since the ratio of olefin consumed
per ozone remains essentially constant at a little less than

unity (0.83-0.97) over the concentration range 50-800 ppm.

2) Acetone yields:

The amount of acetone produced as a result of ozonoly-
gis in an olefin-rich environment increases as 2a function
of initial reactant concentrations. In contrast, acetone
yields in experiments involving the addition of tetramethyl-
ethylene to ozone (ozone-rich conditions) exhibit inverse

dependence on reactant concentrations and are overall much
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lower than in the excess-olefin situation. Part b) in this
section proposes three possible mechanistic interpretations
of the low yield of acetone obgerved in ozone-rich ozonoly-

sis:

1) Relative disfavoring of the Criegee split pathway
in excess-ozone conditions (fails to account for
the observed concentration dependence within each

get of ozonolysis experiments.)

1i) Formation of peroxidic intermediates (acetone pre-
cursors) which undergo conversion processes in the

presence of excess ozone. (scheme 5)

1ii) Existence of one or more reaction pathways not pre-
dicted by 0'Neal and Blumstein, which become oper-

ative in an ozone-rich environment. (Scheme 6)

The results of this study of the ozonolysis of tetra-
methylethylene are not gufficient to draw definite conclu-
sions about the validity of proposals ii) and 11i). Future
experimental work should include further jnvestigation cf

these mechanistic possibilities.

a) Comparison to previous work.

Table 6 lists the regults of previous gtudies involving
the ozonolysis of tetramethylethylene. Initial reactant con-

centrations, the amount of olefin reacted, the diluent gas




Table 63

Results of Previous Studies of the Oszonolysis sf Tetramethylethylene

Initial Conc. Stoichiometry Ratios
- Acetone Acetone Olefin
(ppm) Olefin Total Formed Formed _Reacted
Reacted Préssure Analysis Reported Olefin Ozone Oszone
Ref. 0 Olefin  ~ “(ppm) T Diluent o lmmEHgy "~ NMethod T Products “Reacted Reacted Reacted
48 8,000 17,000 All N2 ¥ 02 760 Chemical CH300CH3 0+132 - >2
Analysis
0%
CHBCOOH
H,C0
] HCOOH
4
= CH,O0H
) 3
CHBOCOCH3
significant
aerosol formation
4 4,900 29,000 All 02 110 GILC (}1-{3(20(21-{3 -— 1.45 2.0
co,
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aerogol formation
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uged, the total pressure of the reaction mixture, and the
method of analysis are included. Reported products are list-
ed in order of decreasing yield. The product column also in-
cludes information about the possible formation of peroxidic
intermediates or aerosol components. The table also includes
any stoichiometric ratios reported for the ozonolysis reac-

tion.

All of the studies listed in table 6 were at signifi-
cantly higher initial reactant concentrations (except for a
single case in which the ozonolysis reaction was used to mon-
itor a steady-state ozone concentration. 54) The results
of previous work provide an interesting comparison with those
obtained in the concentration range 10-800 ppm. Several as-
pects of high and low concentration results are examined,
and then the data is discussed in terms of the modelling of

atmospheric o-onolysis reactions.

1) Aerosol formationt

Two previous studies reported the formation of a sig-
nificant amount of aerosol in the gas phase ozonolysis of

tetramethylethylene.¥>*#8

In this study, each reaction mix-
ture was checked visually for cloudiness which would indi-
cate the presence of particulate matter. A small amount of
aerosol was observed in the 800 ppm ozone-rich experiment

(run 14), Aerosol formation does not appear to be favored

in low concentration ozonolysis reactions.
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2) Peroxide formations

Peroxidic intermediates were reported as components of
the ozonolysis product mixtures in a single study involving
tetramethylethylene.56 The presence of these unstable spe-
cies was indicated by a positive KI test performed on the

reaction mixture prior to chromatographic analysis.

In this study, the possible formation of peroxidic
products which decompose at high temperatures was investi-
gated by gc analysis with the column at 40° C and the in-
jection port at room temperature. Comparison to gec analy-
sis with the injection port at 200° ¢ showed that no addi-
tional products were detected at the lower injection port
temperature. Since a preliminary test for peroxides (prior
to gc analysis) was not performed, the possible presence of
such intermediates in the low-concentration reaction mix-

tures cannot be ruled out.

The possibility of peroxidic species present in the
ozonolysis product mixture is an important concern, since
it may provide insight into the relative validity of sugges-
tions ii) and iii) (offered in explanation of the acetone
yvields observed in the ozonolysis of tetramethylethylene.)
Proposal ii) hypothesizes the formation of peroxidic ace-
tone precursors which are converted to other forms in the
presence of excess ozone. The detection of peroxides in the
ozonolysis product mixture would not constitute proof that

the proposed conversion is actually occurring, but such an
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observation would suggest the existence of pathways involv-

ing peroxidic species.

