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] autoxidation of ester systems inhibited by antioxidants for which k? (XO )>> k

methylketone .

/Compa‘rgcns‘of various rate parameters for the n-hexadecane and PETH systems
feveal that the values of k. and (k3/H-a1:0'n)/(2k6) are within experimental uncertainties
identical for the two systems at 180 °cC.

Laboratory studies showed that small degrees of autoxidation produce large increases
in metal wear when PETH functions as a boundary lubricant. The results indicate that
monoesters of dicarboxylic acids produced in reaction (7) are the products which in
conjunction with hydroneroxides result in the increased.wear.

" We find that upcn the wvoduction of an antioxidant, AH, the radical tor’nmatxon '
reactlons (8) are replaccd by the termination reaction sequences, :
k
XO, + AH :§= XO,H + As (3), (-8)
k i
-8
' kg : g
XOZ- F A Px ' . (9)
kgr :
2A. T P, . . (9"
%1p -
(n-2) KOy + P+ "Tm= Ty (10)
non radical ;Sroducts '
k

(n-2) X0, + P, 10! R (10)
where P and P, are antioxidant active intermediate products of the reactions of the initial
antloxndant rad2 cal A+ and n is the total number of XO,+ radicals consumned by the
reactions of a molecule of AH and its reactive products. :

The results for the 4,4'-dioctyldiphenylamine inhibited autoxidation of PETH at 130 to
220°C are consistent w:th the occurence of reaction sequence (8) through (10) where
k 8()\00“)>> kg(XO,*) and n is very large, ca. 19. This large value of n requires that
reactions (9) ahd &0) be cyclic processes involving the consumption and then the

{ regeneration of species such as nitroxy radicals.and hydroxylamine products of A-,

, The results for the ‘4,4'-methylenebis(2,6-di-tert-butylphenol) inhibited autoxidation
of PETH at 180 to 220°C are consxstent with the occurrence of rezction scheme (8) - (10)
where kq (XO,°) and kq, (A°) >> (XOOH) and nis equal to ca. 4.0. The product of
reaction’(9") has been shov n to be the quinone methide, QM. From the consumption of AH
and the growth and *he decay of QM a general rate equation for the dxsappearance of AH
has been derived.

K} Based upon the results of these inhibited autoxidation studies a method for
establishing the relationships between structure and thermoxidative stability of synthetic
ester lubricants has been developed. & Kinetic equations have been derived (for thc;
XOOH

and numerical procedures have been developed for the solutions these equatxons. The
solutions yiald values of the ratids of the inhibition periods for ester systoms as a function
of the values of k¢/(k,/H-atom), n and the relative contribution of intramolecular. and
-intermolecular abstractxon reactions jn the inhibited ester autoxidations. Utilizing values
of k, /k (RH) and "a/ (RH) ob<erved3m the autoxidation of PETH, values of n equal 10-2.0,
and k /('< /rl-atO'n) equal to 2.5 x 197, the ratios of the inhi%ition periods calZnlatad by the
proceéure are found to be in excellent agreement with the experimental ratxos for the n-C

through n-C pentgerytnr:tyl alkanoates containing l wetght per cent’ N-phenyl-u-
napthylammc at 2327°C.
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~ ABSTRACT

A '“netic and mechanistic study of the autoxidation of liquid pen-
taerythrityl tetraheptanoate, PETH, in a stirred flow reactor at 180 to 220°C
was completved. The results are consistent with' the occurrence of a ‘chain

reaction scheme similar to that proposed for n-hexadecane autoxidation:

Initiaticn .
, kl | o
-O0OH > XO-. + OH (1)
X0y ky XOH ' |
}+ RH > { + R : (1)
HO- . HOH :
Oxidation
k2 K
R + 02 ————> 'ROZ' (2)
*ROOH + Oé . > HOOQORO. !
o




Intermolecular Propagation

> .ROOH +R° (3

ROZ' + RH

> HOOROOH + R- . 39

HOOROZ' + RH

@, Yand %, 8 Intramolecular Propagation
' k

RO,* 4 >  .ROOH x )
*
’ kL; . *
HOORO,» - ——> HOOROOH %)
' Hydroxy Radical Formation
. Dok |
HOOROOH 2 > HOOR=O +-OH (5)
Termination A
2X0.,- . — C=0+0,+CH-0H (6)
2 / 2 |
Acid Formation .
k ' : .
a,y-HOOR=0 -L—> _COOH + -C-CH )

3

. Where RH represents PETH, XOZ- equals to (RQZ- -+,HOOR02') and XO« to (RO++
HOORO- + O = RO-). | |

Comparisons of various rate parameters for the n-hexadecane and PETH |

systems reveai 'that the values of fk'7 and (k3/H-atom)/(2k6)y’ are .within

experimental uncertainties identical for the two systems at 180°C.
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Laboratory studies showed that small degrees of autoxidation produce large

increases in metal wear when PETH functions as a boundary lubricant. The

results indicate that monoesiers of dicarboxylic acids produced in reaction (7)

are the products which in conjunction with hydropercxides result in the

increased wear.

We find that upon the introduction of an antioxidant, A.H, the radical

“termination reactions (6) are replaced by the termination reaction sequences,

k

XO, + AH == XO,H + A+ @), (-8)
kg | |
kg
X0y + AP, ©
ke, . |
28 =—— P, (3
K10 .
(n-2) XOp* + Py > . (10)
| _ o non radical products
Ko |
(n¢2) X02~ + Pz > ' v . (101)

where P, and P, are antioxidant active intermediate products of the reactior.s of
the initial antioxidant radical A+ and n is the total number of XOZ-' radicals

consumned by the reactions of a molecule of AH and its reactive products.

The results for. the '4,4'-dioctyldiphenylamine inhibited autéxidation of

PETH at 180 to 229°C arc consistent with the occurrence of reaction sequcnce

iii




(8) through (10) where k_¢(XOOH) >> kg(XO,*) and n is very large, ca. 19. This
large value of n requires that reactions (9) and (10) be cyclic processes involving
the consumption and then the regeneration of species such as nitroxy radicals and

“hydroxylamine broducts of A-.

The results for the 4,4'-methylénebis(2,6-di-tert-butylphenal) inhibited
autoxidation of PETH at 180 to 220°C are consistént with the occurrence of
reaction scheme (8) - (10) where kg (XOZ') and kg, (A) >> k_g (XOOH) and n is
~equal to ca. 4.0. The product of reaction (9') has b'een showrn to be the quinone
methide, QM.' From the consumption of AH and the growth and the decay of QM

a general rate equation for the disappearance of AH has been derived.

Based bpbn the results of these inhibited autoxidation studies a method for
establishing the relationshibs between structure and thermoxidative stability of
synthetic ester lubricants has been developed. Kinetic equations have been
derived for the autoxidation of ester systems ini. bited by antioxi&ants for which
kg (XO5) >> k_g (XOOH) and numerical 'pro‘cedurés have been developed for the
solutior;s of these equations. The solutions yield values of the ratios of thg
inhibition perioas for ester systems as a function of tf}e. values of kg/(ky/H- '
_ atom), n and the relative contribution of intramolecular and intermolecular
~ abstraction reactions in the’ i.nhibited ester autoxidations. 'U;iliz’mg valu‘cs'oi,
k“/k3(.RH) and k:/k}(RH) observed in the-autoxidétiqn of PETI—i; values of n equal
to 2.0, ;nd ks/(kBIH-atcm) equal to 2.5 x 103, the ratios of the inhibition periods
c'alculéted by the procedure at;e found to be in excellent agreement .with the
experimental ratios for ‘the n-C s t’hrough més pentaerythrityl alkanoatés

containing 1 wéight per cent N-phenyl- a -napthylamine at 232°C.
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1 INTRODUCTION

This is the final report on the work carried dut during the beriod April 1,
197‘6 to September 30, 1979 unde'r the Air Force Office of Scientific Reséar’ch -
Ford Contract, F44620-76-C-0997, entitlec "Time - Temperature Studies of High
. ‘emperature Deterioration i"hcnomena in Lubricant Systeins: Synthetic Ester
Lubricants.” |

Preprinis o technicai papers descrioing die ‘eaui‘ts of autoxtuation and of
wear studies on pentaerythrityl tetra}heptanoate, PETH, are Attachments I and 1l
°£. the repert. The first paper entitlcc "Kinetics and N‘Iechénism of the
Autoxidafion of Pentaerythrityl Tetraheptanoate at 180 to 220°C" by E. 3J.
Hamilton, Jr., S. Korcek, L. R. Mahoney, and M. Zinbo has been accepted for
publication in the Internationql Jour’ 2l of Chemical Kinetics. The second paper
entitled "Lubricant Degradation and Wear, 1V, l_'he Effectl of Oxidation on the
Wear Beha\}ior'of Pentaerythrityl Tetrahcptanoate;' t’>y PL A.'W’illerrqet, L. R.
Mahoney, and S. Kandah will be presentedat the 1980 ASME/ASLE Lubrication

- Conference in San Francisco, California,

Thé'wo_rk on the kinetics and .mechanism of inhibited autoxidation of
synthetic ester lubricants is’ described iﬁ sections Il - [v. Itis anficipatcd that
foll-owihg the completion of a limited number of additional 'experiments each of
these Isections' will be prepared and submitted for publication in technical
journals. The respective authors of these papars are indicated at the bek*inning_

of each section.




I KINETICS AND MECHANISM OF ’4,4'-DIOCTYLDIPHENYLAM!NE

INHIBITED AUTOXIDATION AT 160 TO 220°C
(R. K. Jensen, S. Korcek, L. R. Mahoney, L. A. Scheich, and M. Zinbo)

In the present section ve report the results of our work on the inkisition of
.the autoxidation of PETH and of. n-_hlekadecane by 4,4'—dio'ctyldipl'1.eﬁylam'ine. Tol
determine the complex rate expressions describiﬁg the ki.ﬁetics in these systems
studies were carried out at very low_' (less than 5 x IO"_j.\.U and at very high (up to
5 x IO'BM)'ccncentrations of the antioxidant. The stifred flow reactor system
was utilized for the low concentration experifneﬁts while ihe high concentration

experiments were carried out in a batch reactor.

A reaction mechanism i§ proposed '\vhich accounts for the results at bot'h '
low and High concentrations of the amine. Although various novel features of the
proposed reaction mechanism- receive support from th{eoretiéal considerations
and from the results of recent work irom other l’aborator'i'es the detailed
elucidation of the rpechénism requires 'additional work. A
LOW CONCENTRATIONS OF AMINE - Table 1 sumrﬁarizés the results of _’an'ﬁne,
~ hydroperoxide," and acid analyses of sarnples from stii‘re_d fiow reactor experi-

ments in PETH at 180°C and in n-hexadecane at 160 and I_SOOC.




TABLE 1

AUTOXIDATICN OF PETH AND N-HEXADECANE.

INHIBITED BY 4,4-DIOCTYLDIPHENYLAMINE

- (Stirred Flow Reactor Experiments)

Temp T Run (AH), . (AH); (-OCH)2  (-COOH)
'c) (s) Number lOa(X), ME
n-hexadecane
160 2% 212 0.37(2)8 o.za(n" 53.0 8.2
o1 213 o372 e2u@* 107 19.1
toss 26 0373  0.23(2)° 146 .2
858 203 0.65(2'% o.s6(1)*  3s.3 6.7
906 209 0.65()1% o.su()? w2 3.2
950 210 0.65(2)'% o.sin*  70.3 12.2 .
1081 21i 0.65()1% o.ue(n)* 108 - 18.9
120 138 206 0.70(0) 063 22.3 2.8
1% 203 07000 et 389 5.7
177 202 0.70¢02  o.us(®  71.1 11.2
223 201 2.24(3)2  1.902 21.9 3.8
232 200 22803 e Lo 7.7
253 199 2.26032  1.60(5)%2  60.4- © 15.0
277 198 2.26(3%2 156w s al.1
363 197 2.26(3)2 18?202 60.0
306 19 396?36 30.9.
320 194 3.96(7%  3.402 v
71 195 3.90(7)2  2.096)2 219 90.0
13 193 635 300 107 o
363 192 63532 2.61(6)2 195 56.6
2 191 83502 2,19 . 362 129
PETH
120 30 71 0.82(6>  o.s6(32 343 1L
380 70 0.828)> 0.6 3.5 10.8
w2 72 omw’  oar 78.9 32.0
$£2 75, 2.699°  Las(? s 20.9
1006 76 4. 7 3
2 The value of (-OOH) in PETH includes hydrogen peroxide but in n
- hexadecane it has been subtracted out. The correcticn amounts to about
. 5%,
B yajues from GLC on reduced samples. '
g The uncertainties of measured,vaiue's/'areﬂ indicated in paremhes‘is., The

values listed are averages obtained by ingependent analyses; their number is
given by a number superscript. For examole, 0.37(2)3 denotes that eight

measured values lay in the range 0..:7 «0.02.




The results are consistent with the reaction sequence (1) - (7} proposed

(1)

earlier for the chain autoxidation of PETH" * and n-hexadecane(Z) (cf. Figure 2 in

Section IV) and the additional termination reactions of the amine, AH,

k
8
XOZ" + AH — XOOH + A- . (8), (-8)
‘ K g
Kg non radical products ' 9)

(n-1) xozv' + A2

In Icontrast t§ conventional inhibited autoxidation reaction mcchanis.;ns the
‘transfer reactions of amine hydrogen to peroxy radicals, reaction (8), are
reversible. As a consequence of this reversibility the rates of product formation
are suppressed since the total concentration of chain carrying radicals.decreases
via reaction (9). However, the distribution of various products is not a'ltered'by

the presence of the amine.l This unique behavior for the amine inhibited

systems is clearly demonstrated by the results in Figure 1. In the figure it is |

shown that the ratios of yields of various products of n-hexadecane to
monohydroperoxide products are not altered in the presence of low concentra-

tidns of added amine.

