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INTRODUCTION

Phenolic antioxidants haﬁe a wide variety of uses. They are em-
ployg& to prevent oxidafive and thermal degradation of everything fr&m
plastics to foodstuffs, Theylmay even have pofentigi as carcinostatic
agénts (2. In general, they act as chéin terminators in free ra&ical
type reactions.:

Although phenolic antioxidants occur naturally,-e.g. Vitamin E
(Tocopherols), they are generally tailored ﬁo their end use. For ex-
ampie, although the simple trisubstituted 2,’6-di-fert~butyl~4—methy1
phenol would be suitable as a gaéoline antioxidant, it would not be asA
good‘for use in poljethylene ﬁhere exposure to the environment ﬁight
cause leaching, In that end use a higher molecular weighf compound
such as 2, L-bis (4' hydroxy=-3!, 5f—di-tert-butyl—phenoiy)-6n octylthio-
1, 3, 5-triazine would be moresatisfactory due to its low water
solubility. VConvefsely, the higher molécular weight antioxidant would

not be as useful in gasoline due to its low volatility which would

lead to gum formation in a carburetor.



No matter what the end use, some means for determining the relative
- potency of the antioxidant is needed. Workers have measured antioxidant

- activity in terms of K4 in the following sequence of reactions:

1. R+ HV-—ESLQ R* Initiation
2, R* +0p =N RO,* Initiation
3, ROp* + RH —K-j-—-} ROoH + Re Propagation
L. ROp* + AH —K‘-*-§ ROoH + Ae Termination
’5. " '2RO,¢ —f{i—} Ré + ba " . Termination

"Typically an induction period for bxygeﬁ uptaké or carbonyl formation
is measured in an appropfiéte substrate, This method is diffiéult and
time consuming,

From thermodynamics the potency of antioxidants can be meéSured by
AH® for the reaction AH.jgi-; A+ + H, In the case where similar molecules
are examined in the same solvent AH°$t<3Ggf11FE°;- So oxidation reduction
potentials can be employed as a measure of antioxidant activity. This
is mqst conveniently done polarographically at‘a platinum micro electrode.
The dropping ﬁercury electrode has been employed fqr these measurements G})
but it is not usefui at potentiéls > +0.41 due to oxidation of me?cury.
Penketh (53)meésured the oxidation potential (OP) of a number of
nonohydroXy, polyhydroxy and alkoxyphenols and related them to the»in-
duction period increase &89 in gasoline, The neasurements were made in
agueous buffered methanol solution. Other workers have

measured oxidation potentials of various phenolic antioxidants in



acetonitrile and pyridine, However, no one has offered a solvent sys-
ten suitable for measurement of the oxidation potential of the higher

molecular weight antioxidant
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¢
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typically employed in polyethylene and

otner polymers. The objective of this research was to develop a sol~

vent system in which the higher molgcular welight phenols sould e

n the measurenent of oxidation

kb

s0luble and to enploy the solvent system
votential, The oxidation potentizl would then be related to other neasures

of antioxidant activiiy such as increase of induction period, The zystens

I, Nedinmethyleacetamide (DIAC) /water and DNAC/water/methylene chloride

were found to be suitable, Oxdidation potientials of a numver of con~

zmercially awvailable higher nmolecular weisgnt antioxidants tere

hem., Simpler vhenolics were also nmeasured for comparison,

ok

neasured i
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HISTCRICAL

I. Types and Uses of Antioxidants

A variety of substances show antioxidant activity and a general
statezent on classification is difficult to make, However, anti-
oxidants do fall into the broad classifications shown in Table I,

Table I
Typical Antioxidants

. Antioxidant tyvpe Example
CH
Phenolic Ri_ J  Ba (often ® and R
\© are t-butyl)
HHZ g
| 3
Amino | @
I .
N
Disulfides, sulfides I —-
Phosphates @
CH_ ~0=-C~-R
o
CHZ-O— -R
i
0 ~0=P=0=CH_N}
Cdé-O E;O “ZIqE

Metal Orzanic or Condlex

fad
2t Gaf«‘—é-sﬁ) (#*"= Co, Cu, Zn)



Naturally Occurring 04

pak]

Flavanols @. "@
. @
Ascorbic acid 8_:2;;§i_g.:;;i?;

Oregano ' {ixture

}}H
Gallic acid
oA @_—- OH
\OH

Vitamin E (Tocopherols)

© —-(CH.;)B-%'(CHZ}3
H i

C’-H CPI
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They are used, as the name implies, to prevent oxidation and or
degradation., The oxidation or degradation may occur as a resulit of:

exposure to high temperature, air, and or sunlight for long periods of

time, or mechanical strgés. One of the earliest applications of anti—
oxidants was for the érotection of rubber (43). Unprotected, rquer
‘becones embrittled from exppsurevto air»an@ sﬁnlighf. Rubber-is a
difficult systeﬁvto eﬁamine sinceffhé chemical nature of latex is
changed hy‘crosslinking with‘sulfur in vulcanization, However,'it was
realized guite early that the proper accelerator could add considerébly
to the life of the rubber. The residues of the accelerator aé it was
later found out are antioxidants. This is not now.surprising since

we now know that sulfur compounds such as.(Cqﬂgs)Z are good peroxide
deconposers (L3), This typé of compound night easily form_from a sulfur
crosslink of low molecular weight isoprene unitg. A variety of anti-
oxidants are preseﬁ%ly employed to protect rubb;r in addition to sulfides,
The two most important are p@enolic and amino. Iﬁ a novel use of amino
antioxidants, M. E. Cain (1p) has reacted the arpmatic»amine.directly'
with the rubber substrate to pfevent itsvremoval in use,

With the advent of the automobile the increased use of rubber was

accompanied by the growth in the use of petroleum, specifically gasoline,

Unsaturated molecules in the mixture of hydrocarbons which make up

gasoline are particularly vulnérable to oxidation (56). The end



preducts of the oxldau’on is a gum which is non-volatile at ordinary
engine operating temperatu:es. Flocod (15) and Brooks showed that
addition of conjugated dienes rad a large effect on the ambunt of gun
forpation, Table II shows the rélative effect qf uﬁsaturatgs. Con=
pletely saturated molecules on the other hand are not prone %to gunm

for ation,

Table II
Gum Formaetion in Gasoline

Gasoline Additive _9% Gun mz/100 ml
Straight-run Limonene 2 6
Refined cracked none - 7

fined cracked Limonene 2 634
traight—run* Isoprene 5 52
Refined cracked* w 5 521

*Exposed to light

The gum consists of polymeric peroxides such as QCO-%UCH-CFCQOO“. The

most effective antioxidants are nindered nheno“s and anino comnoundg like
the examples in Table I. The anmino compouhds are even effective in the
presence of dissolved copper. Small traces (31) of co?per increase the
rate of zum formation, Ihile the mechanism of gum acceleration is not
known, the covper can be removed by chelation. The amino antioxidants
tend to form compiexesvwith copper,

Lubricating oil is a complex mixiure of navh alenlg (25}, dromatic

and paraffinic hydrocardons, The MOWecular Uel"’ ranges from ~ 300 to



800, Lubricating oils are oxidized to acids, COZ; H>0, carbonyls,»
alcohols and peroxides when exposed to air at high temperatures;

The oils contain natural inhibitors such as phenols and sulfur con-
pounds, Almost all of the compound itypes listed in Table I havg been
gsed to prevent lubricating oil oxidation as well as (25 ).boron and
Silicon conmpounds, selenium and telluriunm com?ounds.

The production of synthetic rubber during WWII paved the way for
development of the great variety of high molegular veight polynmers ve
use today. Polymeric materialé present a special problem as anyone
knows who has had a pblyethylene trash can fall apart, The reaction
rate af oxidation is slow when compared tTo sasoline because it involves
.a gas solid reaction. The properties of a polymer are due to’the high
molecular’weiéht in additiph to the chenmical properties of the»mono-

meric units. Therefore, even small anounis of oxidation can result in

loss of physical properties due to chain rupture,

-

Bearing in.mind the comparison which might be made between lubricat-
ing o0il and gasoling saturated polymers are oxidized at a slower rate
than unsaturated polymers; Polyethylene is a typical example of a
saturated polymer. To be put into a useful form it must be melted and

extruded, It is thus submitted to thermal and oxidative dezradation.

s exposed to sunlignt ( UV radiation) and the elements,

3

In use it

These all lead to free radical chain ruvpture. A useful antioxidant



nust act as a free radical chain stopper, peroxide decqmposer,UV
absorber and»it nust be water insoluble so it is not leached out by
rainwater, Higher molecular weight subﬁtituted phenols are typically
eﬁployed.