3) Stoichiometry

Comparison of the stoichiometry of the ozonolysis of
tetramethylethylene at high concentration (Table 6) and at
low concentration (Table 3) results in some interesting ob-

servations:

i) Olefinsozone stoichiometry:

The ratio of tetramethylethylene consumed per ozone is
much greater for the high concentration ozonolysis process.
In previous work, the consumption of more than one molecule
of olefin per molecule of ozone was rationalized by attack
of biradical species or peroxide intermediates on the ole-

45,48

fin, These forms of attack do not appear to occur in

the absence of molecular oxygenu5 or at low initial reactant

concentrations (Table 3), since the observed olefiniozone
stoichiometry is 1t1 or less. An alternative explanation
of the change in the ratio of olefin consumed per ozone
would be the generation of additional ozone at higher con-
centrations (perhaps via a free-radical chain reaction.)
The additional ozone would increase the consumption of ole-

fin, resulting in greater than 1:1 stoichiometry.
ii) Acetone formed/olefin consumed:

The previous high concentration studies listed in Table
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6 all involved the addition of ozone to the olefin sample

(olefin-rich conditions). These results would be expected
to be comparable with the lower concentration experiments

involving the same method of addition (runs 1-9).

A single ozonolysis study expressed the yleld of ace-

tone in terms of olefin consumed.l}8

The value reported in
this high concentration study is significantly lower than
any of the acetone/olefin results for experiments involving
the addition of the ozone sample to an equivalent amount of
tetramethylethylene (runs 3-9). It is interesting to note
that the value within the low-concentration olefin-rich set
which corresponds most closely to the acetone/olefin ratio
reported at high concentrations is that of run 1. Both run
1 and the high concentration study involved the addition of
an ogzone sample to an olefin sampie which was twice as large.
Although these two studies differ vastly in initial concen-

trations, the stoichiometry ratios reported for run 1 and

for reference 48 show general agreement:

._Ac'el_n_ﬂm_o e ed  Olefin consumed
olef. ozone

low concentration
(run 1) 0.42 1.65

high concentration
reference 48) 0.132 2.

Thig observation may imply that the relative size of the
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reactant samples has a more pronounced effect on the ozonol-
ysis mechanism than does the overall concentration of the

reactant mixture.
iii) Acetone formed/ozone consumed s

Two high concentration studies reported acetonesozone
stoichiometry ratios for the ozonolysis of tetramethyleth-

k5,56

Ylene. These results are compared with the ¢orrespond-

ing olefin-rich experiments at low concentrations (runs 3-9),

At the low end of the concentration range studied ({runs
3-5), acetone yields are far below those reported in high
concentration work. 1In contrast, the amount of acetone pro-
duced per ozone in the higher concentration experiments of
this set (runs 6-9) approaches the values reported in the
1itera1:ure.""5'56 Significant changes in acetone yields over
the concentration range 10-800 ppm could indicate fundamen-
tal differences in the ozonolysis mechanism as a result of

initial reactant concentrations,

4) Modelling of atmospheric ozonolysis processes,

In the past, several attempts have been made to explore
the mechanism of degradation of organic molecules in the at-
mosphere.“'l”'ug'%'101 Current efforts focus on determin-
ing the atmospheric fate of organic toxic substances by as-

sessing the individual effects of various chemical and phys-

ical removal processes.l‘w’So'sz'102'103 Both rates and prod-
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ucts of degradative reéctions are being studied. It is
hoped that continued research will make it possible to piece
together the available information to form a cohesive under-

standing of atmospheric chemistry.

Reaction with ozone constitutes one of three major path-
ways of chemical degradation of organic molecules in the at-
mosphere.Bu'M"So'sz'104 Therefore, the ozonolysis of or-
ganic molecules has commanded ever-increasing interest in
the field of atmospheric chemistry. On the basis of mea-
sured compositions of smoggy atmosphere91°5 and the rate
constants for the reaction of ozone with various species
contained in such atmospheres, it has been concluded that,

under typical atmospheric conditions, the primary carbon-

containing species involved in ozone-related removal pro-

cesses are olefins.102 Consequently, an understanding of

the mechanism of gas phase ozonolysis of olefins is of great

importance in the modelling of atmospheric systems.

The validity of any model in explaining a natural pro-
cess is limited by the accuracy of the experimental work
upon which it is based, Most product representations of
atmospheric ozone-olefin reactions have depended upon data
collected at fairly high reactant concentrations, since the
bulk of previous product research in gas phase ozonolysis
has involved concentrations of several thousand ppm. (Ta-

tle 2). These experimental results were assumed to be valid
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when extrapolated to the low reactant concentrations which

prevail in atmospheric systems.