1 If reaction (8) was not- reversible the distribution of  products wodld be

- strongly dependent on amine concentration: at higher amine concentration

the ratio of difunctional to monofunctional producfs would be very low

compared to the uninhibited autoxidation.
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. Figure 1

5 l T 1 ! 7
SYMBOL 104[AH]g
o o) ®
=] 0.70 '
all 2 2.24 i
o] - 3.94
s 3F i i
. [2-ROH] o g1,
% |
,,'g ®
= ol A [a,S’R(OH)zl Ph3p _
' i
: i T
! . B - AO— ° '
£ '” ’ A | [d,y-R(OH)z]Phsp
A
(0]”- = | 1 1 ]
o 5 10 15 20
‘ . 103[R-Mono], M
The yieids of 2-hexadecanol and a, v - and a, § -hexadecanediols vs.

the corresponding yields of monofunctional products in the NaBHa- .

and PhBP-reduced samples from the inhibited and noninhibited

" autoxidation of n-hexadecane at 180°C.




Values of p_k9l<8/2k6 and n may be obtained from the following kinetic

analyses. Utilizing the usual steady state approximations for concentrations of

radicals,
.A 2 , .

2k, (-OOH) = 2k (XO5)" + nkgy (A3) (X05) (0
where

(X0y) = (RO;) + (HOORO,) + (O =RO,).
When K_g (-OOH) >> kg (X0,),

kg (AH) (XO.7) | :

(Ar) = =2 T OOH) : (1

where ' '

(-OOH) = (ROOH) + 2 (R(OOH),) + (O = ROOH)

Combining (I)-and (II) yields,

k (oo ]* L |
X0z = | == "k Ky R a4
~ 1+ 7% room|
o ' In earlier Work(lz) it was shown that reaction scheme (1) - (7) yields

"equation (IV) for the sum of the instantaneous rates of formation of hydro-

peroxides and ac}ds,




\

|

- N e e e e e

-~ »* Y
k k
4-ax, ‘t-a § -a, 8
mﬁr[z*—(ﬁ] {2*’—(' 5
1+ *
. R/ l;-a
o 14— Y ?

d (LOOH) d (-COOH) _ - k3 (RH) k3 ® il :
3t + at = k3 (RH) k K (XOZ)
, 4-0t, Y 4-0, §

ks (w) kg (RH)
. 1+-‘*;<;“‘- ot %
Yo, Y 4-a,
ER 0 g RAY
_ "k6 % _'
= [E; n (XOZ-) (Iv)

Combining (I1I) and (IV) and squaring yields

[deoon) |, decoon) |# __ n?tooH) W
dt ai ST Rk Ky (AR
1

+ 2k6 FooH)

In Figures 2 and 3 are plots of (-OOH)/( (d (-O0H)/dt) + (d (-COOH)/db)) 2

© versus (AH)/(-OOH) for the PETH system at 180°C and the n-hexadecane system
at 160 and 180 C. The plot is linear for PETH but shows significant curvature
for 'n-hexadecar;e. : From ‘the slopé of ’the straight line for PETH a value of
nk K8/2k6 equal to 840 is obtamed The strong curvature in the n-hexadecane

~ plots suggests that exther reactions (1) - (S) are not apphcable to the cystem or
that éddxtxonal reactions of amino radicals occur in the system and lead 'to a

- systematic lowering of n with increasing concentration of amine, vide infra.
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[-00H]

Figure 2 Plot of (<OOH)/ ((d(-OOH)/dt) + (d (-COO

-3-

H)/dt) 2 vs. (AH)/(-OOH) for
the inhibited autoxidation of PETH at 180°C. - ‘




|02_|;éﬂl.
[-o0H]
o 5 10 L3
S i
201  syisBOL 104[AH],
N ) 0 “«'n
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Figure 3 Plots of (-OOH)/((d (-.OOH)/d.t‘) + (d (~OO0HY/dt)) 2 . (AH)/(-OOH) for the inhibited
o autoxidation of n-hexadecane at 160 and 180°C. : .




. radicals

Values of n are estimated from the instantaneous rates of consumption of

amine which are given by the foilowing equation:

- =g = k9_(X‘O'2:-)\(/“-\T) - , (v)

Combining eq. (I}, (I11), and (VI) yields

dt

_dan)_ | MikeKs | - am VI
dt T Tk nkgKg  (AH) ‘
- | b+ 2% oo
L 2kg &
and after rearrangement
- i k i . ‘ '
_dan(AH) ~ K kg Kg 2k, {-OOH) ‘

In Figures & and 5 are plots of 1/(-d gn (AH)/dt) versus (AH)/(-OOH). As in

the case of eq. (V), the PETH system obeys eq. (VIII) while the n-hexadecane

system shows strong curvature in the plots. The slope for the PETH system is

equal to 6 x lOL‘s, Utilizing this value and a value of k 1 for PETH equal to 1.6 x

(1)
-4 -1

10 yields a value of n equal to 19. From initial slopes in n-hexadecane

values of n are equal to 13 (55) at 180 (160)°C. These large values of n do not

appear to be artifacts generated by neglecting additional reactions of amino

(3)" 2 such as |

2 Reaction (10) would lead to regeneration of amine and thus would result in

the observation of ébnbrmal_ly large n values.

-10-
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A-+ RH » AH + R+ (10)

since the high concentration experiments doscrined below yield similarly high

values of n.

HIGH CONCENTRATIO.\’S OF AVINE - Results from batch reactor studiés of
hydroperoxide formation and amine consumption at high concentrations of amine

in the PETH autoxidation at 130 to 220°C are shown in Figures 6 to 8.

At high concentrations of amine and extended reac'lon times the

contribution of unstable @ Y-hydroperoxyketone products to hydro,;croxlde titer

is negligible and (nkgKg/2k ) ((AH)/(-OOH)) >> 1. The rate of formation of

hydroperoxide groups is then given by the equation

d(-00H) _ ( n-u)(-00H)"* -daH) ] -
dt S Tnk K8 AR I * a[-—gt—'] -kl (-OOH) (I1X)

where n and w are composite rate parameters for the PETH system reported

(n

earlier'”’ and a is equal to the numbcr of hydroperoxide groups formed by the

reactnons of a molecule of amine and Ats reactxon products. Smce

-'l%(_'}ﬂl . : o v X

2k, (-OOH)t = t

d-ooH) _ | .n d(AH) .l (n-u) 1 d_(AH)
at S|~z ||"4dt | * [1k9 s} (\H)z gt |

- ~13-
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Integration and rearrangement of (XI) leads to

% 1
n] ., o (n-u) (AH) ™ - (AH)
2, 7k, [nkg’s A (AH%-JAH%

(—OOH)t : [
= a -
(AH%-(AH%.

Can %
' (AH) - (AH) i
o t :
=M 4P TRHY (AR, (X
A 0 t
A master plot of eq. (XID) %or all of the PETH data at high concentrations

of amine is given in Figure 9. The dashed line in the figure is calculated from eq.

(X11) using the 130°C low concentration amine experimental values.

From the reasonably good agreement we conclude that within the
experimental uncertainties the rate equation derived from reactions (1) - (9)

accurately describes our results over a hundred fold range in amine concentra-

tion. Most importantly the values of n appear to be very large, greatly exceeding

the normally small integral ‘'values shown by conventional antioxidant systems.

In the following section we examine in some detail the source of these

large values of n.

VALUES OF n AND REACTIONS OF AMINO RADICAL PRODUCTS - The very

large . values of n derived from the Kkinetic analyses of the low amine )

-17-
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concentration results and confirmed by the amine consumption and hydroperoxide

formation data in the high concentration experiments suggest the occurrence of

a complex series of reactions involving amino radical products. The following is

a plausible sequence which accomodates the results:

N N
N+ 00X N-0-0-X

/

amine peroxide

N . :
" N-OH + O =X (-H)

/ .
/ hydroxylamine
N .
N-0-0-X S
/ \

N
N-O+ + *OX
/7

~ nitroxyl
Ay N\ ' AN
Ne+ N-OH + "'NH + N-O
s , 7 7/

N . \Y A L+ -
/N-O- + X-00. = /N—OH + X-0-0

Zwitterion

(%)

Recent work by Howard et al.""" shows that reactions (9b) and (9b" readily

occur at low temperat'ures'with model amine peroxide systéms. At elevated
‘temperatures these reactions should be very rapid. 'Reaction (9c) should be a

facile reaction since it involves hydrogen atom transfer between heteroatoms

*191‘

(9p)

(9a)

(9b)

(%)

(9)

~and should be ca. 13 kcal/mole, exothermic.” ) The coupled reactions (9¢) and




" (9d) represent a cyclic inhibition process. The cycle could be interrupted by
molecular reactions of the hydroxylamine intermediate. These reactions include

o)
\ ' i : N, o
_N-OH + HO-C-R e HN'-OH + "0-C-R (11)

o) ‘ | o

\ . - 1) i}
1/1N*-0H + HO-R + “O-C-R +/\N-OR + H,0 + R-C-OH (11

Reactions (11) and (11 would be very sensitive to the polarity of the
aUtpxidizing .n2dia and to the activities of the reactants. The acid-base
equilibrium reaction (ll)l.should be much more favorable in h—hexadegane than in
PETH and  this factor could account fo.r the lowér n values observed 'in the

hydrocarbon system at 180°C.

The intermediate nitroxyl radical has been detected in samples froin our
stirred flow reactor experiments by ESR. Further experiments in which this

species is monitored as a function of reaction time could yield more information.

DEPENDENCE OF INHIBITION PERIODS ON (AH)O - In Table II are summarized
"the values of the lengths of the inhibition periods, tinh' éstimated from the

(-QOH).” versus time plots, Figures 6 to 8, and-the initial amine concentrations in

the PETH system'at 180 to 220°C and the n-hexadecane system at 130°C: In the

final c'olum'n, of the table are given the values 'of tinh/(AH);: « The nearly'

constant values of this ratio contrast with the nearly constant values of .

-20-
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- TABLE II

AUTOXIDATION OF PETH AND N-HEXADECANE
INHIBITED BY 4,4'-DIOCTYLDIPHENYLAMINE

(Inhibition Period Experiments)

Temp aotan, - 10l 107% ¢ /(A
(c®) (M) (s) | (M%)
n-hexadecane
180 5.25 1.55 6.7
7.61 1.96 7.
PETH
180 6.73(9)3 5.90 . 23
29.2(3)2 14.7 ' 27
200 15.2(1)2 1.96 T s
28:2(1)2 2.73 A 5.1
~ 53.6(0)2 .22 . ' 5.8
220 288102 052 - 1.0
53.4°2) 075 ST
o

2.




t, n'h/(AH)0 observed with many other antioxidant systems (cf. the bisphenol
results described in the following section of this report). The source of this

behavior is likely to be due to reversibility of reaction (3) with this antioxidant.

“Combining eq. (X) with eq. (XII) yields

- [_n_J ! dAH) | o, o (AR - (AR}
2kl HH)O-(AHT; dt W (X1

. Rearrangement and integration of eq. (XIII) gives the time interval, ty-tg fof

the antioxidant concentration to decay from (AH)t to (AH)t ’
. i 2

(AH),

2
-1 = D / 7 - d (AH)
2 'l T 2k, ' % 2
! PO Lm0, - (AR, ] + p [ (ARG - (AR ]
1

(X1v)’
Although the length of the inhibition period may not be directly determined from

this equation, cf. section IV of this report, the inverse haif order term in (AH)

will likely lead to observed half order dependence of tah On (AH)O.
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EXPERIMENTAL

MATERIALS - Pentaerythrityl te.traheptanoate, PETH, was purified by methods -
(1) '

previously described to yield a PDP material. Hexadecane was purified and

(2)

deoxygenated as previously described.

4,4'-Dioctyldiphenylamine obtained from R.T. Vanderbilt Co: was recrystal-

lized three times from mefhanc_>l prior to use.

LIQUID CHROMATOGRAPHIC ANALYSIS - A Waters' HPLC system was used
for analysis. The system consists of a Model € J00 solvent delivery pump, a model
U6K Septumless injéctor, a model R401 refractive index detector, and a model

440 dual micro UV-VIS detector.

HPLC analysis was accomplished by reverse-phase separation on a M-
Bondapak C.1 g column obtained from Waters. The column was‘.operated at room
temperature in the'isoératic mode using CH3OH/H,0/CH,CN (2/5/93) modified
with Waters' PIC B-7 reggeht as the mobile phase. The 4,4'-dioctyldiphenylamine
was detected at 280 nm. A Hewlett Packérd Model 3380A integrator was pséd

for peak area determination, -

ANALYSES OF OXIDATION PRODUCTS - Methods of analyses of individual n-
. ~ hexadecane qxidaiion producfé and hydroperoxide and acid. products were - -

previously described.’“’ 2)
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Il MECHANISM OF 4,4'-METHYLENEBIS Q,G-DI-TERT-BUTYLPHENOL)
INHIBITED AUTOXIDATIONS AT 180 to 220°C

: " (R.K. Jensen, S. Korcek, L. R. Mahoney, and M. Zinbo)

In the following sections are summarized the results obtained from the
study of inhibited oxidation of PETH and n-hexadecane in the pfesence of a
phenélic antioxidant 4,lt'—methylenebis(2,6-di-tert-buty1phehol), BPH, at elevated

temperatures. All of these studies were carried out in a batch reac:tor.l

INHIBITION PERIOD STUDIES - Figure 1 shows the inhibitory effects of varying
amouﬁts of BPH on hydroperoxide formation in the autoxidation of PETH with
molecular oxygen at 180°C. Results obtained from a systerﬁatic study of the
lengths of the inhibition periods, tinh? the time penods for which the chain
oxidation is supressed, in PETH and n-hexadecane as a funcnon of initial

antioxidant concentration and temperature are presented in Table 1.2

l, The'batch reactor requires the use of only 35 to 40 ml of PETH frc. . which a
number of samples may be obtéined as a funétion of time. This éompwres to
 the lo&or more ml requxred for a single stirred flow reactor experiment. The
results obtaxned from these batch rcactor expenments have provided, with
the minimum consumption of purified PETH, considerable insight into the
kinetic behavior of the antioxidant as a‘ function of reaction temﬁérature and

coacentration.