Antioxidants are also fognd in the foods we cdhsume. They protect
‘foqdvfrom rancidification of fats. Ducloux in 1887 (25) and later
Tsujimoto shbwed rancidification was due to oxidation of unsaturated
fétty acids, Most antioxidants employéd in foods{are natural products
since they must be edible. For example: C. V. YWright reported that
Anerican Indians of the Ohio Vallgy preserved bear.fﬁiuﬁy heatiné it
wifh the bark of the slippery elm (25). Modern man has isolated.th§
active ingredients such as Vitémin E, ascorbic acid and galiic acid,
The author has employed oregano (25) to prevent oxidation of unsaturated
fatty acid triglycerides from pork chops in spaghetti sauce,

The list of uses of antioxidants is long and is growing. To cite
an-unusual use, Dadio (iZ) has showvn that brewing anhtioxidants are

potential carcinestatic agents.
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II. Mechanism of Oxidation and Antioxidant Protection

Since the field of oxidation mechanism is large and since the re-
search work was done on antioxidants for polymers, this sufvey will be
confined to polymers and related hydrocarbons, A good review of ether
peroxides is given by King ( 23).

Quite early it was observed by Genthe (3&) that linseed oil ab-
sorbs oxygen slowly during the initial period, .,but the rate at some
point accelerates, He also found that addition of ethyl or benzoyl
veroxide decreased this initial induction period, The concept of auto
acceleration arose from these observations, By 1928 Stephéns (36)
had isolated a peroxide of cyclohexene oﬁtained from reaction of cyclo~-
hexene with oxygen in daylight. The compound p:oved to be a hydroper-
oxide, Farmer and Sutton developed the ﬁydroperoxide ﬁheory of guto-
oxidation whereby unconjugated olefinic compounds add an,ozygen
nmolecule in a chain regction. The oxygen molecule attaches,itéelf to
the carbon atonm adjacent to the double bond to form the.hydroperoxide
R-CH:CHEFCHZOOH. Backstrom (36) sugsested that photochemical autoxida-
tion of:acetaldehydg in the presence of benzophenone occﬁrs by a free radical
chain reaction, The following sequénce of steps were proposed:

Oxygen excluded

hv )
1. (Ph)aczO —_— (Ph)zC-O



i

- g
2. (Ph),C-0 + RCHO ——) (Ph),C0H + Bl=0
. . ‘ QH QH
3. 2(Ph)pC~0H —3 (Ph)pC~~C—(Ph)p
Oxygen present

s Q

4. BC=0 + 0p —) RE-00-

g i R O A

5. RE-00- + HCHO — REOOH,+ C=0

Fornation of benzpinicol lends supnort to the free radical
chain réaction theory.

Peroxides are the main source of chain iﬂitiating radicals by
théir decomposition, Dialkyl peroxides are more stable than.hydro-
peroxides, but it is the 0-0 bond which breaks in both.- A number of
workers have shovn that transition metal ions induce deconposition of
hydroperoxide, This is prob#bly the reason for the activating effect
of metals on autoxication,

Tne chenical reactions of high polymers are éimiliar to those.shown
above, Polyeclefins, poiyvinyl chloride, polyamides and carbohydrates
ali are attacked by oxygen to give hydroperoxides. O#idation in poly-
ners leads tq; chain rupture dus to decomposition of alkyl peroxidés;
carboni and olefin fofmation,and crosslinking by addition reactions of
alkoxy radicals. All of these change the physical properties of the
polymer, Chain rupture reduces molecular weight and tensile strength
is.reducéd. Crosslinks cause eﬁbrittlement 50 stress causes cracks to

the basic attoxidation scheme shown

£
er
o5
]
-
]
H
o]
[0
oF
H.
(2]
o
}
e
[&]
-+
'
ot
-

form, Fro
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below is a good generalization for hydrocarbons and polymers (41).

K=
2
ROp* + RH ———} ROoH + Re
K2+ A
2R* —3} products

(I~-initiator; RH~hydrocarbon
or polymer)

- K .
Re + ROp* __29 products

K,

6
2R0p* - —} products

The steady-state approach allows oﬁe to nut the'rate equations into a
mathematically tractable form,
“Ry the rate of initiation = X, [ 2% + 2K LRI L 205] + K T R0,+12
To simplify assﬁme K5 = (K4K6)% | | |
So Ry :(Kf CRTJ+ Ks% ‘EP.OE"J)Z
The rate of oxygen absorption;
-d i:oaj _ Ky »7 LCoxd
dt
and when appropriate substitutions are‘made
-4 0,7 _ KpKs [0, CREJ BT

at K3K,2 [RET + KpKe? [0,]

By making appropriate changes in oxysen pre;sure or by adding diluents
to a system the various rate constants can be evaluated.

Antioxidants act by decomposing peroxides and trapping freg rédie
cals during the critical initiation periocd. The chain is there-

fore shortened or elininated., Two of the typical reactions which can
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occur to 2, 6~dl~t*outJl~g—methJ1 pherol are shown below.
. 0

i
X X
t CL,*~902 _’. ‘ _____.___% t CQHgOZH
cal 9 < °H3

3 il i
t CyHgG2e X )f . X X

/

, CHg (i 74 \8
-0(033)3
HO— ~CHz + ROO- —_— ~CH, e

‘O"b ChztHa @"'O - > u@:o:{cp:@_-s

<

Some ant10x1d ants are more efficient in free :adical ch;in termination
‘and others are nore effective at decomposing-peroxide;> Whenkthe tvio
t&pes are éombined we obtain an effect known as synergism, The sun
“total of the protection is greater than the sum of the individual con-
tributions.

Fronm the kinetic viewpoint the following steps can be added:

X
AH +02_7>A- + HO5e
. %
ROp* + AH.—) RORH + Ae
X9
ROpH + Ae ._.9 ROpe + AH
u.lo
RO5+ + AH —3) [AH complex ROz*J
-\11
AH complex ROp* + ROp —» product
%12
A* + RH .3 AH + R»
X1z

iy =

RO2H __’} Re or RO2.

<

K
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III, 1Ueasurenents of Antioxidant ZBffectiveness

Relative measurements of antioxddant effectiveness can ‘he ob-

tained from kinetic studies, The ratio of reaction rates of any two
antioxidants in a particular systen is a measure of their reiative.
effecyiveness. Hanmnnond and coworkers (19) studied the autokidétibn of .
tetralin in chorobezene in the nresence of N-methyleaniline and
azodbisisobutyronitrile initiator., If steady~state conditions are

assumed for the set of equations for oxidation.in the presence of an

inhibitor in section II then this leads to a cormparison of antioxidants

if initiator and subsirate are held constant, The relative efficiency
2
{11/K11ref=f;ﬂ]*efl‘»e » fvhere ref refers to a reference compound.

LA (R

This seens to make evaluation of antioxidants very simple until e re-

rmenber that in another system the resulis may be different due to a

n nechanism of oxidation., A good free radical chain stopper

e

change

+14
l_J

may not be as good for deconposing peroxides, rthernore, the initial
rates of inhibited oxygen absorption are aliered oy a povierful antioii-
dant and the approximations becone less accurate, The induction period

is properiicnal to the efficiency and concentration of the antioxidant.

A number of tests for systems such as oils, vetroleum and polyners have
been developed to neasure the induction pericd.

Piaenolic antio:didant effectivenéss is, of course, related to the



structure).

15

The infornmation may be generalized as follows:

*Zlectron releasinz groups increase activity in ortho and para

sitiocns an

©O

*Blectiron withdrawing groups (nitro, carboxy,

activity
«Branched alltyl grouns con
and decrease in para posi

to a degree in the meta positon

e

haolgen) decreage

erably increase activiiy in. ortho

Pospigil (35) periormed an extensive study of the relationship between

polypropylere, he values of

values of induction periods,
effective as can e seen iron

relative activity

the composition of phenols and the effectiveness at 130 C in

0 -
tactic

'J-

S0

Ay were calculated from

the phenols vyrocatecnol is nmost
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Table II1

Phenol Effectiveness Fronm Induction Period

Phenol effectiveness increasing )
Phenol CH OH OH
[i:] ; : QH HQ OH H
Ap .29 0.5 0.5 1.00
Mono alkyl
0 0H
2, 6 Dialkylpherols ol 22 o2

T riakylohenols

2 A lkoxyvphenols OH . oH ,
CHy £CoHs CoHs

Cl‘i}
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128 I CH-
Table IiI cont,.. OH N OH >
CHa |

o]
(@
Q

3 CHs 3
An L33 5.69

To be effective,

el
o

;phenols must be capable of guinone formation.
However, hydroquinone is not as effectiveas nyrocatechol since it
reacts directly with oxygen., This uses it up inefficiently compared

to free radical chain termination.

