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Abstract

bzone has been observed to cowplex with aromatic com-
pounds at iow temperatures. The ability of an aromatic systenm
to complex with ozone appears to be due to the inductive effect
of the substituent on the pi system. The experimental work was
done in the solid phase at temperatures of -1759C to -185°C.
Under these.conditions 211 the suostituted aromatics with
electron releasing groups complexed (with the exception of
p—-dimethyl benzene ), and all the substituted aromatics with
electron withdrawing groups did not cowplex including benzene.
The couplexes are highly colored. To insure the reversibility
of the pi complex, infrared spectra were token of some of the
gromatic species before and after complexing. These spectra
proved to be identical. Our findings were limnited by the vapor
sressures of the materials being studied. Pi complexing of
ozone, as an electrophile, and an electron donor has long been
assumed but only recently has any concrete information been

available .



- Introduction

The Teaction of ozone with an olefin has been used for
many years to produce aldehydes and /or ketones,l yet the mechan-
ism governing this reaction has long been a toplc of research
ond debate. Several different pathways are env131oned for the
reaction, two of which are discussed. In all the reaction
schemes ozone acts as an electrophile attacking the electron

2=14
rich olefine.

A great deal of attention has been given to the nature of
primary ozonide and its conversion to secondary ozonides
Currently, there are two mechanism, which have some supporte
Mechanism I is offered by Crlegee and is subscribed to by many

By, Al Ay &5
researchers in the field.
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There has been a substantial gmount of proof for the primary

= 5 AN 15 12 16
ozonide presented by Greenwood, Beiley, and Fliszar.

The existence of the zwitter iom, which is the principal

intermediate of the Criegee mechanism, has Ddeen infered by the

T T B e
experinental work of Criegee, Fliszar, and
138
Bailey.

Mechanism II was oroposed by Story to explain some inconsisten-

cies in the Criegeec lechansim.
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This mechanism is considerably more complex and involves sever-—
al types of intermediates, including a peroxy epoxide (to ex-
plain epoxide formationsin some ozonolysis), a four member

ring (to explain reductive ozonolysis) and a seven member ring

(to explain isotopic labeling results).

-

One notes, however, the similarity between the two mechan-
isms is the pi complex. There has been a great deal of work

done on conversion from primary to secondary ozonide and



relétiﬁely little on the formation of primary ozonide from the

pi complex. When we started this work only two studies

reported complex formation. Bailey reacted ozone with 1,l-phenyl-
mesitylethylene and noted a colored complex.‘ Hull reacted olefins
at liquid nitrogen temperatures with ozone andlgtudied the sub-

sequent pi complexes by infrared spectroscopy. A revers-

ible couplex was also observed in the case of ozone and toluene.

The objectives of this work are to study the complexes of
aromatic species in the s0lid phase with ozone at near liquid
nitrogen teumperatures and to continue the work of Hull and
coworkers on the complexes of the high electron density sub-
stituents with ozone. In particular to explore the effect of
substituents on pi complex formation, in an atteuwpt to infer
the nature of the complex. During the course of this work,
Bailey reported the observation of pi complexes of several
aromatic hydrocarbons and ozone at low temperatures and re-

8 ‘ .
corded their visible spectra.



. Experimental

Apparatus

A detailed schematic of the Vacﬁum line used is protrayed
in Figure 1. On the upper portion of the vacuum lins there 1is
an oil diffusion pump, liguid nitrogen trap, U tube, two female
fittings with stopcocks, flexible coils with stopcocks, another
femele fitting and another U tube. The arrange:aent of stop-
cocks in this portion of the vecuum line allovis oil diffusion
pump to be omitted from the line, usage of upper or lover
portion of vacuwa line independently of one another, and iso-