Results of the inhibiticn pariod st 13 ity pooaxidized PETH are reported in ,

reference (1), Attachment I of this report.
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- TABLE 1

AUTOXIDATION OF PETH AND N-HEXADECANE

(Inhibition Period Experiments)

INGHIBITED BY BPH

T 1ot (3PH) 1073 ¢ 10°€ 1 /(BPH)
¢mp o inh inh N o
(°c) (M) (s) M~ s)

. n-hex'adecane

7.96 7.36 9.25

48.8 22.5 4.61

PETH

180 - 1.09 2,23 20.9

1.86 3.66 19.7

3.45 6.28 18.2

200 5.3 1.33 2.51
10.6 2.74 2.58

15.7 3.48 2.22

220 39.1 1.24 . 0.32-
' 50.6 128 0.25
76.2 1.64 0.22

a ‘ -
S From eq. (1) tinh/(BPH)° = n/Bi




The results are best discussed in terms of the values of (BPH)o/tinh’ where
(BPH)o is initial concentration of antioxidant. In the simplest case the values of
(BPH)O/tinh are related to the rates of formation of the {ree radicals, Ri’ in an'

(2)

oxidizing hydrocarbon by the expression,

{8PH) R. , o
= = = B o

tinh

where n, the stoichioinetric factor, is equal to the total number of free radical
species consumed in the complete reaction of one molecule of BPH and its

reactive products,
nXO,+ + BFH =+ inert products. o (n

At 60° and 120°C the n values for BPH are equal to 4.0.(33’ b) From the results
in Table I we see that the values of Ri/ﬁ show small but systematic increase with
increasing initial conéentiation of BPH. Tﬁé magnitude of this effect was very
pronounced at .220°C.> This: suggests that Rl increases and/or n decreases \yith
increasing (BPH),. ' |

REACTANT AND PRODUCT ‘AN'ALYSES' - Figure 2 shows the values of the
ratios of .the integrated signal vi‘ntensitics, (BPH),/(BPH) ,. deter;niﬁcq by HPLC,
as a function of time for a series of experiments in which varying .concentrations
of BPH were added to pure PETH and to n-hexadecane béfore equsufe to oxygen -

at 180°C. ‘At low initial concentrations of BPH. the. decay curves are convex;

. =28~
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¢urves B and C. As the initial concentration of BPH is increased, curves D and

E, the convexity decreases and the slopes of (E?,F’H)t/(BPH)o versus time are

approxirnately cons:ant for each run within the range of the concentrations

studied.

Plots of (BPH)t/(!S?H)o and (BPH)I/(BPH)l‘3 versus time for pure PETH and
a PETH system which had been reacted with oxygen to produce 60 x 10-%m

ROOH prior to the addition of PBH are shown in Figure 3. In contrast to the

. decay curves observed wita pure PLirl, curve D, the decay curve 10r preoxidized

PETH, curve F, is concave.

Concurrent with the decay of BPH is the formation of quinone methide,

QM. Figure &4 shows plots of (Q.\i)t/(BF’H)o versus time for the pure PETH

(curves C and D), pure n-hexadecane (curve E), and preoxidized PETH (curve F)

at 180°C. The nature of these curves is consistent with the view that the QM is
an intermediate product of the antioxidant reactions of BPH. Further, the
dependence of the maximum yield of QM as a function of the initial

concentration of BPH suggests that QM is being consumed by radical species in

competition with BPH, vid= infra.

.Besides BPH and QM peaks there is a number of unidentified peaks in the
liquid chromatograms. Some peaks grow and then decay with reaction time,
while others first abpear toward the end of the inhibition period. In Figure 5 are

shown plots of the ratios of integrated signal intensities for QA and two

-JQ-

A N ‘ |
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unidentified products to (BPH)t versus time for a pure PETH system inhibited by
BPH at 200°C. In future work we hope to identify these species and develop

methods for their quantitative determination. '

PRELIMINARY KINETIC AND MECHANISTIC ANALYSES - The reactions of
peroxy radical species with bisphenol, BPH, are likely to involve- facil-e hydrogen
.atom transfer reactions to form the corresponding phenoxy 'ra'dical, BP+y and

(2).

‘hydroperoxide products,

OH

L BPH
RO,*  + CH, (111)
(HO,*)

oH

(BPH) (8P .

~Phenoxy radicals, BP., then undergo bimolecular seif disproportionation
reaction (IV) to form a molecule of quinone methide, QM, and to regenerate a

molecule of BPH,(Q)

k'

ty I i
2 cu2 i, CH + (1v)
, OH OH OH
(BPY) QM - (BPH)'

. "3&-




QM and BPH,

0.

+

(BP)

_0‘
W
]
1
-2- ,‘CH
OH .

2

AY
J

.and disproportionation reaction(V)with radical P- also leading to a formation of

k"
Y
D mmsiteaea s
oH
1
7 +
P)
.
|
1 I
2 "y
Roo __ SH
X@
A
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Alternatively, BPs can react with a peroxy radical to form a second product, P,

in reactions such as,

_ (v

(BP") | ®

Both QM and P contain reactive phenolic groups and may also function as

antioxidants by the transfer reactions,

OH-
kg‘i
RO, « + CH ~ RO, H + (vin)
(Hoz') (HOZH)
fl
o.
(QM)
OH
kp | o
ROZ" + — ROZH + (VIiD)
(Hoz') . (H(?Z'H)

3%




R

where ’ 2;‘; (Bp.)z...k: (BPs) (P9)
- 1 I

4 e R R et e Sk S wm al

followed in the case of P«by fast termination reactions. V), (1X), and (X)

analogous to those of BP. (V, XV, and VI),

‘(""
- t . -
2p. 0 P+ DQOOR (IX)
k"
tz . .
P- + RO, —2» POOR (X)
. (HOy) '

Since radical QM+ cunnot undergo selfdisproportionation and' has weaker.

~ bond energy than BP., we assume that QM+ reacts orﬂy with ROZ-

' k'm
t
QM+ + RO,* —-—2‘. DQOOR - :(XI)
(Hoz-)

From this reaction sequence the rate of consumption of BPH at any time, 1,

is given by the expression,

X

d (BPH)t ' ' t
= kBPH (ROZ')t (BPH)t [l -'—2-] (X1)

—F

X, = " (Xm)

t RQP;(ROZ )(EPH)t . :
rebresents the fraction of BP.radicals which is converted to QM and BPH via
“disproportionation reactions (IV) and (V). Similarly, y, used below is defined as
the fraction of' Pe radicals whic_:h undergoes dispropdrtiona;ion reactions (V) and

(Ix), .

S




2ler (P)2 4k (BP-) (P-)
i l

Yy = kéTROZJ @), (XIV)

Equating the sum of rates of termination reactions with the rate of radical
formation ,at time t, (Ri)t’ and making steady state assumptions for all free
radicals gives

®)),

(RO;) = e .
27, (2—-@ kapy (BPH)r +2k oAt (th +(2- ytﬁp (P)t

(Xv)
Tl}e rate of radical formation consists of the sum of at least two terms, i.e.,
Ry, = w_+2 kl(ROOH)t, : | '(xvx)

where wo'is the constant rate of radical formation from the spontaneous
reactions of molecular oxygen, kl is the composite lirst order rate constant for
homolysis of hydroperoxide, and (ROOH)t is the hydropéroxide concentration at

time t.

Combining eqs. (XIf) through (XVI) then yields the general expression. for

the instantaneous rate of disappearance of BPH at time t,

-d (BPH)t., : W+ 2 kl (R,OOH)t

. _ ’ (XvID
dt ke QW) 202-y) ko (P

2+ - - '
- [ + r
7~ 'xti kBPH (E‘PH& @-x) kgpy (BPH),
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By appropriate choice of values for the rate constants and ratios of rate
constants, equation (XVII) could account for the changes'in the nature of the
decay curves observed {or (3Pid) /(BPH)  and (E»PH);/(BPH)IS in the absence and
presence of preforr.n'ec_!'hydroperoxide,3 cf. Figures 2 and 3 When (ROOH), >>
' w°/2 kl the numerator does no.t change significantly &hile the value of thé

denominator rhonotonic.;ﬂy Izreases with rear:tion.time. This leads to the.
exponential decay of (BPH)t/(BPH)18 obﬁérved with preformed hydroperoxides
(cf. Figure 3, curve F). When _(ROO.H),c < w")/Z k| the values of the numerator
increa;e with reactiqn time dué to the homolysis of organic hydroperoxides
"formed via the antid*i_dant reactions of BPH, QM, and P. This increase can
compensate for the increase in the value of the denominator and lead.to the
observed approximately constantbrate of de-cay of (BPH)t/(BPH)o in the pure

PETH and pure n-hexadecane systems (cf. curves D and E in Figure 2).

The highly convex decay_ curves exhibited by BPH when its concentration
decays to a low leve’l, see curves B and C in Figure 2, can then be accounted for
by the occurence of 'a_n addi'tional'mode of organic hydroperoxiae iorrhation,
namely

k ' , .

RO, + RH =8 ROH « R+ .- (Xvin

3 L o ,
Values of the rauos | < (kQM/kBPH) < 2 and kp/kpp,, equal to 0.5 yield

calculated rates of BPH consumption in :noderately good agreement with

_experimental values.
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The rate of formation of organic hydroperoxides from this process is given by :

d (ROSH)

di— = Kgy (RO,¢) (RH) (X1X)

Combining eqgs. (XIX) and (XII) and assuming that X, is very small compared'to 1

vields

d(RooH)  KruRH) | dePH T 0
dt © T Kapy - @m; dt .

Thus for ROOH formed by reaction (XVIII)

(RH) (8PH)
XV _ RH o
(ROOH) % " BPA) : (XX1n
t kBPH {BPH e
When kg, (BPH) <kp (RH) exponential li'ncreases in (ROOHJ, and in R; occur

and lead to the observed strong convexity of curves B and C in ?igure 2.

At this bc'int we aré in a position to initiate sti;'red flow reactor'
expéi'iments on PETH'and'n-hexadecan‘e systems cohtainiqg'BPH. ' The validity of
eq. (XVII) fér a general description of tt;e BPH inhibited systems can be readily
tested since the Jolume of reacted material generated from a smgle expenment

may be sufficient to dctr‘rrmne the hydroperonde concentratxons and a!low the .

isolation by preparatwe liquid chromatography ot thevvanoqs intermediate

products. In addition, it will be possible to carry out experiments with admixture
of BPH and its intermediate products and thus determine with considerable

precision tvhe.values of the ratios of rate constants such as le'M/kBPH"




MAXIMUM INHIBITION PERIODS - Independent of mechanism, the results
reported in Tables I and II have considerable technological significance. Values

of tinh/(BpH)o’ i.e., l/(Ri/n), calculated from the results of the present study

~ with pure PETH are likely to represent the maximum inhibition periods per molar

unit of BPH that can be rgalizcd in the service use of PETH at a. given
temperature. ISince the maxirmum concentrations of BPH utilized in the fully
formulated lubricants are in thev range of lO'zM one would ‘calculate that if
PETH containing 10"2\ BPH were exposed to an oxidation environment at 220°C_
rapid autoxidation \\'ouid occur within gile nour or ie;s.a The gresent calculaiion
does not take into accoﬁnt the effects of partial pressure of oxygen which would
increase the time period of protection. Howeve'r, such effects are likely to be
counterbalanced by the'effects due to impurities present in technical grade
PETH. From the results in Table II we sce that the values of tinh/(BpH)o are a
factor of 6 smaller with technical grade PETH than with the purified material.
Percolation over alumina of the technical grade material results in a material

with inhibition times 4 times lower than the pure material.

“ Calculation of t, . for BPH by methods presented in section IV of the present

report is also possible. We are currently modifying the equations utilized in
this work to reflect the compléx stoichiometry of reaciions of Q' ind P

~ leading to formation of ROOH.

1.




TABLE It

AUTOXIDATION OF PETH INHIBITED BY
BPH - EFFECT OF PETH PURIFICATION

(Inhibition Period Experiments at 180°C)

-3

n-6

‘I' -42-

PETH S(BPH), 107ty 107 t, . /(BPH)_
(M) (s) (7! s)

" Technical Grade 3.50 ca. 1.0 ca. 2.9
Percolated - Alumina2 3.60  ca. L.8 ca. 5.0
Highly Purificdd 3.45 | 6.28 18
2 For purification procedures sec ref. (1).




EXPERIMENTAL

MATERIALS - Pentaerythrityl tetrahcptanoate, PETH, was purified by methods
‘ (1)

previously described to yield a PDP material.

4.6'-methylenebis(2,6-di-tert-butylphenol), BPH, obtained from Aldrich

Chemical Company was recrystaliiied twice from ethanol:  mp 155°C. The "

sample of 2,6,3',5-tetra-tert-butyl-4-hydroxyphenyl-4-metnylene-2,5-cyclo-
hexadiene-l-one, ‘the quinoae meihide, QM, was prepared by the metnod of

Coppin ggr.(s )

BATCH REACTOR - The batch reactor design and procedure were previously

(1)

described. Samples of the reacting mixture withdrawn at various time
intervals were quenched to room temperature and analyzed for hydroperoxide by

titration'!) and for BPH and QM by HPLC.

HPLC ANALYSIS - A Waters' HPLC system was used for analysis. The system

consists of two Model 6000 solvent delivery pumps, a model U6K Septumless -

injector, a model 660 gradient programmer and a model 449 dual micro UV-VIS

detector. A model FS-970 LC Spectrofluorometer fromn Schoeffel was co‘nnected'

downstream of the UV detector for fluorescence measurements..

HPLC an.ly- w3 iccomplishied Dy reverse-phuse saparation on a M-
IR CIS =>iumn obtained from Waters, The coliimn was operated at room:
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temperature, and a 10 minute linear gradient of the mobile phase from 60/40

CH,CN/H,O to 100% CH,CN was used for all the analyses reported here. The
chromatographic peaxs corresponding t%) bisphenol and quinone methide were
identified by: a) retention time,'b) coinjec‘:tio'n of the standard and the mixture,
and ¢) the ratios of their UV-Vis adsorption response (pecak areas) af 230 nm and
405 an. The fluére,scence rclsponse of BPH provides yet anotherf means of

identification and peak purity check.