The methylene bisphenols are surprisingly nuch more effective than

their alkyl and alkoxy phenol counterparts.. The substituent effects
of moncphenols are to a certain extent applicable to the bisphenols,.
Thisvis especially true of the symmetrical compoundé. .chever, the
situation becomes complicated when an antioxidant free radical is
formed, In the casé of the bisphenol, . the effect of the unpaired
electron can be delocalized over the other ring. This contributes to
the stability of the free radical.- Consequently, the activity of the
antioxidant is greater than what would be predicted from addition of
twice the anount of nmonophenol,

As was mentioned in the introduction, the oxidation potential is
a measure of the effectiveness to be expected of a phenolic antioxi

. A O ,
is a measure ofAH for the re~

versible reaciion of hydroquinone,
on | ' -
¢
é—;@ “+~ 1“'——9,:") + aHY 4 je”
on |

OH
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E® can be measured quite easily polarographically, Thé problen
arises that E® cannot be directly determined from E% becéuse most
phénolic antioxidants are i?revérsibly oxidized, Conant (iI) in-
troduced the quantit} ca;ied the "apparent oxidation potential.®

He used reversible oxidatioﬁ_reduction couples to determine the
oxidation or reduction potentiéls of‘irfeversible feactions of phenols,
Tieser (4) inoproved.on this with his veritical® oxidation potential,
He also added the phenocl to an dxidation reduction systen of meas;red
potential, When the potential was sufficiently loy! the phenol was
not oxidized. This was termed the "critical" oxidation poéential.
Needless to say, this kind of approach is tedious And suitable
reference systems do not abound. So, although meaéurepents of E%'

do not strictly lead to E°'va1ues, workers have used these meazure-

ments as nmeasures of antioxidant effectiveness,
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IV, Polarographic Oxidation of Antioxidants

A. "Electrcdes

In one fora or another, the SCE is used as a reference eleég-
>

trode {2 ) and most tabulations are referred to it, On the other

w

hand, great variety of materials have been used as working elec~
trodes. The working electrode is defined zs the electrode where the

vrircary polarographic reaction occurs., In the case of oxidation of a

phenol it is the anode, The voltage is applied across the working

1
]..J
o
o
ot

rode and a larger auxiliary electrode which does not becone
polarized, Potential of the working electrode is measured vs SCE,
The potential of the auxiliary electrode is usually not measured{
The working electrode can be held stationary_in an unstirred solution
or it can be rotated or vibrated, Concentration polarization occurs

zt all small electrodes and is the basis for voltammetry., In the

1

case of dropping mercury or moving solid electrodes, the solution is
renewed around the electrode, This affects the shape of the wave,

Since mercury becouzes oxidized at about 0.4 .v, cther materials have been

5 working electrodes in the oxidation of phenolic antioxidants.

[oN

&

use
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<

They include: platinum; wax coated carbon; carbon paste and pyro-

eneral agreenent on which mater-

%
=3
(6]
e}
e}
9]
o
Q@
£
5]
(%3
(o]
o’
0]
3
(o]

Q)

lytic graphite.
ial is best. Penketh (33) attempted to use a wax coated graphite

electrode like that of Gaylor (17), but had difficulty obtaining re-
.
w5

producible oxidation waves, He found platinum was better. On the

other hand, Gorokhovskii (18) oxidized 28 vphenols with a graphite

electrode rotated at 1900 rpn. The

09

raphite rod employed was spec=-
trésdopically pure and was vécuum impregnated with paraffin with an
addition of polyethylene. Arzamanova ('5) 2ls0 used a graphite elec=
trode, but he stirred the solution. There seems to be general agree-

ment that a fresh electrode surface should be employed between scans.,

iy

iv of the graphite electrode off

ot

This is obtained by breaking the
and exposing a fresh layer by removing wax, Penketh simply wiped

1S35Ue,

hié platinum electrode off with a
B. Solvent Systems

Studies of anodic oxidation of pnenols have generally been done
inrbuffered aqueous alcohol mixtures, The alcchol is introdu&ed to
nelp dissolve pbenols which for the zost vart are water insoluble. The
buffer serves as electrolyte.. Turnzsr and Zlving (47) deronstrated that

electrolyte could be

&
H
[
u
}J.
3
[0
Q
[}
w3
b
Y
. }.h
3
%8
&3
[
Q
-
t
o]
'J
o
o
=
3}
o)
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l...l
o
2]
|8
of
o
s
4]

.
1

iver nitrate,

I3

© From the positive potential limit ofesl.i vs silver-si
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it could probably be employed to study rumerous other phenolic

antioxidants. The nitrogen base would also probably assist in dis-

oxidation,

Hhy

sociation of the proton in the first step o

Iwakura, (21) . studied the anodic oxidation of 2, 6-xylenol in

£
R 4

acetonitrile, Conductivity measurements indicated the phenol was not

dissociated in this solvent. They therefore proposed that the oxi-

dation proceeded via the following mechanism:
T
%}\

+
. »
 o# s D "
(4 CH, N 3 _

1 . N

tokii (30) in a study of the relation~

Acetonitrile was also used by Lu
the phenol ring

.Yy

nd the energy of the]] electrons o
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Peid (21) ha s prepared an extenscive review of the simple amides:

formanide; Li~metayl-formamide; N, Il dimethylformamdie; acetamide;

&

li~lethylacetanide and Il, Il dimethylacetanide. ie indicates the anmides

are good solvents for salts and organic solutes alike. Al of the

amides have dielectric constants)}?@ except DIMF and DIAC which have
dielectric constants of 34,7 and 37,3 respectively. They tend to be
viscous except for DMF and DMAC, Therefore, all things considered,

DMF and DMAC are the oest of the anides for pol rography.‘ Both of these
bsolvents are available in high purity from Dupont. The appliﬁations
vrochure (1 ) from Dupont indicates the polarographic behavior of guin=-
ones axnd hydroguinones has been studied in DIF, lo doubt the pair of
electrons on oxygen . in DEF and DMAC assist in removal of the hydrogen

from phenolic compounds upon anodic oxidation. Both solvents are lnown

to form arydrochlorides vhen mixed with HCl. A significant amount of work
has Teen done with DIF as a solvent. For this reason DHAC was chosen as

the solvent for analysis of phenolic antioxidants in this work.

C., Anodic Oxidation of Phenolic Antlowldants

he statement has been made: VAn art may become a science if it

-]

is concerned with less than azbout seven variables."® (13) This state=-
nent, when applied to organic electrochemistry, shows it to be a horder-
line case, Althouzh hydroquinone has had vractical anplication as .

3 - vremd -~ T . - 1 - - 3 - <
a redox systez for aqueous dH neasurenent, a controversy eiists over the

nuzber of electirons transferred in the oxidation in acetonitrile,

Parizer (32) states that the anodic oxdidation in aceicniirile proceads

via a two electren intermediate. Iggins (13), on the other hand, has



ralnterpreted Parker's data and proposes a one electron internmediate
based on a different value for the diffusion coefficient, As pointed
; 5 . . 2l : .
out by Adams {2 ) the value of ua/mM/cm may vary for an organic
reaction on different electrodes even though it remains essentially
constant for an inorganic compound., He cites as an example %the com-
pari ison of ferrocyanide (one electron transfer and N, N-dimethyl

-

aniline) oxidation at several elecirodes, The results shovn in Table
IV point out the risk in making judgments about the number of electrons
transferred in the oxidation of an organic material on the basis of

current nmeasurements,
Table IV

Current/Elecirode Area Relationship
For Organic and Inorganic Molecules

va/m H/cn
Blectrode Ferrocyanide Dimethylaniline
Pt foil circle _ 13,5 109
12 gauge Pt wire Ly.3 129
Rectangular Pt foil 39.7 61,8
Carbon paste £2,6 86