The results of this study of the ozonolysis'of tetra-
methylethylene suggest that work do: @ in the concentration
range of several thousand ppm may not be valid in the mod-
elling of atmospheric ozonolysis processes. The products
and relative stoichiometry of the ozonolysis reaction were
found to be significantly different than previous results
which involved higher initial reactant concentrations. In
addition, the ozonolysis mechanism appeared to change quite
dramatically over the concentration range 10-800 ppm. It
is likely that the actual ozonolysis process which is occur-
ring at ambient atmospheric concentrations of ozone (recently
estimated to be about 0.04 ppmloé) cannot be approximated

by high concentration studies.
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SUGGESTIONS FOR FUTURE WORK
a) Improvements of Analytical Procedures

In this study of the ozonolysis of tetramethylethylene,
gc analysis was utilized mainly for determining the amount
of unreacted olefin remaining in the reaction mixture and
the amount of acetone formed, The ozonolysis product mix-
ture was found to contain several components other than ace-
tone, but none of these compounds were positively identified.
Obviously, the gc analysis procedure was not developed to
its fullest potential in investigating the products of gas

phase ozonolysis.

Variations in gc retention times of expected and actual
products from day to day introduced a large amount of uncer-
tainty which complicated the identification of components
of the ozonolysis mixture. In the future, this problem could
be avoided by standardizing the retention times of expected
products as part of the analysis procedure. A teflon bag
containing authentic samples of several compounds which are
anticipated as ozonolysis products could be prepared and an-
alyzed under exactly the same ge conditions as the reaction
mixture. Component peaks. of the ozonolysis mixture could
then be compared with gc data for authentic samples analyzed
under the same conditions. This standardization technique
would minimize the wacertainty of gc product analysis caused

by variations in retention times.
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Several additional compounds which are predicted as
products of the Criegee split or hydrogen abstraction path-
ways should be considered as possible components of the ozon-
olysis mixture. Also, compounds reported as products in
previous ozonolysis studies involving tetramethylethylene
should be investigated. Ethane, ethanol, methane, acetal-

dehyde, and propene are some possibilities.

The ozonolysis product mixture should be tested for
the presence of peroxidic intermediates.prior to gc anal-~

56 employed a KI test for this pur-

ysis. A previous study
pose. The ozone analysis method, which involves the oxida-
tion of I- to I2' would probably be applicable to analysis
for peroxides. Knowledge of the presence or absence of these
gpecies would be valuable in the consideration of alternative
explanations for the inverse concentration dependence of ace-

tone yields in ozone-rich reaction conditions (Schemes 5 and

6).

Alternative analysis methods should be employed for
possible products which cannot be detected by gas chromato-
graphic analysis. Methane, carbon dioxide, carbon monoxide,
and especially formaldehyde should be considered. Detection
of the presence of formaldehyde is particularly important
in terms of the 0'Neal-Blumstein mechanism, since it is pre-

dicted as an ozonolysis product of tetramethylethylene.

{Scheme 4, path G; formaldehyde arises from oxyj/s-hydrogen
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abstraction followed by ring closure to a 4-memberea 1,2-
dioxetane ring which subsequently cleaves.) As more ozon-
olysis products are identified, the relative favorabliity
of 0'Neal-Blumstein and other pathways can be considered

further,

The application of gc/mass spectrometric techniques in

analysis of the product mixture would be prarticularly ad- ]

vantageous, GC/MS product identification would be more de-
bendable than comparison of retention times., 1In addition,

this technique may provide information about peroxidic prod-
ucts which would be valuable in understanding the mechanism

of ozonolysig.

b) Reaction conditions which merit further study:

1) The anomalous results obtained in runs 1 and 2 seem
to indicate that the relative sizes of the olefin
and ozone gamples have a major effect on the rel-
ative favorability of various ozonolysis pathways,
Further experiments varying the relative sample sizes

would provide more ingight into thig observation,

2) A previous high concentration studyu5 involved the
use of nitrogen rather than ozygen or ajir as a dil-
uent gas. This work could be duplicated at lower
initial reactant concentrations, providing additional

information about the course of the ozonolysis reac-

tion in the ahsence of molecular oxygen.
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3) Experiments invelving equal amounts of olefin and

ozone (as in runs 3-9 and 10-14) should be extended

to higher and lower concentrations. Higher concen-
tration studies would be important for comparison
with previous work, while ozonolysis at lower reac-
tant concentrations would be significant in the mod-

elling of atmospheric systems.
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