Quantification was acnieved using peak heights or peak areas compared
with standard calibration mixtures. A Hewlett Packard Model 3333A integrator

was used for all the peak area integrations.
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IV EFFECTS OF STRUCTURE ON THE THERMOXIDATIVE

STABILITY OF SYNTHETIC ESTER LUBRICANTS:
. THEORY AND PREDICTIVE METHOD DEVELOPMENT

, (L. R. Mahoney, S. Korcek, and J. Norbeck)

The establishment of structure - reactivity relationships is of considerable '
scientific and technological importance. In-the following sections we develop
both the theorctical basis and the raethod for the preciction of the elfects of

structure changeé on the thermoxidative stability of synthetic ester lubricants.

BACKGROUND. Chao and coworkers(l ) have recently reported the results of a
systei-'.,éfic study of the effects of structml'al changes in the élkanoyloxy group on
the physical and chemical propertics of synﬂ1etic polyol ester lubricants. The
relative thermoxidative stabilities of ‘the matt;.rials were determined by measure-
ments of the lengths of inhibition periods in the presence‘of the same amount of
"an amine antioxidant, N-phenyl-a -naphthylamine (PAN). Although the inhibition
periods in homologous ;eries of este‘rs were found to decrease monotonically with
~ increasing number of reactive hydrogens in the alkanoyloxy group the effects
'were not Qdditive. In Figure | are sh;wn the results of their mgasureinenté for
:Ihe ‘pentanoate, n-C5, through OCtanoat'e,,n-Cs, tetraésters of pentaerythritol
versus a reéctivity p'arametex", l/N3 ‘(RH), based on the gram atoms of reactive; .
hydrogens ayailable for intermolecular abstraction reaction per liter of '_tﬁé

substrate.
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" Figurel A plot of mhmdn periods from the PAN mhxgnted autoxidation of
straight-chain pentaerythrityl alkanoates at 232 C)vs.a reactmty

parameter, 1/N, (RH)
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Such non-additive effects on the stability of these lubricants must be at

least in part due {0 the increasing importance of @,y and @, § intramolecular
hydrogen abstraction reactions as the nuimber of -CHz-units in the alkanoyloxy

2,3) The occurrence of intramolecular reactions leads to

group increases.
increased rates of formation of hydroperoxide products." This, then, results in an
" enhancement of autocatalytic character of oxidation process and thus in a

_decrease of thermoxidative stability of higher members of a homologous series.

Based upon these consicerations we now develop a winetic-matheinaltic
model relating the length of experimental inhibition period, tnne with these
structural effects and'cor‘npare the predicted values of tinh derived from the

(1

mode! with the results of Chao et al.
DERIVATION OF KINETIC EQUATIONS. The autoxidation of PETH at 180 to

220°C is described by the reaction scheme (1) - (7) shown in Figure 2. Upon the

addition of an efficientl antioxidant, AH, reaction (6) is replaced by

1 .By. efficient we Tnean that reaction (8) is not reversible under the conditions

of the inhibition period m,eas;urement. By this definition jindered phenols and
. L ]
N-phenyl-a -napthylamine, PAN, are efficient while &,4-dioctyldizhenyl

amine, cf. section III of this report, is not efficient.

Laé-
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"HOse

-O0H K1 XO0e4#eOH  SLOW
XOhemH  kp  {hon*Re FAST
Re+02 K2 __ ROz | FAST
| ROze+RH X3 __ ROOH +R- sLow
ROz ka __ .rooH sLow
*ROOH+02 K2 _ HOOROz FAST
HOOROz++RH K3 __ HOOROOH+ R+ SLOW
HOOROze M4 _ HOOROOM  SLOW
HOOROOH ks _ HOOR=0+ +OH FAST
2X02+ 2ke_  >C=0+0p+CH-OH SLOW
«,y-HOOR=0 X7 __ -COOH +-C-CHz "sLow

o)

(-
(1"
(2)
(3)
(4)
(2)
(3)
(4%)

-(5)

(6)
(7)

. ——— —— o—

—

2 3 4 8 & 7
Y | |
N4
P

. 1 | |
" RH= P3C-CH2-0~C~CH2-CHa—-CH2~CH2-CH2-CH3 = PETH

XOge= ROpe + HOORO2¢ X0 *= RO's + HOORO «+ 0=RO¢

Figure 2 Reaction scheme for the autoxidation of bETH.
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X0, + AH  * ~ XOOH + Ae | (8)

(n- 1) X0 + A > non radical products . (9)

where n is equalv to the number of peroxy radicals consumned by reaction with a

molecule of AH. Under these considtions

N . 1 -d(AH) ' |
(X057 = Ke(AR) ~ dt | 0
and ' _
_ =n d(AH) :
2 kl (-QOH) = gt (In
At elevated temperature, @, Y-hydroperoxyketone products rapidly de-
compose via reaction (7); t(yz) is equal to 108 s at 180°C and 2.5 s at 232°C

(1)

compared to t % equal to 4330 s at 180°C and 87 s at 232°C.(3) Based'upon the

assumption that a, y-hydroperoxyketone species do not significantly contribute

to the total hydroperoxide concentration, the rates of formation of total

hydroperoxide groups are then given by,

d(~OOH)t'

—& - [x«me 2 N3(RH)+(1+A)k8(AH)] o oA g oA

kg(AH) ", ~dt 7.2 dt

(in)

where A and B represent composite rate constants for intra and intermolecular

abstraction reactions, see Appendix 1. When intramolecular reactions do nct

occur A = B = 0. Noting that tho time derivative may be eliminated from

[t

equation (111),




d-OOH), = G' (ay, by, kg/lky/H), N,y RH), n, (AH)) d(AH) av)

The values of a;, bi’ and Nj are constants calculated from the structure of

the reacting mol.ecule and kinetic data (cf. Appendix 1). The values of k8/

(k3/H) and n are now adjustable pzrameters but they may also be obtaine d fron

experimental data if available.2

Upon integration
(AH), » '
(-OOH), = G (a;, b;, kg/(ky/H), N;, (RH), n, (AH)] d(AH)
(AH)

= G (3, by, Kg/lky/H), Nj, (RH), n, (AH),, (AH)) )

- Combining (1) and (V)

_n__ d(AH) "
CTK Cd = G (a, b;, kg/(ky/H), N;, (RH), n, (AH),, (AH) ) (VD)

The dbsolute values of k8 are norma!ly much less sensitive to the structire of

the reacting peroxy radical than are the valu°s of l<3/Lwl (4)
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Rearranging and integration results in

o ' (AH), |
- ! (t4 - t,) = e (_j.(A‘.‘j)
n 2" < G (a;s b;s kgllx3/H), N RA), n, (AH),, (AH)_ )
: (AH) '
f

(vin

The inhibition period for a 'system equals 2—'—%—- times the value of *"ie

1
integral as (AH), > (AH)  and (AH), ' * 0. Unfortunately, the integral is
: 1 2
undefined at (AH), = (AH)j and the integral slowly diverges as (AH), » (AH)O.
' 1 1

However, the fatio_ oi integréls for a system | where A = 0, B = 0 and a system Il
where A £ 0, B £0 can be calculated using numerical procedures degcribed in
Appendix 2. Thus the ratio of the iqhibition periods of systems I and III can be
obtained from the equation,

o

/ ' ___d(AH)

nm,1 .1 - y 1 N

Nkt ) (AH), > (AH) | G [kS[(k3/ii_), N, (RH), n, (AH),, (AH)O)
LTI ) B ' : '
LSRR

o

/ | d(AH)

- (AH) & (AH) Gl (a’i, by keg/(kg/H), Niy (RH), n, (AH),, (AH)) -

(v1i)

Equation (VII1)‘is utilized for the calculation of the ratios of tilnh /tig!

variety of polyol ester svstoms. The rait'es are then compared with literature

1fc.w‘ a

values. Systein I is a C.j ot Dr.er member of a series since intramolecular

abstractions in such structurcs. are not possible. -
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n-Cs--n-Cg ESTERS OF PENTAERYTHRITOL. In Figure 3 are plots of the

' inhibition periods at 232°C for the n-CS--n-C8 tetraesters of pentaerythritol

(1)

reported by Chao et al." " versus corresponding values calculated from eq. (VI

as a function of the value of k8/(k3/H) with n equal to 2.0 and tilnh equal to 358
min. A value of ks/(kB/H) equal to 2.5 x 10* results in a poor correlation. The

correlation improves as the value is decreased until there appears to be little

3 2

effect as the value is decreased from 2.5 x 10” to 1 x 10%. A value in the range

of 3 x 10? would in fact be predicte& for kg/(k3/H) from the limited kinetic data

on .N-phenyl- -naphtylamine. Brownlic and Ingold(ﬂ reported a value of k8

1

equal to 7 x 104 M~ 's for n equal 2.0 in styrene at 65°C. We estimate from the

temperaturé dependence . of the autoxidation of pure PETH that k3/H wil] equal

!

23 M~ Ls at 232°¢.

The largest differences between experimental and calculated values of tinh

~occur for the n-C8 ester. It is likely that due to steric effects there will in fact

be a slight increase in the value of k3/ H as one increases the length of the ester - - -

3

chain. Utilizing a value of kg/(k4/H) equal to 1.6 x 10” for n-Cg ester and 2.5 x

10% for "‘C5 results in a precise agreement of calculated and experimental

values.

FUTURE WORK. Based upon the results obtained for the n-C4 through n-Cg
esters we believe that eq. (VIII) will be usefu} for the prediction of the effects of

structural changes on the thermoxidative stability of many ester systems.
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Figure'3 Plots of experimental inhibition periods from the PAN inhibited
autoxidation of straight-chain pentacrythrityl alkanoates at 232°C (1)
vs. corresponding values calculated from eq. (VIII) as a function of
ksl(k3/ H). - : ‘
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For example, by a suitable choices of the values of k8/(k3/H), it is possible

to generate agreemcent between experimental and calculated values of ik In
Figure & is the result of such an exercise for some gem-dimethyl substituted

pentaerythrityl alkanoates.

In these gem-dimethyl systerns the values of'k3/H include significant

.contribution of primary peroxy radicals produced from reactions of initiation

derived radicals, i.e., -
XO0H + XO- ¢+ -OH

Xo- ! XOH '
l-lo.}+ CHy-C-CHy = {HOH * (CHyC-CHy

| , ; :

CHB-(':7CH2' + ‘02 - CH3-C'-CH2-OQ-
C primary peroxy radical

For systems other than ihe 3‘,3-dimethyla-C3‘ ester these radical speciés can

~ undergo intramolecular reactions,

g ] . '
.CH3-$- CHZ,'OO . =+ '.~CH3-C.I-CH2-O_OH
CH2 c *CH
1 . '
The occurrencé of these reactions would lead to in'creased ‘values of k3/H and

thus the lower values of k8/ (k3/ H) necessary to obtain the fit shown in Figure 4,

i
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A plot of experimental inhibition periods from the PAN inhibited
autoxidation of straight-chain and gem-dimethyl substituted pen-
tacrythrityl alkanoates at 232°C (1) vs.
calculated from eq. (VI using values of k3/(k3/H) de51gnated in' the
, hgure
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In the case of 3,3—dimethyl-C3 ester the only reactive hydrogen is on a
tertiary carbon. Due to the extreme steric effects involved in its abstraction the
value of k3/H may be lower than that observed for a secondary C-H abstraction

and lead to the higher value of kg/(k/H) shown in Figure 4.
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APPENDIX 1

DERIVATION OF KINETIC EXPRESSIONS

The composite rate constants A and B in eq. (IIl) were derived from kinetic
analyses of the reaction scheme (cf. Figure 2) in which reaction (6) was replaced

by reactions (S)_ and (9): 1,2

ag ’aD
_ T+ 5 + c (AH) T T 5p * < (A |
A = = = (Al
1+ T +G GH * T+b Dc(AH) )
. " lebo+c D * .
ap by
: T+Bg + C (AH) ' ‘

B = - < . (AID .

G D :

l_" T?bG+c(AH) * T+bD+cWi

This reaction scheme does not 'include a reaction §équence analogous to' that
of reactions (4), (2, and (3" but.starting with HO‘OR02~ which leads to
formation of trihydroperoxide and dihydroperoxy kefoné products. In the
| case§ where these reactions could occur, i.e., in esters containing C7 and C8
'alkanoyloky groups,'this simplification Was found to introduce an error of less

than 1 _pefc‘en t.

Expression All was derived assuming that all metastable a, Y-HOOR = O
species produced during induction period decompose immediately and do not
~contribute to { -OOH ).
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In expressions (Al) and (All), ags aD,' bG,"and bD represent ratios of rate

constants for intra- and intermolecular abstraction reactions, klfa , Y/k3 (RH),

* * . C
ku- , /k3 (RH), k#; :1"? /!~:3 (R, and kq-a 8 /k3-_(RH), respectively, and ¢ the
ratio k8/k3 (RH). In these ratios, all rate constants may be expressed by the
products of corresponding rate constants on per hydrogen atom basis and of
average number of available hydrogen atoms for corresponding abstraction

reaction, Nj' Thus

K, . k, ./H-atom N,. e
T P—(i.{)k?ﬁ - —tjl}:l_/"ﬁ_-_a—fa_rﬁ _V—'(g;lﬁ). s "“‘i‘,H 'N'J’(“Eﬁ)' (AL
N 3 N3 y N3
N, *.
4 i L .
b = (by/H) N; RH) | - C(AIV)
and . :
K | .
- 3 1 : _
€ = k,/H-atom N, (RH) k (AV)

where i represents G or D.