Severe filnm f orpation hinders mechanisn studies of phenol oxidations,
However, Vermllllon and Pearl (L3) studied the oxidation of 2, 6-=di=tert

butyl .y -methyl phenol in aceton itrile, These workers rerformed a con-

trolled potential electrolysis of 2, S-~di=tert=~butyl phenol in aceto~

nitrile buffered by an addiiion of tetraetaylammonium hydre oxide in

nethanol, The principal product vas 2, G-di~tert-butyl-L-methyl-L~metl~

cf
3
H
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=
4
T
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ot
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©
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oxy c¢yclohexadienone. They proposed that it Tfornmed

addition to a mesomeric structure of the phenoxonium ion.



ro

oM o+ : . o
=A% o § nl
—2& CW_Oh :
- CH, c C“s* cy, CH,

They also showed that in the presence of excess sirong vase the phenoxide

anion would be vroduced. The electrode reaction then shifted to one

electron, Trom these results they suggested that the agqueous solution

behavior at low pH should correspond to a twa electiron process and a one

electron at high pH, Additional work in 50%'water/isopropanol ouffers
aprears to confirm this. A technicue which should elucidate the struce
tures of free radical intermediates in electrode processes has been
vicneered by Maki and Geske (2 ). They have perforned voltanetric
studies inside the microwave cavity of an E,P,R, spectrometer., Prelimin=-

ary work showrs that a variety of radical ions can be produced in non-

agueous media, Adams ( 2) has extended this work tc agueous media,

D. Treatment of Data
Since the oxication of phenolic antioxidants involves electrons and
hydrogen Zons,

- [t 7 o
T = 8% -0,059 »1 at 25°%C.

n
7o determine EZ® ¢cr B®:, the authors who have worked in agueous buffered
) ' ~
media plot E% vs pH and extrapclate to zero pH. At this point ZRi presunm-
~ "xa T T s A 3 L
ably eguals 71, In some casesllm%ﬁgph is reported to indicate the nun-

ber of electron cnange winich has occurred., Gorokhovskii (18) has re-

portedllE%&ﬁpH ,tand , for the 23 phenols showm in Tabvle V,
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Table

v

Polarographic Characteristics of Phenols in the Oxidation,
of Their 4-10™* M Solutions in Buffer Media at a Rotating Graphite

Electrode
No., Compound £, v EY s V Ey, "v L2
¥
1 Phenol 1.13 1.24 0.59 - 0.077
2 Hydroguinone 0.62_ —_ 0.27 0.05
3 Resorcinol . 1.0 0.69 0.63 0.046
4 2,4-Dinitroresorcinel 0.69 —_ 0.49 0.023
5 2,6-Di-tert-buty!phenoi 1.09 1.25 0.28 0.11
6 2,6-Xylenot 0.95 0.96 0.44 0.074
7 2-Benzyl4<chlorophenol 0.83 1.05 0.45 0.061
8 Mesitol 0.9 —_ 0.36 0.074
g m~(&,%-Dimethylbenzyl) phenol 0.94 — 0.40 0.078
10 . | 2.,4,6«Tri<tert-butyiphenol 0.87 0.39 0.40 0.068
11 o-tert-Butylphenol 1.0 1.16 0.53 0.069
12 2 -tert-Butyl-$-chlorophenol 0.96 1.19 0.51 0.063
13 o«Cresol 1.08 1.12 0.53 0.079
14 p-Cresol 0.99 143 0.49 0.073
15 242,2-Di methylbenzyl) -p=cresol 0.92 1.08 0.45 0.067
16 2-tert-Hexyl-pecresol 0.98 — 0.47 0.073
17 2,6-Bis(3-methylbenzyl) p= 0.77 0.76 0.31 0.066
cresol
18 2 {Z-Mathylhenzyl)-pcresol 0.93 14 0.45 0.067
19 2 ~Propyl-pecresol 0.85 C— 0.56 0.041
20 2 -Nonyl+p-cresol 0.80 - 0.93 0.41 0.057
21 2-tert-Butyl-p~cresol 0.93 1.2 0.50 0.068
22 2-Benzyl-p-cresol 0.87 112 0.39 0.063
23 2atert-Octyl-pecresol 0.86 0.98 0.37 0.07
24 ot ert-Hexylphenol - 0.70 0.97 0.50 0.02
25 p-Nitrophenot 0.90 — 0.49 0.06
26 2,4-Bis(2,0-dinethylbenzyl) 0.93 1.05 0.46 0.067
phenol
T 3+Chloro-2<{Z-methylbenzyl) phenot | 0.80 1.08 0.49 0.03
23 2 ,6-Dibenzyl-d-chiorophenol 0.81 - —_ 0.41 0.068

wh

reported without additione

and of 0.06 -~ 0,07 corresponds to a one electron chanse.

coanstant value

Q

AaNS

on-—



N, N dimethyl acetamide (DMAC)-(CHB)EN CH5,molqcular weight 87.12,
99+% pure obtained from Dupont.

Methylene chloride (MeC12)~CH2013, molecular yweight 84.93 reagent

grade was obtained from Fisher Scientific,

Ethylene Glycol (Et(OH)Z’)-CHZOHCH OH, molecular weight 62,07 reagent

2

grade was obtained from Fisher Scientific.
Viater was deionized by passage through a mixed bed ion exchange resin,

Lithium chloride LiCl, molecular weight 42.39 reagent grade was obtained

from Baker Chenical,

Magnesium perchlorate Mg(0104)2 molecular weight 223,21, reagent grade

was obtained from Merck.

~ Phenols investigated are shown in TableVI in the Appendix with their

source, They were analyzed as received..
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I1I. Apparatus

Polarographic scans were made with a Princeton Applied Research

Model 174 polarogfaphic analyzer,

The cell employed was obtained from Metrohm and electrodes were:
Anode~one cm X 0.1 cn platinum wire sealed in glass; cathode~platinun
wire coil; reference-saturated calonel ﬁith asbestos wick,

Current vs potential scans were recorded on a Houston Omnigfaphic
Model 2200-3=3, 11" x 17" x-y recorder.

Sanples were weighed on a Mettler Type H or a Sartorius analytical
balance,

In addition the usual niscellaneous laboratory apparatus was used..
This included a magnetic.stirreq volumetric glassware and a torch for

sealing platinum wire into glass tuding.



III. Procedure

Potential scans were made at room tenmperature which varied fron
21 to 26°C. Solvent mixtures were prepared in volumes of 500 to 2000
nl and stored ir ground glass stoppered flasks., Solutions of antioxi~
: dants.were prevared by dissolving 100 mg in 25.0 ml of DMAC. The
solutions were used within two hours of preparation. Some of the anti=
oxidant solutions in DMAC turned color after a few days. This was
assumed to be caused by quinone formation through reaction with a
hydroperoxide which can form in DMAC, Five ml of the antioxidant solu=-
tion was pipetted into approximately 75 nl of solvent mixture in the
polarogréphic cell as had bheen done by Peﬁketh (33). The solution was
then stirred by a magnetic stirrer or a stream of nitrogen. No effort
was maﬁe to remove okygen since it does not interfere in the anodic
reaction,

In the check out of the instrument and technique, antioxidants were
dissolved in 25 nl of ;ethanol. Five ml of methanol solution was added
to 75 nl ¢f a buiffered solution of methénol/water. The buffers were
prepared as described by Penketh (33).

The unstirred solutions were anodically scanned from O volts to the
solvent decomposition point, usuaily af a rate ofA5 nv/sec, The'fﬁll
scale gurrent range was usually set at 0,05 ma.

The values obiained are vs saturated calomel electrode as reference.
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o correction was made for the IR drop across the cell

because it was feli to be small cdue to the large excess of supporting
electrolyte.