first U tube is

1=+

lation of any portion of the vacuun line. The
used mainly‘for distillation of material for purification and
expsnsion of the gaseous material contained in the cell.  The
second U tube is used for ozone formation. The U tube for
ozone formaiion uses & high freguency, high voltage electri-
cal discharge to form ozone. (See Figure 2) The liguid aitro-
gen traps are used to protect the oil diffusion puap and mnech-
anical pump from volatile, corrosive material. The first two
female fittings are used for sample introduction into the line,
while the final fitting is used for en NRC 301 vacuum gauges
The flexible coils are used to give flexibility to the system

for attachment of the vacuun celle




The lower portion of the vacuum line contains a liquid
nitrogen trap, two liter bulb with cold finger, a mercury
manometer snd a female fitting. The Two liter bulb is used
to store oxygen for ozone preparation. The mercury column

is used to determine the pressure of oxygen in the line.

The Cell
24 oy
The cell is of standard design composed of a male and
female 91/60 joint. The male joint (Figure %) has two take-offs
with stopcocks and ground ball fittings adapted to the flexible
coils of the above vacuum line. There are two potassium chlor-
ide windows opposite each other for infrared and ultraviolet

work and a2 third glass window for UV-visible irradiation studies.

These windows are abttached to the cell by Apiezon Q.

The female joint (Figure 4) had a cold finger which was
attached to a copper window frame assembly by a copper to glass
seal. The window frame contained a CsBr window. The choice
of CsBr as zn internal window was made because CsBr is a soft
crystal and will not shatter when subjected to the stresses of

heating and cooling.

A Cu—Constentine thermocouple vas attached to the lower
portion of the copper window frame to obtain a cooling curve.

The thermocouple Wwas séaled with Apiezon W.



‘During 211 the experiments there was no visible decom-
position by ozone of the copper window frame. This was

probably due to the low Yemperatures.

The w.ndows were supplied by Harshaw Opticgl Crystals
(Cleveland, Ohio). They were polished by hand on a felt cloth
with rouge (aluminum oxide) and ethanol. During warm weather
cells had to be frequently polished due to the humidity in the

air.

The line end cell is capable of obtaining a temperature
of -187°C. This temperature was determined by using a Leads
. and Northrup potentiometer and galvenometer, a standard cell of
1.0193v, a power source of two l.,5v dry cell batteries, and
jce-water bath as a zero reference. The optimum te.perature
vias obtained by pumnping on the cold finger, which contains
liquid nitrogen, with a mechanicszl vacuum pump for en additionagl
half hour after solid crystals of nitrogen formed (melting

point of nitrogen is -209.95)25.

The vacuum obtained was determined by an NRC 801 vacuum
gauge which measured in microns. We were able to reach a
zero reading on the gauge itself, which corresponds to less
than one micron. VWhen a discherge coil was placed next to the
glass there ves no neon effect which ihdicates a very good

i '
vacuun (<1 A ). .



The technique of a normal run involves an initial pump
down, cooling, preparation, and deposition of tie sanple and

ozone, and removal of the sample.

The initial pump down is done to eliminate any residusl
material on the cell window or vacuum line. Tirst, the liguid
nitrogen traps are filled to obtain ;00d veicuum ené collect
any material which might be hazardous to the operator. The
mechanical vaéuum pump is then started to evacuate the total
system including the ozone formation tran. Vhen the vacuun
gauge reading is less than 100 microns, the oil diffusion
pump (vrewarmed) is opened to the systems The punp dowvm
continues until the vacuum gauge resds less than 10 :icrons

for one half hour, the normal pressure for a run.

The cold finger of the cell is then cooled by the intro-
duction of liquid nitrogen to the cold finger. ihen no nore
large bubbles appear in the ligquid nitrogen (sbout -100°C)
an aukiliary mechanical vacuu. pump is used to evacuste The
cold finger above the ligquid nitrogen. After 10 to 20 minutes

25
)e

solid crystals of nitrogen appear (-209.95°C The vacuum
on the cold finger is periodically released +to uaintain 2
solid-liquid nitrogen mixture and to refill the cold finger,
Once the solid-liquid mixture has been held for thirty mninutes
the window is ready for deposit. A tempersture taken with a

Cu-Constantine thermocouple is about -187°C.
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The sample is then degassed to remove any azir or other
solugle tasses whnich may be dissolved in the saaple. To do
this the sample is placed in the line, frozen with liquid
~nitrogen, and puuped on by the mechanical pump for 5 minutes,
This can ve done during the cooling period for the cell but the
stopcock to the cell and oil diffusion pwap aust be closed.