Thg.valués of a; and b, may be calculated f‘r'om eq. (AIlD) and (AIV) assuming
that the ratios of rate constants expressed on per hydrogen atom basis, ai/ H and
bi/H, f;ar similar ‘ester systerﬁs é’re the same. The valués of a; and bi listed in
' Table Al-1 were obtained using the values of ratic;s aG/H, aD/H, EG/H, and l}b/H
'equal to 26.3, 26.3, 1035, and 329, respe_c:ti\'ely." These values were derived from

the study of PETH autoxidation at 180°C assuming thét the ratios do not change
with temperature‘ significantly. The average numbers of hydrogen atoms for
abstraction reactions (N.j .in Table Al-1) were estim_ated from the sfrﬁcture of

ester systems and availability of hydrogens assuming that the concentrations of

" abstracting isomeric peroxy radicals of given type faré equal,

=60




e it et S

. . susaBoipAy Aiensay

s o -

®

6C°1~ 9°h¢
0C°1- 0°0¢-

0 0 z 1 00 0o 0o o o o o0 081
£6°7- 61°S 65°Z 6S°T €°6C §'HC 0 6°0S 0 6°Z 0 1 0 z 91 [zt
0 0z 1 0 0 0 0 0 o0 -0 o s
0 0 -2 1 0 0 o 0 o 0 o o 3 0n°1

€91 £0°Z 0°1€- 81 $°9 #°0Z €8°0 #z°1 | T 91 nzon 21
LZ1 L1 THE  4ZT €L 1°€Z 65°0 811 1 T 1z e ond
26°0 26°0 T'0C 2620 €42 0- Z26°0 0 P 0 €€°1 62 8¢
0 0 'z T 0 0 o 0 0 0 0 0 91 - 08°1

©o-frow-gc
95-tHomp-1'4
wu-m:u_v-a.n.,
o-fHow-g ¢

8 - u

Q

£ -u

SN NE!
]
[~

q -9 D Ay D onyg-Qhy Ohy €N (W)

i .n . .m ) - |,_z - 4 . NMNAI.N“V

u.cuzzumnuw
>,xo_>o=.av=<

TOLIYH1IA¥AVINId 4O SYALSIVULIL YOA SINVISNOD IAIVH ILISOIWOD
OGNV SWOLY NADOJYAAH FTAVIIVAV dO YIAAWNN IDVIIAY

1-1v 3atavl

=61




. . . o
Substituting a;, bi’ and ¢ into eq. (III) gives G -function in eq. (IV)

a + Bc (AH) +b/c (AH))

G'[ai"bi’ "-8/_('.‘3/H)’ NJ R, n, (AH)) - 2+ -t - a + be (AH) + c? (AH)2
(AVD
where a. = ad *an
B =(1+D)(a+bGaD)
47 = a(2+b ) + bGaD
‘a =b-1l+bsay+ by (ag + bg)
b = a+b.+b D{z |

and ¢ is defined by eq. (AV).
Upon integration of eq. (IV) we obtain G-function in eq. (V).

G (a b ksl(k3/H), jp (RH), n, (AH),, (AH) )

P ' | (AH),

[7 ] [((AH) - (AH) )] ™ (m)—

[ aebctam, ;Acz .(-AH)f B (AH)% (2 + be(AH), + <2 (AH)2)

Zc|o Tt et T 4 Ay
avbe(AH), + c® (AHI] 2 (AH)Z (a + be (AH), + ¢ (AHDY)

(AVID

(2c‘(AH) +5-q) (2 (AH) +b+q)|
[ZC(AH) +b+qJF2c(AH7 +bw
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where q = b2- 4a
g .2 lar )
. - q

The values of all composite constants used in eq. (AVID for all ester

systems discussed in this study are in Table Al-1.

In the absence of intramolecular abstraction reactions the composite rate

constants @, 8, and § are all equal to zero. For such systems (systems I in this

work) eq. (A VII) becomes
G! (kg/lky/H), Ny, RH), m, (AH),, (AH), ) =

[%-, .l] t ((AH), - (AH), )] i} ‘f:' &n g%)i | : (Avi)
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APPENDIX 2
NUMERICAL EVALUATION OF THE RATIO OF INTEGRALS IN EQ. VI

The values for the ratio of integrals in eq. VIII were obtained numerically
using the CADRE numerical quadrature algorithm.in the IMSL library(”. The

calctilations were done in single. precision using a DEC-10 computer system.

As rnentio;fcd above, eaci integral equation used to ol?tain an individual
inhibition period (eq. VII) slowly diverges as (AH), approaches (AH),, where at
(AH), = (AH)  the integral is not defined. To avoid this singularity each
| integration was done from a value (AH), = € (AH)  for a value € near but not
equal to 1. To show how sensitive the integrals and their ratio are to values of ¢
the results of a typical calcﬁlétion for two systeins, I'and Il, are given in "l'able
- A2-1. Notice thac the values of individual integrals increase as € approaches L.
However the ‘ratio of integrals, Il/l", converges to a constant vallue (column 4,

Table 2A-1).

The results in Table 2A-1 demonstrate an, interesting dichotomy. The
v, values obtained for the individual integrals depeﬁd on whaf va%ue is chésen for €.
It one defines p critical coné:ehtrafion (AH)C = (AH) - € (.\H)o, it is seen from
Table A2-1 thatt as (AH)# changes from 1 x 10°3

system increasL by a factor of 3 or more. The limits of integration. as given by

eq. Vi, corresbond to a systern having an infinite inhibition time, 'One st

.6&-

to 1 x 10°° the integrals for both
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TABLE A2-1

* CALCULATED VALUES OF INDIVIDUAL INTEGRALS IN EQ. VII

FOR SYSTEMS I AND II2 AND OF RATIO OF THESE INTEGRALS

IN EQ. VIII FOR VARIOUS VALUES OF €

. A R A
.50 12.4 ' 4.13 3.00
.30 '37.2 11.9 3.12
.90 58.2 18.4 3.16
.99 132, 41,1 3.21
9999 283, 87.3 C3.24
99999 358, 110. 3.25
999999 434, 134, 3.25

2 System 1 was n—C, and system If 'ri-C7 ester; n=2, (AH) °

_ , .
kg/(ky/H) = 2.5 x 107

-45-
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introduce some value of € othur than I or qhahge the'for.m of the ki'neti.'cs to
obtain a finite vaiue for the inhibiti'on period. Thus, one can speculate what, if ‘
any, physical significance can be placed on € and is it the same for all systems,
as was‘as‘sumed here. This should be contrasted to the fact that the fétio of
integrals converges to a constant value as € approaches 1. This implies that eq.
VIII is simply a function of I!Iand I“ which is determir.:gd nrimarily By the value at
(AH) o Thus the ratio should be able to be oi)gained without doing the’

integration.

For this paper we have chosen to obtain the ratio nurheriéally, using € =

.9999. However the possibility of obtaining th= same result from Il and l"

directly is being explofed.
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- KINETICS AND MECHANISM OF THE AUTOXIDATION OF PENTAERYTHRITYL

TETRAHEPTANOATE AT 180 TO 220"Cl
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and \Mikio Zinbo
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Ford Motor Company
Dearborn, Michigan 438121

ABSTRACT

A kinetic and mechanistic study of the autoxidation of liquid pentaerythrity!

tetraheptanoate, PETH, at 180 to 220°C has been carried out utilizing a stirred flow

reactor. The results are consistent with the occurrence of a chain reaction scheme

similar to that proposed for ‘n-hexadecane autoxidation, namely the formation of

monohydroperoxxdes by the mtermolecular abstractlon reaction (3), formation of

a,y- and a, G-dnhydroperoxxdes and a, v- and a, 6~ hydroperoxyketones by

‘intramolecular peroxy radical abstraction reactions (4) and (4 ), bimolecular

termination of peroxy radicals, reaction (6), and rapid conversion of a, y-

hydroper‘oxyke'tones' to the corresponding cleavage acids and methyl ketones,

reaction (7). Compansons of various rate parametcrs for the n-hexadecane and
PETH systems reveal that the values of k, and (k3/H-atom)/(2 k6) are within

experimental uncertainties identical for the two systems at 180 °c.

1

-Chicago, Ill., Aqgust.. 1977.

Presgntéd in part at the 17th Naiional .\técting of the Am, Chem. Soc.. Phys 10, -




The proposed reaction scheme includes the concurrent formation of hydroxy
radicals and hydroperoxyketone species. The results of kinetic‘analysis and the

experimentally observed isomer distributions of primary and secondary mono-

‘hydroperoxide products at high and low oxygen press'ures suggest that ca. 60 percent

of the hydrogen abstractions from PETH at high oxygen pressures occur by hydroxy

radicals.

2




INTRODUCTION

The present work, which describes the results of a kinetic and rnechanistic
study of the autoxidation of pentaérythrityl tetraheptanoate,
o .
_C(-CHZ-O-C-CHZ-CHZ-CHZ-CHZ-CHZ‘CH3)‘,‘ ’
- (PETH)

;t elevated temperatures, is an extention‘ of our stirred flow reactor s;tudy of n-
hexadecane _. (l) Ito other thermally stable_ organic liquid systems. PETH is
representative of a clgss of kneopentyl type ester materials used in high femperéture
applications. Due to the abséncé of hydrogenS on tﬁe central carbon which is’in a
bosition B to heptanoyloxy groups, PETH xs not .succeptible to the usual cyclic
elimination processes which yield olefin and écid'products (2). Thus, in the absence

of oxygen, PETH possesses thermal stability comparable to that of hydrocarbons.

A review of the limitéd literature in the area suggests that tfie kinetics ard
'mechanism_of reactjbns in the autoxidation"of esters are likely to be as ‘complex as
'those shovwn by hydrocarbons at elevated temperatures. In his ;areful investigations
_ VanSickle (3) studied the initiated oxidations of iso‘buty( acstate and of cyclo-
hexylenedimethyléné diacetate at témperatures up to 'iiOOC and reported that his; _
resﬁltsz were ho.t .amenable, to .kinetic éﬁalyses 'sinc,e the systerns were strongly
autocatalyfic and.the -products ‘were- compigx_ »m.i;;turcs derived {rom secondary

reactions of primary products. In a model study for pentaerythrityl systems,

-3-




Sniegoski (4 ) determined the isomer distribution of monohydropetoxide species
from the air autoxidation of neopentyl hexanoate at 150 10 200°C. The results of
recent studies in which only the hydroperoxide by titration' and/or the rates of
‘_ oxygen 'abso'rption for pentaerythrityl ester systems were determined have. been
reported by Agliullina et al. {5,5) and Kovtun et al { 7} .' The former studied the
initiated oxidatian of nentaerythrityl tetrapentanoate at temperatures up to 1506C
and the autoxidation of the ;ame material at tewmperature up to ZZ‘uUC while the
latter group studied the initiated oxidation of a mixture of pentaerithrityl C

-C

579

tetraalkanoates at 95 to 146°C.

The stirred flow reactor technique has proven advantageous for kinetic
investigation of complex chemical systems such as autoxidation of hydrocarbons at
increased temperatures ( 8). As shown by Denbigh (9), in a stirred flow reactor the

instantaneous rate of reaction of a species X is given by the equation

4 (x) - (¥, 0

dt T

where (X)T- is the concentration of X in the fluid both in the reactor and ‘e.xitin'g the -
reactor, (X) ° is the concentration in tvhe enteriq'g fluid, and t is the residence time
‘of the fluid in the reactor.‘ Thus, measurement of the;'conc'entraAtion bf a_p}oduct in.
the exiting fluid allows a direct dctermiﬁation of its rate of formation in the
reacto;'.' The er.npirical. rate law is f'hcn determined by finding a relation that-

Jescribes this rate of formation as a function of the concentrations of species in the

stirred flow reactor.

4




EXPERIMENTAL

M@_ﬂg ' Pentaerythrityl tetraheptandate, . PETH,‘ wag obtained f{from
Sta‘uffer Chemical Company as technical grade material. Oxygen wasv Mlatheson
UHP (min. purity 99.99); argon was Matheson Grade (min. purity 99.9995%). 4,4'-
methylenebis(2,6-di-tert-butylphenol), BPH, was obpained from Aldrich Chemical
Cornpany and rec.r)'lstallizéd twice from ethanol: mp 155°C. Alumina was ‘ALCOA :
Type F-20 (80-200 mesh) obtained from Matheson, Coleman and Bell and activated
at 4¢2° foc 16 Ho;.rs. Lithium aluminum hycride was obtained from 3. T. Daker

Chemical Company.

Samples of acids and alcohols utilized as sténdar'ds for analysis wefe obtained
from commercial sources. Samples of 1,4- and 1,6-heptanediols were prepared by-
LiA1H4 reductions of y-heptanoic lactone (K and K Lab.) and of 6-oxoheptanoic acid
(Sapon Labs.), respectively. The sample of l,7¥heptanediol was obtained from

Aldrich Chemical Company.

p-Bromophenacy! ester derivatiz§t‘ig'q _kits 'and thé reageﬁts fo'r pr;eparing per=
tri'meth-ylsilyl derivatives were obtained from Applied' Science LébO(at-ories, Inc.
I_sopropyl alcohol was distilled from NaBH, or CaH, prior to use, Diethyl ether was
distilled from ‘LiA‘lHu prior'to‘uée. Otf\er solvents and reéggﬁts utilized were ACS

reagent grade materials.

The purification of technical grade PETH for use as

STl el e Jor o0 oioents was ooaonnlished utilizing combinations of




vacuum distillation, designated as D, and percolation through alumina, designated as

P.

The deep-yellow technical grade PETH material was percolated through a 60

cm x 4 cm glass column dry packed with 550 grams of activated alumina. The first

two liters of the pale vellow cluent were collected. The'eluent was then distilled at

_reduced pressure under argon utilizing a 30 cm Vigreux column and an argon bubbler

in the pot to minimize bumping. Following a small yellow lower boiling fraction, a

pale yellow nain fraction corresponding to ca. 75 percent of the original cluent was

collected at a head temperature of ca. 230°C and a gauge' pressure of less than G.005
t'olrr. This distilled material was then percolated through a 100 cm x 3 cm glas's
column dry packed with 550 grams of activated alﬁmina. The first 600 ml of eluent
was collected and designated PDP-1. The next 200 ml of eluent was collected and

designated PDP-2. A portion of PDP-1 was redistilled and the middie fraction

collected as described above. This redistilled material was then percolated through |

a 50 cm x 3 cm glass column dry packed with 275 grams-of activated alumina. The

first 400 ml of eluent from this percolation was collected and designated PDPDP.

The purity of various PETH materials prepared as described abuc: was
assessed from their rgiativé oxidation kinetics. The results of. t'his; evaluaticn ére
presented in Figure 1. The figure shou-/s plots of the instantaneous rate of formation

“of total hydroperoxides explres_sed.by titer vs. the square root of hydroperoxide titer

obtained in stirred flow reactor oxidation experiments at 180°C for PETH materials

of different purities. Examination of these plots revozals that the purified PETH -

aé-'v
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materials PDP-1, PDP-2, and PDPDP exhibited, in the range of hydro’pero'xid.e
concentrations studied, essentially equal rates of hydroperoxide formatioﬁ at a given.'
hydroperoxide titer. Since further purification did not change the measured
oxidative reéctivity, the PETH material purified by .the PDP procedure wé\s jUdged’ ’
to be of sufficient purity for this study and was, therefore, prepared in. 1a}ge _

quantity by cblle_cting and combining elucnts equivalent to PDP-1 and PDP-2. Thé

. PDP PETH material was used throqghout this work unless otherwise noted.