The electrode was conditioned for about 5 minutes before each scan
, oy . )

cor until the current becanme essentially constant at the initial poten—

tial of zero vs SCE, This was indicated by no pen deflection in the "y®

'
direction on a setting of 0.05 ma. The anode and cathode were rinsed
with acetone between runs, Thé anode vas dried by wiping with a tissue
to remove any possible accuzulation of insoluble oxidation products.
Newly prepared electrodes ware conditioned by running 4~5 scans of

1.1 x 10”2 M solutions of 2, 6-di-tert-butyl-t-nethyl paenol, "ithen.not

nruse ‘the elecirodes were stored in deionized srater,



IV. Data and Results

A, Preliminary Developnent of Technique of Anodic Oxidation=-
Couparison of Results with Those Obtained by Penketh

.A one ca platinun electrode as described by Deiketh ras nrena_ed
ard emblo red to oxidize 1,1 x 10 -3 M, 2, 6-d1~tert-outjﬁ—4-meta'1 phenol
in pH 2 buffer, The sanple was initially scanned in the DC mode at .
5 nv/sec, Tvo break points were found for this compound as Penketh had
indicated (Fig. 1), He reported 0,570 and 0,63040,030 v for (OP)g. The
(0P), value was otiained by extrapolating the Yoltage at initial cur*ent
riée (op  fronm backsground to zero pH. For most antioxidants a plot of
(oP) vs PH resulted in the following relationship: OP = (OP)0 - Q. O58nh.
The 2, 6-di;tert—butyl-@—msthy1 phenol had a brezlk point at pH & ahove

which the slope was 0,099 and 0.,0L7 below. At DPH 2 Penketh's 0P values

are calculated to be 0,48 and 0.59 while 0.54 and 0,72 were found in this

erences observed are greater than 2 sigma and may be due to

g
H
w
L ]

13
5
o
o)
IJ»
)
H

different methods of determining (0P), from the curves. The break observed
for the second wave was so weak that the voltage obtained is only an es-

timate, According to the Polarograph manufacturer, Princton Applied

Research, differences of 0.05 v are not uncommon when conparisons are

attenpted with work done more than fifteen years ago. They can arise

fronm differences in junction potentials due to use of different cells,

I3

Perketh used an I cell vhile a fetrohm cell was used in this work.



B. Precision of resul

The precision of

8,6 mv for one standar
. * -

pairs of Bjp5t measur

tage data ranged from

—
FO

init was obtain
slope of the wave and
.a reproducible measure
by Penketh (33). I ag

out that in some cases

to the current peak wh
one at a stationary el
Figures 11 and 12 in ¢
to an increase’'in the

electroactive species

1

microelectrode, This

- 0= i__Q__
\ign

ts

measuring the Espit values is estimated to be

d deviation. This value was odbtained from fifteen
ements rmade during the course of this work, Vol=-

380 to 790 mv.

ed from the point of intersection of the stcep
the residual current, This point was enployed as
of the oxidation potential of phenolic antioxidants

ree with his findings and in addition I must point

1 would be difficult to determine., This is due

ich occurs with some compounds such as hydroaquin-
ectrode. An example of this phencmenon is given in

ne Appendix, It is due, according to Adams {2),

diffusion layer thickness as the concentration of

decreases in the immediate vicinity of a stationary

leads to a drop in the current so a peak results.

it

vhere D = difference vetween palr of values
' n = number of pairs



The PAR analyzer is capable of four modes of operation, They are:

direct current (DC); sampled DC; pulse and differential pulse, The in- -

strument manual indicates
nmode is employed in vlace
2, 6-di-tert-butyl phenol

n figure 1, although the

!,Jo

not resolved, Therefore,

employed ekclusively.

C., Effect of Water on Decomposition Potential of N, N-Dimethylacetamide/.

Lithium Chloride

* . -
Decomposition of DiAC containing O

occurs at=760 nv vs SCE.

oxidation of C1™ to CI°,

greater sensitivity can be achieved if pulse

of DC. This was tried on the 1.1°x 10724

=5

in pH 2 buffer, As can be seen from curve L

current flow was greater, the two waves were

- ' )
throughout the course of this work DC was

M LiCl as an electrolyte

.
\O

The deconposition is probably due to the

It is surprising that this occurs at such a

low potential since it occurs at ~1100 nv in water., As can be seen

fron the data in Table VIIL there isan increase in decomposition

potential as water is added.

* . . = 2 b . . )
Deconposition is defined as the intersection of the steep
current rise with voltage and the baseline of 1little current change

with voltage.
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Table VII

DHMAC/0.5Y

T Licy
Molarity of HEO v vs
0 75
2. 81

Se 89
5.92 90
£.L0 92
27,76 90

The rate of increase is siecep initially
plot of the data in Figure 2. The shape of

each mole of water, At 9.07 U H,0, the rat
tial decreases abruvntly. At 27.76 U 1,0 tn

is oaly 990 mv. Hydrogen bonded conplexes

as water vwas added. The C1l” ion would also

11
|24

naice cult to oxidize,

Moles DIAC/loles HEO

2

a5 can be ceen fron the
the curve resembles a

the inflection

two moles of DMNAC for

e of cnange of deconposition poten-

O

decomposition potential

such as th

ose below night forn

hecore hydrated which would

Complex
cr_ (17w
= Jis
NI~ =Qmm Ol mm O =C i
o~ T_T/ v
il - 9 ﬂ.}
2 Ui, CH
3 3



oles DIAC

1

deconmposition

cyclonexane,

If trhe increase in deconvosition potential with

tc hydrogen bonding,

lioles

ater is pr

3

550 Complex
CH

)
x- -C = ==H0!
cr{/

"T

AVEeL.

esent the C1” would be completely hydrated and the

decompesition potential would be expected to level o’f.

the increase in deconposition voltage

the LiCl and not due to competition between comnlex

8]
ty

and DHMAC and hydration of C1°7, Accordingly, 10 =1

was added to 75 ml of DHAC/0.GL II 1

t’

1)

iCY and the

notential was determlned No change (FlgureB) was seen for addition of

Cwclohexane concentration was calculated at 1.09 1 the final

tion for water,

potential had increased m~l5 nv, Tor addition of 10 2l

-

of DiAC (5,53 i7) the decomposition potential had

] water is due
then addition of a hydroxy comprpound should also

sen because it is a

have the same effect. ISthylene glycol vwas ch
hydrocarbon analos water The change in decomposition potenitial

occurs upon addition of ethylene glycol to DIIAC/0.0L M

for.

-~
[N
Q
]
)
Q

zhowm in TableVIIT and Tigure L,



35

Table VIIIL

Addition of Ethylene Glycol to DMAC/0.94 M LiCl.

¥ Ethylene Glycol Deconposition Potential, Mv
0 ‘ 740
2.25 . 370
3.99 - 915
5.39 930
‘Ethylene: Glycol/0.94 M LiC1l 990

The increase in decomposition potential is more rapid than for
water, This may mean that the Cl complex is stronzer.

Increased ionization of LiCl is apparently not involved in the
mechanisn of the increase since the dieiectric constant of ethylene
5lycol/DMAC mixtures would be lower than that for water/DMAC mix~
tures as can be seen from TableIX,.

Table IX,

Dielectric Constants of Solvents

Solvent Dielectric Constant Température
"DMAC : 37.8 ' —_—
Vater f 7845 25°c

o

Ethylene Glycol 41,2 20



36

L3

. Participation of YWater in Anodic Oxidation of 2, 6-Di~Tert-
Butyl=Leilethyl Phenol '

Althouzn the decomposition potential of a 1:1 DMAC, ethylene gly~
ccl, 0.47 ¥ LiCl solution is 960 nv vs SCE, no wave is observed for 2,
5-di-tert-vutyl-4-methyl phenol, The appearance of a wave was antici-

pated below 950 mv from the results which Penketh had obtained for

i
-

tais compound in methanol/water. A wave does appear, however, when
wiater is added to the solvent. A 1.2 x 1073 ¥ solution of 2, 6G-di-tert-

ras scanned at 5 nmv/sec from zerc nv to 950 mv

buatyl-L-methyl phenol
vs S3CE. Viater was added in 5 ml increments_to 75 ml of DMAC, ethylene
glycol and the scan was fepeated. As can be seen from Figﬁre 5 and
TableX , the wave gradually becomes more defined from the large cﬁrrent

increase associated with solvent deconmposition.

Tabkle X

Oxidatiion of 2,\6-di-tert-butyl—h—methyl phenol vs H20 Curve

Total Water Added, nl Einit 2, 6-di~tert=~butyl-j-methyl phenol
0 not observed
5 500
10 300
i5 750
20 740

initial Solveni: 75 ml DIHAC, 1:1 Tthylene Glycol, O,L7 II'LiCl

Ard as water content increases the Zinit decreases,

Thersfore, water somehow participates in the mechanism of anodic

cxidation of this prenol, It appezrs that it is through an increassin bosici-
tw and dieleciric strength of the solvent which would lead to greater

dissociation of the phenol, This would agree with the fact that Eini+
, 11 %
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increases as pH decreases as shown by Penketh and others, Low values

of pH would, oi course, prevent dissociation of a hydrozen ion.

h._’

« Formulation of Ternary Solvent I, N-Dimethylacetamide/Methylene
Chloride/Viater t .