The stopcock for the saumple is closed after five ainutes and

the others again opened, The saiple is a2llowed to werm to room
te.perasure and one notes the evolution of gasses froﬁ The liquid,
The freezing process is repeaied asain except that the oil
diffusion pump is kept in the system. The se.iwle stopcock.

is closed again and the others are opened and the saumwle is

allowed to warm to room temperature,

The sample is resdy Lo be deposited on the window, To
do so, the stopcocks are closed to the vacuum puinp, oil dif-
fusion pump, and cell, The stopcock to the sazuple is opened
until the NRC 301 vacuun geuge reads 3000 umicrons pluse. The
stopcock to the sample is then closed and, for short intervals,
the lower stopcock of the cell is opened until a definite
diffraction pattern can be seen on the Csir window (one to ten
millimoles is an estimation of the amount of material deposited
on the window). The stopcock to the oil diffusion pump
is then opened and the cell and line are evacuated to less

than ten microns.



* The ozone can be prepared waile the cell is being cooled.
The U 4tube has previously been prepared during the initisl
punp dowa. It is then closed to the line ovefore the cell
"is cooled. Oxygen is drawm into the U tu.e by openin; the
stopcock to the rear of the line, which contains only oXyzen.
The cpproximate pressure of the line is 3 t0 5 mu., A full
dewar of liouid nitrogcen is raised go . the liguid nitrogen
level is at the lower most loop of the discharge coil. The
electric discharge coil is activated until there is a-neon
effect in the U tube. At the beginuing of the electric dis-
charge a blue ring of ozone is noted on the inside wall of
the U tubes The discharge is continued until there is =
blueish red neon effect throuchout the U tube, which is '
estimated to be at a pressure of 10.44 -, The dewvar is
then raised to the top of the U tube, all stopcocks cre closed,
and the stovcock to the mechanicel pump, U tube and line are
opened. This reuoves all the excess oxygen due Lo the fact
that the boiling point of o:ygen is ~182.97°C and ozone is _11200,26
and hence the oxygen has a vapor dressure far greater than the
ozone., All stopcocks are again closed after a pressure of less
than ten microns is‘reached for ten minutes. The stoncock to
the vacuum pump is closed and the stopcocks to the cell are left
closed. The liquid nitrogen dewar is lowered from the U tube
and the ozone is allowed to expand into fhe line. The pressure

in the line builds to coproximately 2000 sicrons (3 to 1 nillimole).

t
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The stopcock is opecned to the cell and the ozone is allowed
to distill onto the window. (Noted by drop in pressure on
vacuun gauge.) The stopcock to the mechanical vacuw. pump
is then opened to remove any excess ozone in the line or cell.,
A% this point the U tube for ozone format on was closed off
oy the stopcock. In most cases the complex formed imiedi-
ately. 1In other cases the liquid nitrogen was removed fron
the cold finger making the window the coldest part of the
cell. The ozone can then be observed distilling from the
copper cold finger onto the window. Once the ccmplex is
formed, it is recorded by the methods detailed in the next

sectione.

To remove the ozone, the cell was opened to the line
and the liquid nitrogen blown out of the cold finger. One
could actually see the complex decompose and disappear. If
a complex did not occur, one could see the blue color of
the ozone distill from the window as the temperature of the
cell warmed. Also one notes that the vacuum gauge starts
falling rapidly. The line is then opened to the mechanical
vacuun pump and the cell is warmed to prepare the cell and

line for the next. compound to be run.
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The vacuum pump is run overnight to be sure all material is
removed TTom the cell and line. The line is then ready for

the next experimente.