Opticél absorption spectra of the PEIH materials evaluated by a’»,kineti'c
oxidation method revealea that absorbtion at the wavelengths between 255 énd 500
nm, in the range where saturated alkyl esters do ‘not aBsorb, decreas{zd with
increasing degree of purification.' Thus, ab;orption in the above spectral rahge was

used for monitoring the purity during the preparation of PDP material.

The NMR and IR spectra and C and H analyses of the PDP and PDPDP PETH
materials- did not reveal any presence of xmpurmes The LxAlHa reductions of these
materials (cf. Table I) indicated that PDP and PDPDP PETH contamed pentaery-' :
thrityl heptanoate-hexanoate 1mpurmes (ca. 1. 6°6 of total number of side chams
were hexanoyloxy) and trace amounts of acy! chain substxtuted ;mpurmes (< O 2"6 in

PDP and < 0.1% in PDPDP) whxch upon oxidation and subsequent LxAlH reductmn_ -

’presumably yield 1 x-heptamdlols.

 Determination of PETH Density: The density of PETH (g/ml) determined by
pycnometry is 0.9746 at 25.9°C; 0.8732 at 160°C, 0.8577 at 180°C, 0.8425 at 200°C,
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and 0.8269 at 220°C. The pycnometer volume at 160°C was determined using n-
hexadecane (0160 = 0.6745 g/ml (!O) ); the volume at 180, 200 and 220°C was
calculated from the volumc'at 160°C using the coefficient of therinal volumetric

expansion for glass (B = 2.5 x 10-% k1 (1))

Stirred Flow Microreactor Cxneriments. The apparatus and procedures are

described elsewhere (8)

Bat  Reactor - Design anu Procedure. The batch reactor, whose design

resembled that of the stirred fiow reaétor (8), was constructed from a 100 ml iround
bottom flas.. {55 mm i.d.) with a lengthened neck (25 mm i.d. x 130 mm). A glas.
tube through the neck led down to an eccentric¢ally located inner sphere (20 mm o.d.)

which was perforated in its lower spherical segment (7 holes, 0.5 mm diamete'r).

~This inner sphere was used to contin:ously introduce oxygen or inert gas into the

reactor and inSure efficient mi‘xing of the reaction mixture in the flask. ‘The batch"
reactor was used with the same gas supply system and constant temperature bath as
those used for the stirred flow reactor. Increased heat transfer .wifh the constant
temperature bath was accomplished using a vigorous'flow of the thérmosj:ating fluid

around the outside reactor wall. The temp-:rature in the reactor was ‘measured -

continuously using a glass shielded Chromel-Alumel .therﬁxocouple.

The purified PETH (35 or 40 ml) was introduced under a flow of argon into the
flask and mixed using the argon flow during the hcafing period followed by oxygen

during the oxidation period. Oxygen was introduced into the reactor at a flow rate

9.




. of 24.5 ml. sec”

1 -1

at 180°, argon at 21.6 ml. sec™" at 180°. Solid samples of the
antioxidant, 4,_4'-methy1enebis(2,6-di—tert-butylphenol), were. imroduced into the
‘reactor at varying degrees, of oxidution by means of a small glass lacle. The
antjoxidant added into the reactor was completely dissolved within a few seconds.
Aliquots of the reaction mlxture were withdrawn from the reactor at various tirne

intervals, quenched to room ternperature, and analyzed for hydmpcrox;de, (-O0OH),

by titration.

T T J I P e T N e A S A PR
Gas Chroncsozrazhyy, GLC anilyses were porformed with an T &M Mogs] 510

—in

or a Hewlett-Packard Model 5730A Gas Chromatographs operating in the flame
ionization mode using an all glass ccﬂumn system and equipped with an Autolab

' System IV Computing Integrator.

Reaction products obtained. fromn the reduction procedures described below

were analyzed by GLC on a 6 ft x 4 mm glass column using 3% Silar-10C, 3% OV-1

or 3% OV-!? on 100-120 mesh Gas-Chrom Q, obtained from Applied Science

Laboratories, Inc. The details of GLC analyses were described previously (12).

" Gas Chroma'ozraohvoﬂass Spectrometrv.  Electron lmpact and chemLcal'

xomzanon mass spectra were obtamed ona VG Micromass MM 16 with an Incos Data
System (Data General Computer) follow ‘ng. gas chromatographxc separatxons of
reacnon products obtainerd from the reduction and derivatization procedures with a

3% Sil‘ar-l>OC'.or a 3% OV-101 column (glass tubing; 10 ft x 4 mm).

Lithium Aluminumn Hvdride Reduction - Method 1. LiAlH, (1.2 g) was slowly

added to the solution of the PETH sample (2 g) in distilled diethyl ether (50 [ml)

[
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stirred in a glass-stoppered 200 ml round bottom flask. After stirring for at least 5
hours at roomn terﬁperature, Na,50,.10H,0 (8.2 g) was slowly added to this mixture
which contained dark grey solids. The coior of the solids gradually lightened. After
16 hours; all solids were entirely white and crYstélliné.‘ Ether was then added_fo ‘f'ill

the flask and stirring continued for at least 15 min. The solids were allowed to

settle and ca. 85 percent of the supernatant liquid was transferred to another round

Sottom flask. The solution was then evaporated from an ice bath usian a rotary
evaporator and water aspirator (finai pressuré equal to 15 to 20 torr). Thi; same
cycle of filling with _éthcr, ;tin‘ing, supernatant trunsfer, and evaporation was
repeated twice more. The total residue was typically two colorless liquid pha._c;e's
(presumably mainly' 1-heptanol and water) and a slight ambunt of solid ca‘rried over
during supernatant transfer. This liquid residue was quaﬁtitatively dissol.ved‘ in

acetone to give a 10 m! sample for the subsequent GLC analysis.

Figure 2a presents a typical gas chromatogram obtained from the separation of -
the products of the method | LiAlH reduction of an oxidized. sample of PETH. The:

peaks designated 'A through G have been xdentxflcd by comparxson of thexr :

chromatographic retention times with those of s*andard samples and by their M+l

ions in combined gas chromatography-chetnical ionization mass spectrometry.

Figure 2a shows that” the method | procedure allows determination of I-

heptanol, l-hexari‘ol and I,3- through 1,7-heptanediols. Heptanetriols, whicﬁ afe

sparingly soluble in ether, were not detected by this method.
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_ Figwe2. GLC of products from the LIAIH, reductions of an oxidized PETH

umplé. ) _

a) Method 1 raduction. The compounds giving the lettered .peaks are: A

| ~ l-hexanol; B — l-heptanol; C « },3-hcptanediol; D - 1,4
heptanediol; E —~ [,5-heptanediol; ‘F - l.‘-heptanedio!;‘ Q =~ [,7-
hep.ancdiol. ‘ A

B Method I reduction. The lettered §eaks cooroerond to the gore
: ulmethylsilytated derfva‘tive; of the following compoundss IA"- 1,3
butanediol; B' -~ l.Q-butanc&iol; C - ;.#-pem‘anedxol; D - »x..é-
' pentanediof; . 1E"»- heptancdiolsy F* = pentaerythritol; G' «

heptanetrio!s.
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The qt;antitative recover.y of products fr‘om this_ LiAlH 4 reduction was as.sessed
by control experiments with pure and oxidi_zécf P_E.TH and with standard solution of
heptanediois in' PETH (Table D. Recovery of I-heptanol plus l-hexanol was
essenti.ally quantitative (better than 97%) after three supernatant liquid transfers.
Recoveries of 1,4-, 1,5- and l,7-l;—:ptanediols ’Nhi(;h were initially added in PETH

were also essentially quantitative (better than $57% after only two supernatant liquid

transfers). For each of these five compounds analyzed and for the sum of the 1,4-,

15-, and 16—h;ptanedxols the amount found in the supernatant liquid poruons
obtained after the {x* % 14 second transfors agroed with the ammounts anpacted {rom
the weighings of those portions. Tbis demonstrates Fhat these compounds, at the
concentrations used, were not strongly adsorbed by the solids during the supernatant

liquid transfer.

Lithium Aluminum Hydride Reduction - Method Il. The method Il procedure

was adqpfed from the work of Adams and Govindachari (13). LiAlHu (0.36 g) was

. slowly added to the solution of the PETH sample (2 g) in distilled diethyl ether (6

ml) stirred in a glass stoppered 200 mi round bottom flask. -After stirririg for at

least two more hours, the flask was cooled in an ice-water bath and 3.25 ml of

‘distilled water .was slowiy added. - All solids became white within ca.’ 2 hours.
Subsequently, 65 ml of 10% (v/v) aqueous H,S0, was added to.the ice-water cooled '

' flésk, whergupdn the solids rapidly dissolved. The aquéous layer was separated and

the ether layer was washed with three 5.4 ml portions of distilled'wateé. The

combined aqueous solunon was cooled and neutrahzed with 50% aqueous NaOH to

pH ca. 7. The resulting prc( ipitate was hltered and repeatedly washed with distilled

'_ -’lf’-
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water. The combtined {filtrate was then concentrated to ca. 80-100 m} of solution

remained. This solution then was continuously extracted with ether “or at least 48

. . . ‘) '
hours using a simplc extraction column ( 14 J. The supernatant ether extract was

quantitatively removed from some undissolved solid, presumably pentaerythritol, and

rotary evaporated to leave a residue which was dissolved in acetone to give a 5 mli

sample for tubsequent analysis by GLC, either directly or after trimethylsiiylation

'(3, 12).

In Figure zb is presented a gas chromatogram ot trimetnylsilylated products.
The indicated peaks (A'-G’) were identified by comparison of their chromatographic
retention times with those ‘of stindard samples and/or by their M+! ions in compined
gas chromatography-chen;ical ionization mass spectrometry. Figure 2b shows that
the method If procedure in addition to. the products quantitatively detcrminea by thel
method | allows determinatibn of 1,3- and l,4-butanediols, 1,4- and l,5-pentanediols,
and heptanetriols.

|
Produf:t recoveries in the method II| reduction procedure were assessed from

the results of two sequential reductions. An oxidi"zed PETH samﬁle (PD?DP, 180°C,

residence time 368 sec) was first reduced and the products were analysed -as .

described above. Products from this fitst reduction were then combined with

unoxidized PETH to give a sample which cdntained known concentrations of reducad

“oxidatjon products. This sample was then ubjécted to a second riethod Il reduction

followed again by analysis. From these analyses it was found that the recoveries of

diols were generally 60-70 percent and e recovery of heptanctriols was ca. 89

' .ls_




percent. Thus, the method Il reduction procedure did not give quantitative product

recoveries.

Determination of Hydroperoxide and Acid Products.” The total yields of

hydroperoxide groups, (-OJ3H), were determined by the iodometric titration of Mair

and Graupguer (Method 1) (15 ).

The total yields of organic aci.ds, (-COOH), were deters- .~ by pote:ntiornetric
a:ii—‘.;';;\c tz:r;l.:i:::.. .-\*..g,;,:r;,;:i.‘-;: Volans of \l;;\'l:';.;c..' A e Oosvived i 15 6l
toluene and ‘the so}uxi'on mixed with 23 ml of 2.7 M KCI1 under argon. Two
milliliters qf 0.0l N Ba(OH)2 was then added and the two phases vigorously mixed -
under argon for .ca. 19 min. Following phase scpa}ati«sn, the resulting basic aqueous
phase was titrated with a 0.01 N HCI solution using a f\letroh:ﬁ E535/6 Recording
Titrator apparatus. The-:qtal acid concentration was calcu‘latc.d from the différence :
in the volumes of HCI titrant utilized for the PETH sarnple and for a blank without

the PETH sample. Purified PETH samples yiclded end points identical to those of

the blank sample.

Deferminatidq of !ndividl;_ql ‘Alkéﬁbic Acid Products. The cor'\centration‘ of 62
'_ thrmgh.C6 ‘alkanoic acids were.determined by the following mf:thod. The PETH
sample (1 to 10 ml) was diluted 5 to 20 fold with ‘toluén_e and extracted in a 50 il
separatory funnel first .with 10 m} of aqueous KOH at pH = 10 and then three tines
with 10 ﬁ\i of distibllcld water. The aqueous KOH was prepared directly in the f;mh'cl

by adding 10 ml of distilled water and 2-3 drops of 20° (w/v) of methanolic KOH.

i




The‘ combined extracts were evaporated to dryness. Potassium carboxylates -
oi)tained by this procedure were derivatized using 0.20 mmole of a,p-dibro-
Imoacetophendne and 0.02 an:nole of dicyclohexyl-13-crown-5 ether botiy in one ml of
acétonitri!e (Applied Science Laboratories) (16) The resulting p-bromophenacyl

esters were dissolved in 5 in] chloroform and analyzed by GLC on an OV-225 column.
The concentration of heptanoic acid was determined by direct injection of the
PETH sample onto an AT-1000 (Altéch Associates) packed GLC column since 'the’

above exiraction method gave additional nesiano acd formed from PLTH.

Eich of these two methods of acid determination gave an accurate ~nalysis for

standard PET 1 >olutions of the alkanoic acids for which it was employed.

Acid Exchahgel Experiment. A sample of PETH containing 45 x lO'."M each of

C ) and Cg acids was heated under argon in a batch reactor at 180°C. Samples were
taken as a function of time and analyzed for Cj, C6’ and C7 acids. In a 400 second
time period less than 1 x 10"4.\1 ‘of C7 acid was detected. The C5 and C6 acid

concentrations decreased to 30 and 36 x lO"’M, presumabiy due to evaporation.