Since it was found that water was a necessary constituent of the

Bt J

_solvent, a mixture of 50 nl of DMAC and 25 ml Hp0 was prepared for
olarographic scans, This was made 0.63 M in LiCl as eleétrolyte.

This solvent had a decomposition potentiai of ~M1000 mv, so it was felt
that all anodic waves wanich might be encounteféd would.be lower than

solvent decomposition, Unfortunately, a nuxmber of the hish molecular

weight phenolic antioxidants for study were not scluble in this

solvent, This was evidenced by cloudinéss when a DMAC solution was
added to the DMAC/ water mixture. 1In order to circumvent this éroblem

2 Iess 'polar solvent was added‘to helyp -dissolve ‘the phenolic
antioxidants. It had to be miscible with DMAC and water. Methylene
chloride fit‘aii the requirementé,.so it was added to thé stirred DMAC/
.water mixture in increments until two phases formed, This occurredﬁat
~l3 nml, To be sure of alsingle vhase nmethylene chloride was reduced -
to 10 ml combined with 50 ml DMAC énd 25 ml of wafer. All of the.phenolié-
antioxidants are soludle in this mikture. I§ has a decomposition poten-
tial of =950 mv. Larsge quantities of solveant of the above vproportions
were prepared by mixing 652 ml DMAC, 87 zl methylene chloride, 260

Hp0 and 20 g LiCl,
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ation of Potassium Perchlorate, Lithium Acetate and Mag=-

n
2sium Perchlorate as Alternate Electrolytes

In the course of scanning the antioxidants it was found that a few of

them {for

and L, 4%

example: 2, 2' methylene~bis-(4-ethyl-6-tert-butyl phenol)

methylene-bisQ(Z,6-di~tert-butyl phenol) had waves which

‘were barely discernable from solvent decomposition. It was therefore

- obvious that the solvent matrix would be improved if the decompo ition

potential

tate as a

could be increased, " Penketh (33) had employed sodium ace-

?H 2 buffer constituent and as can be seen from Fig. 1, the

deconvosition potential of the solvent is approximately 1010 nv,

Since 1lith

ium salts are generally more sSoluble than sodium or potassiunm

salts in DMAC, lithiun acetate was checked as an alternate electralyte,

As can be

saturated

1190 to 12

]

uti

}h

ility o

th waves
. Was scanne

labeled 3

Since
chloride,
Lithium pe

Unfortunaz

magnesiun

solutle in

o~

seen from Fig. 6, there is a gradual current rise for DMAC
with acetate which begins at ~600 mv and becomes steep at

00 mv. The shape of this decomposition wave would limit the

lithium acetate as an electrolyte because phenclic compounds

>800 mv would still be difficult to discern. Hydrogquinone
4 in the sclvent with the resultant large poorly defined wave

in Fig. 6. Use of this electrolyte was not pursued furthe

the perchlorate anion is in a higher oxidation state than
i£ was felt that a perchlorate salt would be a good elec»roTyte
rchlorate had been used by Popov and Geske (2 ) in acetonitrile,
ely, lithium perchlorate was not available, so potassiun and

perchlorate vwere evaluatved, Potassium perchlorate is not very

DMAC, but a solution was p”epa$ed which was 1,3 x 1072 M oin
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XC10, and 5 M in HEO. This electrolyte had a decomposition potential of

~1200 mv, dut the current increase started to become steep at ~1l000 nv.

Hydrogquinone had a “normal" looking wave in this solvent, but as water
was added the shave changed considesrably as can be seen in Fig.- 7. Hag-
nasium perchlorate was much more soluble in DMAC and a 1.8 x 1072 y

-solutdion was prepared and scanned, The decomposition potential was

Hy

21400 mv for this electrolyte., When methylene chloride and water were

added to give the following composition: DMAC/1eCl,/Ho0 65 ml/9 ml/20 ml,
the decomposition potential only dropped 100 mv as shown in Fig. 3,
This electrolyte was found to be very useful and a numper of phenolic

antioxidant waves were measured using it as a supporting electrolyte.

"H. Relaticnship of Water Content of Solvent to Oxidation Potential of
Hydroguinone, 2~-Tert~Butyl=i~-Methyl Phenol and 2, &-Di=Tert~Butyl-
4=Methyl Phencl

Vater, as was shown in IV, E,'has an effect on4the oxidation pot-
ential of 2, 6~di—tert—butyl-ﬁime£hyl phenol., It was felt that it would bé des=
irable to firmly establish the relationship between water and Ejnit for
phenols which had différent degrees of hindrance around the hydroxyl.
’Theréfore, aydroguinone, 2~£ert~butyl-4~methyl phenol and 2,.6~di~ter£~
bﬁtyl-@—metﬁyl phenol were studied which represent no,intermediate,and com=-
plete hindrance a;ound the hydroxyl. Current-voltage scans were made of

each of ths three compounds in various combinations of DMAC, water and

methylene

(¢]

nloride, Jater concentration was varied fromal2 M tomw50 1,

This data is to be found in Tables XI-XIII in the appendix.
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As was doné earlier 100 mg of the phenol was dissolved in 25 ml of DMAC.
Five ml of this solution was éipetted into 50~75 ml of solvent mixture

in the polarographic cell, This resulted in a phenol concentration of
~,5 % 10<3 M., The ;esultan? waves and exact solvent comfositions are

shown in Figures 9, 10, 1lliand 12 for hydroquinone, Figures 13, 14 and

15 for 2-tert-butyl-i-methyl phenol and Figure 16 for 2, 6-di=-tert-butyl~
’ q;methyl phenoi,-

-A number of approaches: of plo;ting the data to give a linear plot

-of Eyjpit vs water concentrati§n were tried, It was found that a piot of

Binit

vs 1/4 x 109, Hp0 is linear for all three phenols as can be seen
frém Figures 17, 18 and 19. This is reasonable since Amis (g;) estab=-
lished that a linear relationship exists between the standard pofential

of a galvanic cell and the reciprocal of the solvent dielectric constant,
The linear relationship enables one to put the Ejpnsi+ for phenolic

antioxidants on a common basis by extrapolation to pure water even though
they might not be soluble in it! All that need be known is the Ejpit,

the molarity of water and the slope of the Ejpit vs /M x 102, Hy0 line.

The slopes of the compounds studied above were calculated from regression
equations shown in TablestI,.XII,andXIIIin the Appendix, As can be seen
from the data in Table XIV,they are not radically different considering
the extreme difference in substitution around the hydroxyl.

Table XTIV

Regression Slope for Phenols

Slope of Einit vs 1/M x 102, Ho0

Cormpound
Hydroguinone : 2L . L
2 ~tert -butyl ~; -methyl phenol 25,8

2, 6=di~tert=butyl—=i=methyl phenol 41,1
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.I. Anodic Oxidation of Conmercially Available Phnenolic Antioxidanis
As can be seen from the structure s given in TableVI in the

Appendix, the phenolic compounds studied fall into one of *h“ee classes:

n¢ substitution in the 2, 6 position relative to hvdroxyl' one subst it'eﬁt;

or two substituents, Since the sloves of Bijpq¢ vs 1/M X 102, HpO found

. . . o : R . R
in the previous section do not differ greatly for extremes in substitutiocn

-~

an

"
ja

arsund the hydroxyl, »hey have been used in finding Beale ratiher t
determining a siope for each. compound,., .(This Yrould not be possible in nost
cases anyway due to solubility considerations.}

Current voltage scans (5 mv/sec O, OpO ma) were made on 100 ng
of the antioxidant dissolved in 25 =l of DMAC, 5 ml of which was pipetted

into the ce*W The ultimate solvent composition for each compound is

iven in Table XVIin the Appendix, Bipit was determined from the curve

I

and is also tabulated., Epgic Was found by mathematical extrapolatiocn to

.5 M Hp0, The slopes given in Part H, Table XIV,were employed according

\t

5
£c the class of substitution described above, Typical current voltage

scans of the compounds are shown in Figures 20 - 26,



42

A number of variables were examined to determine their effect on

the value of Eipit.

Table XV,

e Tamiahl e ™.,
Lffect of Variables on Binit

Varizble

Scan rate

Calomel Ref Electrodz
Calomel Ref Electrode

Calomel Ref Electirode

Platinum Zlectrode

Platinum Electrode

Platinum Electrode

Concentration of Phenol

*A x:.u.f( 2 standard devia

Table XV.