The technigues used far proving a complex were infrared,
ultraviolet, and photographic. Infrared was used initi:lly
to extend work done by Hulllo. They note bands ¢t 2100 and
2050 Cm"l corresponding to pi complexes. It turns out that
aromatic species give more complex spectra in the infrayed
than olefins and we, therefore, were unable to ootain any
pertinent data of pi complexes. However, we wvere avle to
show reversibility ol the ozone-aromstic species. The svectra
before complex znd after complex formation were the sa.e ex-
cept for a slicght loss in intensity--due to loss of mabterial
during reioval of ozone. The disadvantages of the infrared

technique are that complex bands are week, and there are

aromatic absorptions near the region of interest.

On some samuples UV-vis s ectra wére taken. This proved to
be extremely difficult to do. The limitations of the tech-
nique were due to the fact that only a small amount of material
can be on the window to give interpretaole results. If the

amounts of material were too lérge, the complex when formed,
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would. give spectra that were off scale. Our ability to coiu-
tfol the amount of ozone and how well it came in contact with
the window was very poor. Also, if the meterial crystallized
on the window, scattering prevented any significent amount of
light passing through the sample. Often the very process of

complex formstion caused crystallization.

Since all the coupleres were colored, vhoto;ravhic slides
were the eesiest, most convenient method of revorting and re—
cording data. Ve used a Cannon single lens reflex caiera,
shutter speed 1/8 second, Kodak high sveed color film, fs Lk,
ASA - 125, 50 um lens with two closeup attachmeats cnd a
ringstand as a tripod. The photographs were taken vefore the
ozone was added, after complex was formed, and after the ozone
was removed. KNany of the slides show a white crystaline mat-
erial after ozZone Vas removed, which was Jjust the crystalized

substituent being studied.
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«

Results

Some of the general difficulties with this method ore
as follows. One is restricted to studying compounds, which
are volatile at room temperature. This eliainates many subd-
stituents due to their high colecular weight or very nolar
nature and consequently low volatility. For our stuiies oaly

liquids seemed to work well, with the exception of shenol.

In our use of the infrared and UV-visible spectra there
were a number of problems. In the UV-visivle there vere dif-
ficulties csused from too much saterial on the Csir window,
which caused li.ht scattering and broad absorptions. This wes
difficult to interpret. The orientation of the window in con-
secutive spectrs slso coused problems, since this .ould chenge
the aiount of light scattering. Also on & humid day, the cell
would "sweat" causing the KUL windows to fog. In the infrared
the major difficulties were brientation of the sauiple, too
little or too much msterial on the cell window, overlapping

spectra, and some light scattering.

Data was difficult to obtain due to not only the suosti-
tuent_materialéAparquelauties.but also the inability to control
the amount of ozone veing placed on the window. In addition
quite frequently ozone would distill directly to the copper
Wwindow holder and not to the cell window. Vhen this

occured, the liquid nitrogen had to be dumped from the
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cold finger until the copper warmed sufficiently for the ozone

o distill” to the windowe.

Tor & limited nuumber of compounds we have shown That
ozone complexes reversibly with aromatic pi systems. This
was shown by the infrared spectra taken before znd after the
complex. The spectira vere identical with the exception of
intensity. The loss wes presumably due to the wvapor »ressure
of the meterial st the temperature used for removel of the
ozone (up to -100°C). Reversibility is slsv deucnsirated
in that after the colored complex is formed ozone may be dis—
tilled from the window to the U tube. If the cold finger 1s
again cooled and the U tube waried, complex reappears. If the

ozone is carefully removed, one can again observe

fraction pattern on the window.

Por toluene, umesitylene, aund vhenolood enoush UV¥vis
spectrun were obtained to determine absorption wmaxinume. Teble I

sumi.arizes these resultse.