17-




RESULTS AND DISCUSSION ,

Reaction Schém?. A reaction schemne ,\;.'h;{:h accounts for the results %\‘.)tgzirf?d in the
present study of the autox}datlion cf PETH.at 130 to 220°C is presented in Figure 3.
In the scheme, RH represents PETH; ROOH represents 3- throuch 7- mono-
hydropcroxy Cerivatives of PETH;' HOQROOH 2nd HOOR-O. represent ;z,* -ad

2

a, §-dihydreperoxy and hydroperoxyoxo derivatives of PETH , and R-, RO+, RO

2
HOOR-, HOORDOH , HOORO+, O=RO-, and HOORO.; represent carbon, alkoxy and

peroxy radicals corresponaing to the above listed PE [H derivatives.

This reaction s;:heme- is somcwhét ;implcr but kinetically equivalent to that
proposed earlier for the autoxidation of ﬁ-raexadecane ét lZO-lSOOC (8,18). In
additicn to established initiation,3 prop':xgdtion,u and fermin:ition reacti$ns the
scheme includes .1+ olecular a,y and a,_§ ‘hydrogen abstraction reactions (4) and

*
(4 ) leading to the formation of a variety of disubstituted autoxidation products and

C 2 a, y designates 3,5-, 4,6-, and 5,7-shbst'it-Jted products and a,§ designates 3,6-
and 4,7-substituted .products._

3 | It is likely that the various hydroperoxide products decompose at different "
rates. Thus, kl repeesents a comlplckl cgmpositc fi'r‘st order rate constant for
radical formation. |

4 Intermolecular hydrogen abstraction reaction (3) includes ubstractions from

other heptanovloxy groups of the same molcecule.

.




~O0H ki _ xoe+e0H - sLow (1)
}’58: +RH Ky 582-.&3. FAST (I')
Re+02 k2 _ roze  FAST * (2)
ROz++ RH K3 _ ROOH+R- | SLOW  (3)
ROz ke _ <RoOH ~ sLow  (4)
ROOH+02  %2__ HOOROze FAST (21
HOOROz++ RH Eé_. HOOROOH + R sLow (3
HOOROz+ X4 _ HOOROOH | SLOW (4%
- HOOROOH kS — HOOR=0++OH FAST (5)
2X0z ¢ 2ke_ >C=0+02+CH-CH SLOW (6)
«,y-HOOR=0 X7__ -COOH +-(-CH3 'SLOW (7)

E

0 B

' 12 3 4 5 § 7 .
RH=P3C-Cr2-0-C-CHz-CHp~CHa-CHa -CH2-CH3 = PETH
| [ o . ' 1 !
. . v 4
XOZOB ROZO -+ HOOROzo | ‘ X0 e=RO <+ HOORO«+0Q=RO-

Flgure 3. Reaction scheme.
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hydroxy radiz«is via reactions (2'), (3'), and (5). The most important of the
disuhututed products are a,y- hydroperoxyketone spec;es. These species are

precursors of acid and methyl ketone products tormed via cleavage rcaction (7).

Product Analysis. Table I surnmarizes the resuits from the analyses of total

hydroperoxide and acid products. in autoxidized PETH samples obtained from the ‘
stirred flow reactor experiments at 180, 200, and 220°C. Tfne'results show that thé
yields of hydroperoxide and acid products are independent of oxygen pressure at
FesiZence 1hnts wp 19 365 sccunds at 152°C aind up 10 70 seconds at 200°C i e
partial pressure of oxygen is greater than 90 kPa. In the 200°C experiments at

longer residence times and in all 220°C experiments the yields of hydroperoxide and

acid products increase with increasing oxygen pressure.

The results fromn analyses of LiAlHQ reduced samples of autoxidized PETH are
summarized in Table III. Upon LiAlHu reduction the monosub;tifuted prodgcts of
the PETH autoxidation, ROOH, ROH, and' R"=o, are converted to pentaerythritol, 1-
. heptanol, and 1, x-heptanedicls, i.e.,

0 ' Luuﬁ

. P C-CPZ-O-C (CH ) -X- (CH )5 -H ———

3

-, OH . | OH : :
C(CHZOH) + 3CH3-(CH ) -OH + éH (("Hz) -CH (CH2 5. -H (8)

) » i : i
whereiis 1, 2, 3, 4 or 5 and X represents CH-OOH CH-OH, or C:O. The absence of

1,2-heptanediol in thc reduced samples su ;,(-sts vcry low rcacnvnty of. hydrogcns in

- -20-
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TABLE II.
- Hydroperoxide and Acid Products from the Autoxidation
‘ ' . of PETH '
¥ .

Temperature Residence Oxygen (-OOHli LCOOH)E- b
Co) Time (sec) Pressure (kPa) (M/10%)  (v/10%)  PETH2
180 77 119 23.1 3.6 PLPDP

77 Co121 o 24.0 -
L) - 118 23.2 3.6 PDP-2
81 119 - 23.6 3.5 PDP-1
182 S 113 113 Ky PDPDP
185 114 115 29 . PDP-1
187 : 113 112 R 4] PDP-2
188 . 116 125 -
363 . 110 - 385 - DP
~ 364 < 111 364 134
365 112 378< 143 PDP-1
367 - 110 - 374 136 PDP-2
368 - 109 384 C 148 PDPDP.
366 - 82 403 ' - DP
200 20 143 -23.8 3.4
' 36 128 71 15
S3 . 123 128 . 1
69 ' 121 208% 63
69 90 206 57 .
70 24 97 14
101 119 415 148
3 - 89 382 . 118
220 17 . 191 208 60
17 . 146 178 . 50
20.1 142 172 - 43
19.9 © 105 141 30

- 2pt the temperacutc'bf the‘aﬁtoxidacion

!PDP purity material used excebt Asfothefﬁise'noted;

Sritration of water extract of 365 (69.1) sec ‘sample gave (quz) equal less
than 0.045(-00H)} (0.03{-o00H)). o ' , '
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TABLE III.
) Heptanediols and Heptanetrmls from Lmllla Reduction®
! : . A ’ of PETH Samples
Residence ' il,x—hooranediol) _ Ab.c
Time (-oon) I,3-  IL,4-  1,5-  1.6- L,7- (sap})  [(wf)>E
(sec) ‘ (/109
180°C
77 23 - 1.2 2.4 4.1 (0) 7.7
77 24 1.1 0.6 2.9 . 3.5 (0) 8.1
182 112 5.2 © 5.3 14.7 21.1 1.8 48
188 125 5.2 6.4 17.0  21.7 2.4 53
368 384 19.9 27.6 62 77 9.4 196
368 384 (DR enR G @2k .ok ambk @Gnk
| | 200°C
20 2 » @ @ @ ! and
36 71 5 4 11 19 (1) 40
53 128 2 6 17 25 3 53
69 208 6 1 31 3. S 91 .,
101 415 30 36 80 93 13 252(220)%
T A O 8 17 15 1 52

- Method I, except as foocnotea

b Method II LiAlH, reduction; due to r.onquancitative character of this method
values are only approximate. .

£ Analyzed as pcr-trim:hylsilylated denvatives.

d ,
= Due to substantial blank sample corrections values are onlv approximatc

£ value in brackets was obtained by the cutcing and weighing of appropriate GLC peaks.

£ PETH sample from'the reduced oxygcn pressure experim;nt (24 kPa)
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position 2 of heptanoyloxy group. This fin.di'ng is consistent with the results reported
by Sniegoski ( 4) from the autoxidation of neopentyl hexanoate and by Anbar et al.
(17) from their studies of reactivities of various carbon-hydrogen bonds in

abstraction reactions by hydroxy radicals.

At sufficiently long kinetic chain length the yields of 1, x-heptanediols from

‘ LiAlHu reductions of ROH and R=0 arising from initiation and termination reactions

are low and the sum of the yields of 1, _)g-heptanedibls, HD , may be approximately

equated with the yields of monohydroperoxide products formed in reaction (3), i.e., -
(HD) = (ROOH) ' an

The data of Table IIl show that HD accounts for only 30 to 50 percent of the total

hydropéroxide i_iters at 180°C and for 40 to 60 percent at 200°C and that the ,

contribution of hydrogen peroxide to the titer amounts to less than 5 percent of the

total. Based upon the results of our studies of n-hexadecane autoxidation (8), the

residual hydroperoxide titer is expected to come in large part from polysubstituted

PETH derivatives arising from the intramolecular hydrogen abstraction reactions. .

In analogy with the LiAlH, reduction of monosubstituted produéts (cf. eq 8),

A :the' disubstituted products HOOROOH 'and HOOR=0O yield ﬁpon LiAlH,“ reduction

'/,. Z3e:

¥




pentaerythritol, l-heptanol, and various isomeric, 1,x,y-heptanetriols. The applica-

5, led to

tion of the method II LiAlH, -reduction, although not quahtitative
identification of heptanetriols, HT, in dreduc‘:ed sample obtained at thé residence
time 368 seconds and 180°C. Although the yield, 31 x IO’“M, represents only about
20 percent of the residual tivtere, the result does support the notion that large

amounts of primary disubstituted products are formed in the autoxidation of PETH.

Table IV summarizes the results obtained from the analyses ‘of the individual n-~
alkanoic cleavage acids in the autoxidizgd PETH and from the Vanaly‘ses' of some low
rr;olecu!ar weight diols in trimethylsilyléted samples obtainedl from the non-
quantitative method II LiAlHu reduction of selected oxidized PE.‘I"H samples. The
isomeric composition and t! = cancentrations of the lbw molecu.lalr weight d?ols
relative to the concentrétions' of ﬁ-alkanoic acids in the PETH autoxidation are
expiain,ed by the novel sequence of reactions ™), (5), and (7). This sequence is also
consistent with the results obta,ined in the study 'of,t,he autoxidation of n-hexadecane
in our laboratory (8, 18). lh that system it was observed 't'hat the rapid first order

decay of a, y-hydroperoxyketone' species or. their .equivalent7

resulted in the
simultaneous formation of ca. equal amounts of cleavage methyl ketones and n-

alkanoic acids. The results from the kinetic analysis of total hydroperbxide olus acid

5 cf. Experimental Section for recoveries.

6 Based on the distribution of disubstituted oxidation products calculated using
the values of rate parameters from Table VI
7 The half life of a, Y-hydr_operokyketone species or their equivalent was found

to be equal to 95 seconds at 1210°¢,

’/_ o . : . | -24-' .
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formation (cf. Figure 5) strongly suggest the concurrent formation of one rmolecule
of acid and consumption of one hydroperoxy group. Based upon this observation, the
unstable intermediates in the PETH systein are likely to be @, y-hydroperoxvketone

species, a,y-HOOR=0.

- To illustrate this transformation in the PETH system, consider the decomposi-

tion of two isomeric a, y-hydroperoxyketone species, 4-hydroperoxy-6-oxo-PETH

and Y4-oxo-6-hydroperc:y-PETH, followed by the LiAlHq reduction »f resulting

cleavage product: ;

) OOH O

i i n
P3C-CH2~O-C—(CH2)2-CH CHZ-C-C.‘;H3

N

4~hydroparoxy-5-o>x0-PETH

0 o | o)
P3C-CH2~O-(I’:-(CHZ_)Z—é—CHB . Ho-c'E-CH3
| \ ‘LiAlHa
LiAH, | . CH,-CH,-OH
OH = OH

. ' ] {
C(CHZOH),* +3 CHB-(CHZ)s-OH + GHZ-(CHZ)Z-CH-CH3

1,4-pentanediol . (9)

-26-.
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O . O OOH

' N fi ] »
P,C-CH,-0-C-(CH,),-C-CH,-CH- CH,

4-oxo-6-hydroperoxy-PETH

' [ | il
C-CHZ-O-C-(CHZ)Z-C—OH +  CH,-C-CH

Ps 3
LiAIH,
- OH
LiAlH, CH,-CH-CH,
! | |
' C(CH,OH), + 3 CH4~(CH,),-OH + - HO-CH,(CH,),-CH,-OH  (10)

»l y4-butanediol '

Thus, ac.:id and methylketone products formed in decomposition reactions -
'of a, y-hydroperoxyketoné‘species will consist of low molecular weight n-alkanoic
acids and rﬁethyl‘ ketones anld high molecular weight carboxy and acetyi substituted
tetraesters. In Table V are summarized the cleavage products expected to be
formed from all possible a, y-substitulted hydreperoxyketcne derivatives of PETH

and the products from their LiAlH, reductions. - The praducts are listed in order of

4
expected décreasing yields and with a designation in brackets .°f those Ip'll'oducts N
' analyzed in this wc.;rk. The c?ccqr?ence_ of tht"a proposed me.thvanism requires the yield
of I,4-pentanediol to be equal to that of c, acid and the yield of 1,3-butanediol to
'tﬁ;t of Cy acid. The'r_esul'-ts in.Table IV are in good agreement with that.
reduirement in the first case l?ut in the second case ‘the vield of 1,3;butanediol is

somewhat larger than that of C3 acid. Nevertiel:ss, the substantially higher yields

T .
T g 45 H
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of C2 and C3 acids than those of C“---C6 aciuds, occurrence of high yields of non-
terminal diols, 1,3-butanediol and l,4-pentanediol, and iinally substantially lower
yield of l,5-pentanediol than that of l,4-butanediol virtually demand that cleavage

principally occurs via eactions of a, y-substituted difunctional oxidation products.

If cleavage processes were occuring via conventional B-scission of alkoxy radicals
one would expect l‘)’ a high yield of 1,5-pentanediol, 2) monotonically decreasing'
'yields of lower terminal diol homologues, and 3) monotonically decreasing yields of

acids with increasing carbon number.

A summation of the yields of C2~4C7 acids and  the yields of carboxy
substituted tetraesters, estimated from the yields of terminal diols assuming that
the yield of 1,3-propanediol is equal to that of 1,4-butanediol, gives a value equal ta.

90 percent of the titrated acids in the 365-8 sec samples.

Reaction pathways which might account for the large amounts of C7 acid are
intra- and intermolecular exchange reactions of cleavage acids with PETH .

‘molecules. From the results of the exchange experiment described in 'the .

experimental section, the occurence of facile intermolecuiar exchange reactions

with the low molecular weight cleavage acids does not app‘ea.r'-likely. It is then

plausible that the carboxy groups attached to the PETH moiety are undergoing '

various intra-and intermo!éédlar reactions to produce the C7 acid. The elucidation .
of the mechanism of such reactions is a complex task, beyond the scope of the
,pfesent work. Subsequent kinatic analyses are thei: based on the assumption that éli

_ acid products originate from a cleavage process involving decomposition of a, y~ -

~ substituted hydroperoxyketone oxidation products.