The variables and effects on E*nit are shown in

tion

Change or Adjustment Effect on Binit  TFirure
Set to 2, 5, 10, .
20, nv/sec not significant 15, 27
~1.5 cn between
ref and Pt vs
~l cm separation not significant 28
fresh calomel
electrode vs one noZ\ solvent
in use scan 29
Soalt in DHAC be=-
fore scan in sol~
vent with Hy0 not significant 28
freshly prepared significant
vs in use first 5 or 6
scans then no
significant A\ —
Hold at 1150 nmv
(greater than sol-
vent deconposition) no significant
for a few minutes A\in next scan 23
Vipe electrode
with tissue be-
tween scans not significant 23
o m
1.5 CAT between
scans ~5 v —
1l x vs 2 x hydro- )
quinone nct significant 11, 12

42}



The reasons for the changes or adjustnents are obvious for most of

the variables in the table, 3Some clarification is offered here for thase

which may not be so obvious., Separation of the electrodes 1f1ect~ the
cell resistance. Since no correction has been made for the IR drop across
the cell, it was felt inmportant to show L- nit Vias 1rdeperdonf of electroac‘
position, FHowever, to ninimize the IR drop, eléctrodes were always

placed within one cm or iweo cm from each other. Holding the clectrode at

1150 nv tests for deposition of oxidation produdts on tie surface of the
electrode, This might, of course, happen after repeated scans, This did
not appear to be the case but the electirode was ringed with acetone and

wiped with a tissue betiween scans since the behavior of all phenolics

upon oxidation is not knovm,

. i i oD o t Fugv 94 ."4 L
A Extrapolation of Measured Oxidation Potentials to Pure VWater

The values of Ecw“c obtained by extirapolation to pure water agree
(= .

2

fairly well with literature values., The agreement night be hetter

[y

sveryone enploved the same solvent = water, A couparison of the Beaye is

novm in TavleXVII(Appendix) and conditions are summarized in Table XVIII

Water has a dH of 5.5 and water/DHAC. 2:1 by volume has a pH

of 5.5 due to dissolved CO5e
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Table XVIIT

Polarographic Conditions Used by Other Authors

Reference Electrode Extrapolation Solvent
(33) Platinunm pH = 0 Aqueous buffer/50% methanol
(2) Carbon paste - Aqueous buffer
(22) - - .pH 2 buffer

-(24) Graphite T - : Methanol .
(2) Graphite pH = 0 Aqueous buffer/50% methanol
(5‘)V Stationary Graphite PH = O Aqueous buffer/alcohol
(18) _Rotating Graphite PH = O Aqueous buffer/10% ethanol

For comparison E® values from the literature have been adjusted to 5.5 pH

in the cases where authors have extrapolated to pH = 0. Typicaily, an

equation of the form E (observed) = E® - rn(pH) is reported for the phenols

étudied‘in the reference, When E® is given in volts m is usually 0.050
to 0,060, In the case of ref (22) no value for n was given so I used

the theoretiéal value of 0.059. On the average Ecalc is~~100 mv higher
than OP reported by Penketh (33) for the same compound in water/methanol
1:1. However, good agreement is found with Gorkhovskii (18) who employed

water/ethanol 10:1., The reason for this behavior may lie in the meéhanism

. of anodic oxidation in the presence of methanol., It was shovm in the

text by Adams (2 ) that 2, 6-di-tert-butyl-i=-methyl phenol is converted
to 2, 6-di-iert-butyl-q-methyl-q—methoxy-cyclohexadienoné in acetonitrile

buffered by tetraethylammonium hydroxide in methanol. The following

mechanism was proposed:

on o] , o
~H+ CH-vo
O] =2 . é |
+
Ciy Chg Ciio CH,




45

Hadenburg (20) proposes the following mechanism for oxidation of thenol

in water: ) -
©

0
o |
‘m:_} + Bt Slow ©'+e

In the case of phenol the free radical would probably be short iived and

in dilute agueous solution would add water.

? ;;
R

H O
It could also dimerize as evidenced by polymeric film formation on

electrodes in non~azgqueous nmedia,
In a system of water/methanol 1:1 by volume there ares16 roles of

" methanol to 23 rmoles of water s0 it is difficult to decide how the oxi-

dation is occurring.

Since electrolytic oxidations are pH dependent and the pH scale is
based on water it seems reasonable to extrapolate to water and avoid the

complications of other solvents which can participate in the reaction.

B., Relationship of Oxidation Potential to Induction Periocd
Humerous authors have related oxidation potential to induction

»iod increase or other measures of antioxidant efrficiency. Penketh (33)

ry
P

related the induction period increase of saturated gasoline to the oxida-

tion potential of simple vhenols., He found that antioxidant activity

was related to (OPL) as shown in Table XIX

=
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Table XIX

Antioxidant Activity vs Voltage of Vave

(CP) (3?%} Adjusted to 5.6 pH + 100 nv Antioxidant Activity
23,30 >0.575 slicht to none
>5.70 €0.80 >C.475 <0.575 fai

2,70 _ <0.475 good

4 .
These values have been adjusted to 5.6 pH to relate the antioxidant

Vactivity to Z.57¢ in this thesis. Since there is~100 mv difference
renaining after this treatment (see Table XVII_ﬁppendix , 100 nv vas
added tc the result, Almost all of the substituted phenols were effect~

~ive if (OP), was less than 0,70 v with the exception of hydroquinone.

here i1s a point ati which a compound is so easily oxidized that it

reacts directly with molecular oxygen. This was pointed out by Lloyd (24)

who studied the relationship between E%,and induction periods in Cumene

andd, methyl styrsne., As can be seen from a comparison of induction
periods in these substrates with those in gasoline used by Penketh
(Tabla XX Avppendix) the order of effectiveness can be reversed., }ost

-in this thesis (Table I Appendix) would fall into

joR

antioxidants studie
the fair to good category with the possible exception of 2, 6-bis=(2!
hydroxyé}'-tert-butyl-S’-methyl-benzyl) - p cresol, It wouldpbé

very 4ifficult to pfedict the increase in induction period induced by

itiorn of an antioxidant to a particular substrate from the oxidation

fL

ad
potential, However, all of the antloxidants wnich met the oxidation
notentizl criteria given in Table XIX produced a significant increass in
induction periods of the various substirates in fabie X%.. The
:éasure:e“t of oxidatich potential is therefore.a very valuable tool for

rapidly scresening antioxidants,



L7

SUMMARY

Anodic oxldation is a rapid method for screening antioxidants.

Pheﬁolic compounds with an oxidation potential between 0.5 and 0.6

o

~volts have been found to be efficient antioxidants as shown By an
increase in the induction period of o#ygen uptake in peroxide free
radical oxidation of hydrocarbons,

Numerocus investigators have measured oxidation potentials in
buffered methanél/water mixtures and then extrapolated their results
to zero pH.

Many of the higher molecular weight antioxidants which are
suitable for use in ﬁolymeric systems are not soluble in water/
methanol mixtures. Binary and ternary solvent systems of dimethyl-
acetamide (DMAC) /water and DMAC/wa#er/methyl;ne éhloride (MeClz)'were
developed to diésolve these antioxidants'sb that their oxidation poten-
tials could be measured at g stationary platinﬁm electrode,

In the course of measuring the okidation potentials, it was
.observed that the value in addition to being related to the structuré
of the compound, was related to the molarity of the water present in

the system. A plot of oxidation potential versus the ieciprocal of
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the ﬁolarity gives a straight iine for‘ﬁolarities greater thaﬁ 12,

The slope of the plot is 41,1 for the hindered 2, 6-di-tert-butyl-h-‘
methyl phenol 28.8 for»2-tert-butylrh-methyl phenol and 24,5 for hydro-
guinone. Since all of the aﬁtioxidants studied are substitéted phenols,
' theii oxidation potentials were adjusted to the same relative basis by

extrapolation to 55.5 molar water using the appropriate slope.



Table VI

Phenclic Antioxidants Studied

Compound

Hydroguinonre

2-tert-butyl L~

methyl phenol

L=tert=butyl=-
2-pmethyl pnenol

2, 6-di-tert-butyl=
L ethyl phenol

0H

: (CH})BC ~

L hydroxy-3,5-=di=
tert -butyl ~venzyl ~dinethyl -
azine Tthyl 703)
CH;)2C~
( 3)3U S
C
e
'-.1:1)

Structure

Scurce

Phipps and Bird

Aldrich Chemical Co.,

Aldrich Chenical Co,

Aldrich Chemical Co,

Aldrich Chenical Co.