As an illustration of the clearest result Figure 5 shows
the UV-vis spectrum of the complex of ozone and phenol. The
spectra shown are difference spectra between actual svectrum
and the specrtum after the removal of ozone. fhis compensates
somewhat for the enhanced scattering that occurs because of

erystallization of the phenol when the complex forms. The



ABLE I - UV-vig mexima of some ozone®*® aromctic compound COmpLe.CDe

Comp. )\max(nm)

[::ICHs L AEE

OH 400

©

CHg S < A5D

O
K 3
W~
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negative absorbances beyond 600 nm are then due to slightly
more scattering of the spectrum of the phenol after removal

of the ozone (additional crystallization). The -180°C spectrum
shows the initial complex spectrum, with a clear itaximum acout
400 nm. On warnming the sample, while pumping on it, to 1358°¢
some of the ozone is renoved and there is less comoleXe. Unon
recooling and recording the spectTull, the —-150°C spectrum is
obtzined. It has the ssme meximum out is of lower absorbence

due to there being less compleXs

For the rest of the compounds where UV-vis =nd IR proved
difficult, photographs recorded the colors of the complex or the
absence of the complex. It was assumed thet the visible oehavior
of these compounds, namely forming a colored species on being
exposed to ozone, and on warming going; back to colorless state,
was indicetive of complex formetion. In Pigure 6 one notes
the A photograph of the uncomplexed material, The 3 photo-
graph of the complexed material, end the ¢ photograph of the
material after complex. This behavior vas associcted with
those compounds for vihich more objective evidence (namely
spectra) were obtained. This tendancy of a complex to be colored
is not hecessarily a prerequisite for complex formation as

shown by Dewar. The results of these experiments are

summarized in Table IT.



Figure V - UV-vis difference spectrum of the ozone

0.8 1

uv - 03 +

‘\

* phenol »i complex,

300
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TPABLE IT - Results of complexing experiments.

Substituent Tyne Complex
1) Toluene Electron Releasing Pos IR -Pos
(Methyl benzene) uv -Pos
; Photo-

graphic-Pos

2) O-Xylene n uv -Pos

(1, 2 dimethyl benzene) Photo-
) : grapnic-Pos

3) M-Xylene . Photo-
graphic-Pos

4) p-Xylene . Photo-
graphic-Neg
5) Mesitylene o R -Pos
(1,%,5 trimethyl benzene) uv -Pos

: " Photo-
graphic-Pos

6) 1,2,4,5 tetramethyl " ; Photo-

: graphic-Neg
7) Phenol " IR -Pos
(Hydroxy benzene) Photo-

graphic-Pos
8) Anisole ' " IR -Pos
~ (methoxy benzene) uv -Pos

. Photo-

grephic-Pos

9) Pyrochatchol _ n Photogravhic
(1,2 dihydroxy benzene) questionable
10) Aniline 4 Porms complex;
- decomposes
violently
11) Napthalene 2 Photographic -

possible; complex
color very faint
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TABLE ITI -'Regults of Complexing experiments.

Continued

Substituent Type Complex

12) Aanthracene Electron Releasing Photographic questionable

1%) Benzene " IR - No complex observed
3 UV - No complex observed

Ozone on cell window
14) Benzaldehyde Electron withdrawing Photographic - no complex
155 Chlorobenzene B Photographic — no complex

Could sece blue color of ozone
on cell window



.

The trend, which seems 10 be'adhered to for the most
part, is for electron releasimg'groups to enhance the ability
of substituted aromatic systems to complex with ozone. This
trend is demonstrated oy the inability of benzene To complex
with ozone, while methyl benzéne, 1,2 end 1l,3%3-dimethyl Dbenzene,
and 1,%,5 trimethyl ovenzene all complexed. Other aromatic
compounds with electron releasing groups thal formed complexes
were phenol (-OH), Anisole (-OCH ) and aniline (=NH ).
P e

The electron withdrawing groups seemed to impede the
ability of a substituted aromatic pi system To complex with
ozone. The aromatic compounds with electron withdrawing
groups tried were chlorobenzene (-CL), benzaldehyde (—6f%),

end if hydrogen is considered electron withdrawing, benzene

Other substituents done were difficult to interpret
within these general trends. Two compounds notable for their
not complexing were 1,2,4,5 tetfamethyl benzene cnd 1l,4-dimethyl
benzene. Napthalene and anthracene were not easily studied due
to their high molecular weight and comsequently low volatility,
which made them difficult to distill onto the window. Aniline
was observed to give a redish brown complex, which decomposed

-

destructively and, hence, its complex does not appear to be

reversibleo
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Discussion

-

A pi complex of an elecgrophile with aromatic compounds
is a well known phenomenon.2 These pi complexes are of the
charge transfer variety consisting of a donor and acceptor
nolecule. The. donor can be any compound that is electron
rich (this includes aromatic compounds, olefins, or a molecule
with an unshared pair of electrons). The accevtor can be any
molecule, ion or metal that can accept an electron. ¥Nany
of the charge trénsfer complexes can be characterized oy the
appearance of a UV assorption at longe; wavelensths. This
band is called a charge transfer bzmd.)5 Taole III shows
relative stavilities of other complexes coipared with p-Xylens

of various alkylbenzenes alony with whether an ozone comulex

was observed.

Our results generally voint to a coumplex with electron rich
aromatic species. FEach compound that we observed a color chenge
showed a new band in the UV-vis and, therefore, we conclude we are
dealing with a charge transfer pi couplex. This pi comolex
occurs with the aromatic species being the electron donor and
the ozone beinz the electron acceptor.

8

In a recent paper Bailey corrolates the complex band
position in the UV-vis with the ionizgtion potential. With
~decreasing ionization potential of substituents he found bands
at longer wavelengths. Although Bailey noted colors which were
not in agreement with ours, he worked at a lower temperaﬁure (freon

12-liquid nitrogen and isopentane--liquid nitrogen) and on
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) 27
TABLE III - Comparison of relative stabilities of alkylbenzene complexes.
with p-Xylene.

3
4 0 o
Benzene Sub. Ag Br, 12 101+ 30 Picric. . HCL This Bailey
2 Acid Work
Benzene 098 04'6 04-8 036 -35 7 070 oC)O — POS-
Toluene 1.04 .64 D2 o5 59 -84 .92 Fos. ros.
Svectra
O-Xylene Le 261501 37 o832 142% 1,03 1.13 Pos. Pos.
: S»ectra
liesitylene .70 2a05 BROd P19 1,32 1459 fos. Pog.

Spectra
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cooling he noted color changes. Other inconsistencies could

be due to solvent or crystal interactions, since he worked

34
in glasses and solution.

The inconsistencies in our own data, primarily 1,4 dimethyl-
benzene end 1,2,4,5-tetramethylbenzene, could possibly be due
to steric hindrance of the ozone approach to the molecule,
crystal forces being greater than complex formation causing
the complex to be thermodynaiuically disfavored, or electronic
forces o” the molecule at this low temperature could cause the
complex to not be formed. The fact that not every substituent

o

we checked gave a complex, uight also be due to the fact that
i
a charze transfer oond is lacking.

In conclusion aromatic species and ozone form 2 pil complex,
This complex seems Lo be related to the electron releasing
ability of the attached substituents aad shows a long «ave-
length UV-vis band. The complex is probably of the charge trans-
fer type from the aromatic coupound o the ozone. Presumably
the electron donztion is from the highest occuvied moleculir
orbital of the donor to the lowest unoccupied antibonding
molecular ortibal of the ozone. The staoility of the ozone

may be decreased and, therefore, more reactive by the

aromatic pi electrons in the antibonding orbitalse
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A) Before complex
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