Ethyl Corp., llew York

T Y
n‘o[o
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Table VI Cont..

4y L'-methylene~bis=~
2, b-di-tert-butyl

phenol
HO/— CHp
-/
C(Cri..)3
2, 2' nmethylene-bis=- ey

(4 ethyl=-6=t=buty »
- phenol) or Plastanox 425

“3) C\©~CH2 S(Clz) s

CZLLB

Irganox 565 CaHs

SClz)3
~0H

\
C(CHz) >

hindered phenol;
no struc

" p=hydroxy-stearanilide
(Succonox 18)

1, 1t-thio~bis=(2
hydroxy-naphthalene)
Plastanox 61 or
Catalin CAQ=-30

4, LV=-thio-bis (6~tert—
butyl-m=cresol) or
Santowhite Crystals

ture available

“American Cyanamid Co.

Bound Brook, N.J.

American Cyananid Co,
Bound Brook, N.J.

Geigy Chemical Corp.
Ardsley, N.Y.

Miles Laboratories, Inc.
Elkhart, Indiana

American Cyanamid or
Catalin Corp., New York,
HeYo

Monsanto Chemical Co.
St. Louis, Mo.



Table VI Cont, -

2, 6 bis (2' hydroxy~ - : American Cyanamid Co.
Ztetert=butyle5'= . Bound Brook, HeJd.
rethyl benzyl)-p-cresol

cr Plastanox 380

C(CH})? c(CHz)3
OHJ OH\ ,



TeBIE KT
Slope of B, ., Vs 1/M x 10% for hydroquinone .
Slope = HSXY - CEX) (EX) = 2h.b
g’ - ()
Y X
Binit, v 1M x 10° =7y =
380 1.8 X =
%00 1.84 nZy =
2
530 7.11 (2x) =
' 2
510 . 5.97 n&X =
495 5.23
510 4,71
520 7.36

523 7.36

r = 0.95

3868
33.887
167325
1715.62

2006.72



TABLE XIT

Slope of E, vs 1/M x 10% for 2-tert~butyl-4methyl phenol

init

Slope = nEXY - (EX) (&) = 28.8

™
o

nSL- - (EX)"

| o,
init, ny /M x 10
745 7.41 n2XY =, 348938.0
713 . 6.20 X = k9,59
725 527 (2x)* = 2459.17
718 | L,70 ""..:."Y‘ = 6861
85 3.9 (Zv)? = w7073321
670 3.55 (SX)(ZY) = 3H0236.99
735 7.33 nEX® = 2761.72
600 3,10 nBY° = 47391430
565 ©1.93
705. 6,12

"nEXY - (ZX)(EY)

[zx - (Ex)zj [EY - (Z0°F
r = 0,89
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TABLE XIIT

Slope of E, . vs 1/M x 10°for 2,6-di-tert-butyl<-nethyl phenol

Slope = nE(Y - (30 €Y) =41.1
< onme - (@) 2
Y X

p——

Binit, mv  1/M x 10°

' 790 7.20 nZXyY =" 599549.52

o 6.90 =X = 70.43
760 7.20 =Y - 8382
620 8 | & x? = 432.03
720 6.60 | (2x)° = 4960,38
620 3.84 () (&) = 590344 .26
7 7.38 £Y° = 588853
205 6.2 X ngt® = 70662408
200 6.2 (®)? = 70257924
670 5,49 |

660 4,95

650 4.55

] nZxy - (g1) (&)
e @2 - @) *]

r= 0,968




COMPOUND

2,3"dimethyl phenol

2=tert~butyl=4~-methyl
phenol

h-tert-butyl-2-methyl
phenol

2,6=di~tert-butyl-
U~methyl phenol

J~hydroxy - 3,5 - di=-
- tert-butyl-benzyl-
dimethyl-amine
Ethyl 703

TABLE XVI

4, b~methylene “bis 2,6 -53.95

~-di-tert-butyl phenol

* galculated to nearest O, 01 ml where a large quantity of solvent was prepared and then 65 - 80
ml used in polarographic cell

SOLVENT COMPOSITION * “init M H,0 1/M H,0 x 10 Feale
~ ml DMAC, ml HZO' ml MeClZ, Electrolyte Molarity

57,24 17.76 0 Mg(ClOu)z 0.027 765 13,16 7,60 598 |
57.24 17.76 0 Mg(0104)2 0,027 740  13.16 7.60 573
sp.2b 1776 0 Hglelg), 0.027 730 1316 760 563
53.91 19.57 652 LiCL 0. 790 13.59  7.36 568
53,95 19,52  6.53  LiCl 0.4k 520 13.54  7.38 291

.52 6.53  LiCl 0.42 W0 16,01 .6.25 557



COMPOUND

TABLE EAA Con't}c .

SOLVENT COMPOSITION

Einit

M H,0

2
1/M H,0 x 10" E_,

v 2 lc
ml DMAC, ml H,0, ml MeCl, Ilectrolyte Molarity
2,2 methyéene -bis- 53,95  19.52 = 6,53 LiCl 0.44 830 13. 54 7.38 601
=ethyl-.6~tert=butyl
}()heioll)r CTUTBULL 53,05 2152 653 0.3 790  1h.57  6.86 502
Plastanox 425
Irganox 565 58,95  19.52  6.53 " 0.42 510 12.7% ¢ 7.8 262
p-hydfoxy-stearanilide 53,95  19.52  6.53 " 0.45 620 13.54 7.38 L ey
Succonox 18 58.95 19,52 6.53 " 042 630 12.7% 7.8 483
1,1' thio-bis=(2-hyd- 53.95 19.52  6.53 " 0. 44 520,650 13.54 7.38 359 ,489
roxy-naphthalene) ‘ _ . :
Plastanox 61 or CAO-
30
“.4'-thio-biS~gé~tert- 53.95  19.52 6-53 " 0.4l 600 - 13.54 7.38 439
butyl-m-cresol : " L
Santowhite Crystals 53.95 19.52 6,53 0.hk 590 13,54 h 7.38 29
2,6-bis~(2'-hydroxy= 60,97  19.02 0.0 Mg(c10,), 0.0 325  13.20 7,58 87

3'~tert~butyl-5"meth-
vl -benzyl)-p~cresol
Plastanox 80



Table XVII : : _ ‘

Comparison of Voltage for Poiarographic Waves Obtalned by Other Authors

Compound ' Eggie OPe (33T By (2) By (18) - E, (6) B (22 mp (2 B (%)
Hydroquinone | 389 263 . 300 345 - - - - -
2, 6~di=tert~butyl- :
hemethyl phenol - , 568 312, y22 - - - - 303 331
2~tert—buty1—q-methy1> .
phenol 568 . Ll - 606 . - w72
2, 3=~dimethyl~phenol 7598 531 - - - -
2-methyl=,~tert~
butyl phenol 563 451 - - - 527
2, 2Y~thio=bis=bmtert= -
butyleg<cresol ) L3y - - - 500 -

4, 4'~methylene=bis~2, 6= ,
di-tert-butyl phenol 557 - - - L4 -

+*
Reference




CPABLE XX

Antioxidant Effiéjcncy

) té cugonc HRS ty d Methylstyrene Pentaplast 190°C A0 Rating

Compound Bia1c (33)* P 195 RUP (36)** 126,5°C (24) 810C (25 )*** ty min (22) ~Tetralin 3;08
{lydroquinonc 589 0 - - .- - - -
2, G=di~tert
butyl=f—methyl : ) '
phenol 568 70 76 23.5 22.3 - ‘163 L8
2=tert~butyl -~ ;
methyl phenol 566 - 95 375 33 C2hG7 - 84 71
2, 3~di-methyl '
phenel 5938 25 - - . - v - - -
2-uethyl=l~tert - : e :
butyl phenol 563 - 14.5 , 16,2 11,4 - 80 22
2, 2'=thio~hig=(~
tert=butylep=~ _
cresol L34 - - - - 360 - -
y ht-nmethylenc=- )
bis-2, 6-di~tert-
butyl phenol 557 - L - - - 290 min - - -

‘* roference
*¥* prelative molar. potoncy
*¥*induction period increase
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(1) buffer scan at 5mv/sec
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(1) pulse polarography




‘Decomposition of G17 in DMAC vs Moles of
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