¢ . [ . . - . . .
G e e . " BN ST L . . e




Rate of Initiation. For the purpose of subsequent kinetic analyses of the

autoxidation of PETH it is desirable to estimate the rates of radical forrhation, Ri’
as a function of hydroperoxide ,concentration3 and to coripare the values of Ri

obtained for PETH and n-hexadecahe systems under the same reaction conditions.

The present method of determination of Ri is based on the rﬁéasurgment of the
length of inhibition period, toh caused by the addition of varying amounts of 4,4'-
methylenebis (2,6-di-t_c;f_t—butylphenol>), BPH, to the autoxidizing subétrate._ Upon the
introduction of BPH tie steady statz concentration of peroxy radicals in tiie system
is decreased by many orders of magnitude and the formati‘;):n of hydroperoxide
products is stroﬁgly inhibited until the initial antioxidant and its ‘antioxidant reactive
products are all consumed. At that point the autoxidation of substrate resumes. At
a constant rate ot radical formation the value of [BPH)o/tinh is equal to ‘Ri/n'
where [ BPH )0 is initial concentration of BPH and n, the stéichiometric factor
(19), is equal to the total number of peroxy radicals consumed by reactions with a
molecule of BPH and with molecules of thelantioxidaﬁt brea;:tive pf'oducts resulting

from: BPH-peroxy radical interactions. At 60°C n for BPH is ‘équal to 4.0 (20).’

Figure 4 shows the results from.a ser‘ies of batch reactor experiments in which
- values of t , were determined as functions of (BPH) o and of the avérage

cencentration of hydroperoﬁidesg during the period of strong ihhibition, ( -OOH ), for

8 The decrease from the initial hydréperoxide concentration during the inhibition

period was less than 10 percent.

- -
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= —;\L = a+ L)(-OOH) (1)

where a (\t sec™!) and 5 (s':_c'l‘) are at 189°C equal o 5 x 1873 and 8 x 197 for FLTH
-7 . - |
and 1 x 197 and 9 x 16 5 £5- n-hexadecane, ' The results from a limited number of

experinients with- PETH at 200°C suggests the same relationship with values of a

equal toca. & x 15770 sec™V and bca. b x 157% sec L.

The values gg and n' b may be'interpretéd as é;ual to the rate of formation of
free radicals from the direct reactions of substrate with oxygen and to the
composite first or.der rate constant for t’he'homolvsils of hydrcperoxide products,
Zkl’ respective.y. If the value of g is equal to 4.0 in both PETH and n-hexadecane at.
180 and 200°C, then { BPH )o/tinh is equal to R./4 and the values of k are found to

be equal to 1.6 x 197% sec!

. .
o —— A ———— a4

for PETH and to 1.8 x'm'.“ sec! for n-hexadecane at

1

189°C and to 8 x 1574 sec™ " for PETH at 269°C,

Kinetic-Analvsis. A kinetic analysis for the sequence of reactions (1) --

. presented in Figure 3 lcads to t'bc following rate expressions for formation of
hydroperoxi&e, -OOH, ac—id.' -COOH, and monohydroperoxy, ROOH, and a, Y- i

hydrop.roxyoxo, &, Y -HOOR : O, substituted PETH autoxidat:on prodizcts:" - — 1

—— : . |

9 Eqs. (IV), (VD), and (VII) were derived using the steady state approximation for
each peroxy radical, at sufficiently long kinetic chain length and assu.ning k3 to
-~ ' bé equal to Ky and k, to be much greater than k,. Kinetic chain lengths in the -

range of conversions studicd were equal to or larger ey Ll () 42 - - 25e,

-3
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(ku-a ) /%4 )
ky (RAT) \K3[RA]
Y 1-*52%0_'1)
A K\ k,(RH ,
: k
6 4-a, y 4-r1, §
1 k3 (RH] ENEE
+ +* *
: k4 Q. 'kl&-a 8
=Ly ]
be ,(RH] 'K, RA]
- ks (@,y-HOOR=0 )
]
= w (-00H)" -k, (a, y-HOOR=0) (viD)
where
| ,
| (-OOH) = (ROOH) + 2 (HOOROOH) + (HOOR=0) vy

' ,
The values n and v are obtaipcd from plots of experimental data in Figure 5.10

In fhe absence of experimental data on yiélds of a, y-HOOR =0, the values of w and

k7 are obtained from experjmental data plotted in Figure 6 in accordance with eq.

(1X).

10 It should be noted that the 200°C/101 sec data ot highest oxygen pressure also

fit eq. (1V) and (VI).

separately <iscussed ix

The 200°C data, apparently oxygen dependent, will be

fow.
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(-ooH) . L (oom)% (IX)

. n
d(-COOH] = ck,uw cw

dt

The derivation of eq. {IX) and detailed procedure for calculation of w and ky are
described in the Appendix. The values of n, v,w, and k7 obtained at 180 and 200°C

are summarized in Table VI.

Comparison of PETH aﬁd n-hexadecane rate parameters. ‘Value of the rate

constant for clegvage of a, Y.-hydroperox;'oxo-PETH, k7, are strikingly similar to
those obtlai_ned in n-hexadecaﬁc autoxidation. Direct measurements of the rates éf ‘
decomposition of .a, v -hydroperoxyketone species or their equivalent and of
formation of C,, methylketone product in n-hexadecane (18) yielded first order
rate <‘:onstants which in ternperature range of 120 to 180°C were found to obey the

Arrhenius equation

fogk, = 12.4 - 2200 | X)
. ' . 0 0
This equation gives values of k;w equal to 7.1 x 10~ sec! and k;oo equal

t0 33 x 1072 sec™! for the n:hexadecane system. These findings strongly support the

notion that cleavage product formation occurs in the PETH and n-hexadecane via
the same mechanism, i.e., via decomposition of a,Y-hydroperoxyketone species.
Vaiues of the ratios ¢.' rate constants for intramolecular and intermolecular

»
hydrogen abstraction r:actions, K,/ ) and kq,”\j(RH] and values of




TABLE VI.
/ * PETH Autoxidation - Summa-y of Rate COnstanc53
o]
Temperature, C
; : o
Rate Constant ' - 180° 200
-1k ' -4 -4
kl’ sec ! : 1.6 x 10 ) 8.0 x 1?A
N, M%secql(eq. ) ‘ ' 7.3 x 107 28 x 10 b
Vv, Misec > (eq. XI) 2.6 x 107 , 10.7 (12) x 10~
' - ‘ - 1=b
w, M%sec l(eq, X11) 2.8 x 10 4 5 .9 4 x -)
- ' -3 -3
k7, sec } (eq. X1I) . 6.4 (3) x 10 .30 x 10
w)v ‘ 1.083_ 1.15 © 0.88 (ll)P-; 1.09_
/x., (RH) ‘ 1.14 0.97 (14)2; 1.11
a—c,y 3 , b o
k[._c 57%3 (rH) 0.50 0.43 (6)>; 0.49—
x /% (RH) -~ 18 14 (5)%; 19E
4-0 Y 3 ) : b
LA 5/k (rH) 4.9 . 3.6 (15)=; 1—
2 2k )’k (), Misec™! 3.0 x 107 12.7(5) x 107°
: b
(k4 a, /H)/(k /H), M 26 22(4)—
- b
( /H)/(k /H), M 22 18(3)— -
(ka* /H)/(.c /H), M 840 620(250)2
7 . . b
(k /H)/(k /H), M 230 170(70)— b
lo -a,6 o 53 -4 2
(ky /H)/(2k )1, M sec . 3.6 x 10 6.9(3) x 10

2 Concentrations of PETH, [RH], at 180 and 200° were 1.47 and 1.44 M,
respectively, ‘

L The uncertainties of the values obtained are indicated in parenthesis.
For example, 10.7(12) x 10-4 denotes that values obtained Jay in the range
(10.7 + 1.2) x 10-%. The values of ki and (k3/H)/(2kg)'i are based upon
the assumption that n = 4 for the bisphenol antionidant used (cf. Rate of
Iriitiation Section).

c . ' o '
= Obtained combining eqs (VI) and (VII) and using ky derived from eq (IX).
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(2k;/2k )" “ky (RH) (cf. Table VI) may be thzn derived from values of n, v, andw

assuming that the ratios of rate constants for intramolecular a, vy and a, §
-abstractions are on a per hydrogen basis the same as those in n-hexar2cane

" * * :
to 3.7 (18).“ " The ratio (k3/H)/(2k6)l/2 can' then be obtained from
1/2

autoxidation, i.e., (k Wk, _, o/H)is equal to 1.2 and (k
_ . :

k3[ RH) using values of k, measured in this work. At 180°C
2

(2K, /2k)

(k3/H)/(2k6)l/2 for PETH is equal to 3.6 x 107 M’Uzseq'll which is ca. 20 percent

lower than the corresponding value obtained for n-hexadecane (4.6 x 107 M'l/ 2
sec'llz) (18) and by a factor of 2.5 lower than the value 9.2 x 107" M"l/2 sec” {/2
reported by Agliullina et al (5) for autoxidation of Apéntaerythrityl tetra-

pentanoate, a system in which the availability of hydrogens limits the extent of

intramolecular abstractions.

Due to 'he steric hindrance of PETH peroxy radicals it is anticibated that the

values of 2k, ¢ smaller for the PETH than for the n-hexadecane system. This
would le;d to 1ower values of k3/ H in PETH and would in turn account for the higher
values of the ratios of intramolecular to intermolecular abstraction rate constants in
PETH than in n-hexadecane (13). The values of (ku/H)/ (k3/ H) deri;red for PEfH are
' greater: than ‘those derived for n-hexadecane 'by' faétor "of 3.7 and values of

(k;/H)/(k3/H) by factor of 2.6. As observed in r'l-hexade'cane, these ratios in PETH

show little temperature écpen'dcnce since the values at 200°C are, within

experimental error, the same as those at 180°C.

11 The ratios of rate constants for n-hexadecane were calculated using methyl

ketone product formation as a measure a0y -HIOR =0 decomposed.

o i e o S it st 7
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The value of the composite rate constant n at 200°C determinéd from the
single experiment at the highest partial pressure of oxygen used in this study (191

kPa) and the value of n at 220 °C obtained by extrapolation of an Arrhenius plot of

the data at 180 and 200°C are found to be the same, i.e., 110 x 10~ -4 Myz sec l. This

'fxndmg suggests that the mxmmum oxygen pressure at which the yxelds of
hydroperoxids and acid products are independent of oxygen pressure was exceeded in

that experiment.” Thus, a valid value of (l<3/l-l)/(2k6)y2 at 220°C may be extracted

-4

from n using an extrapolated value for k, at 220°C (31 x 10™* sec”!) and assuming

that the ratios ovf ku/RB(il:l) and K /‘3L RH ) remain at 226°C tir same as those at
180 and 200°C. ‘The ratio (k,B/H)/(Zké)y2 at 220. C is then calculated to be equal to
12 x 107% m~% aec°yz. This value together with those at the lower temperatures
yields fdr (1{3/'H)/ (2-k6)y2 an activation energy approximately equal to 13 kcal/mole, a
value consistent with that observed in the autoxidation of n-butare at 100 and

125°C (21).

Evidence for *OH Abstractions.’ From the values of k,/k;(RH) and

q/k (RH) we conclude that ca. 60 percent of all hydrogen abstractions from PETH
occur by ‘OH radicals generated via reactxon (5). The remaining abstraction
reactions occur by chain carrying peroxy radicals and radical species derived from

initiation reactions.lz The relative reactivities of secondary to primary hydrogen

atoms at the above distribution of free radicals species may be calculated from the

expression

12 Since the kinetic chain lengths are equal to or larger than 8, an v~ o ihinit of

12 percent may e ehoned to abstractxon Sy spacies Sroa initisiicie

e
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prim’"". T \"prim *OH prim’ " /RO, v :

where '5 is a fraction of abstracting radicals corresponding to OH and

(G, SH/K_ . [H)) oy and ((k

sec prim /H)/(kp r,im/H)J RO, are rglatwe reactivities of

sec
secondary to primary hydrogens for abstractions by hydroxy and peroxy radicals

which may be obtained from the literature.  Using values of

(e HY (/W) oy - €qual to 5.4(5.2) (22] and of (k. /HY(k prim/H))Roz'
13
)

secC

equal to 30(28)"~ the calculated values of (k__ /H)/(k_. /H) are found to be equal

prim
to 16(15) at 180°C (200°C). From the experimental values of yie}ds of 1,6- and 1,7-

: - : 14
heptanediols (cf. Table III) aPparent values™ " of (k ecIH)/(kPri m/H) are found to be

in the range of 11 to 18. The reasonable agreement of the calculated and the

experimental values of (k'sec/ H)/(k_ . /H) strongly supports the notion that in PETH

prim

a high poréentage of hydrogen atom abstractions occur via *OH radicals.

13 Ina study of n-butane oxidation, Mill et al. (21) have deterrained that the

ratio .(kse c/H‘)/(k /H) for abstraction by sec-butylperoxy radicals is 45 at

prim
|100°.C., Based on difference in activation. energy for the two abstractions of
1.65 kcal/mole (23), equal to 0.55 times the difference in strengths of the two

C-H bonds, thié ratio is calculatéd to be 30 at 180°C and 28 at 200°C.

14 Thgse values are apparent since the relative yields of these products also
reflect the relative values of ky(RH) /(kB[RH)" + k,) for the corresponding
primary and secondary peroxy radicals. In the case of internal secondary

peroxy radicals these values may vary significantly.

olle
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We note that at a low oxygen pressure of 24 kPa at 200°C the apparent value

of (k. /H)/(k ., /H) obtained from the yields of 1,6~ and 1,7-heptanediols increases

prim
to ca. 23. This‘ sﬁggests that a lower bercentage of hydroxy radicals particilpate in
absfracﬁon reactions 'at lower oxygen pr,"essures. Since *OH are generated
concurren:ly with hydroperoxyketone formation, reaction (5), the result further
implies that yields of hydroperoxyketone species decreases with decreasing oxygen
pressure; Indeed, the yield of a, Y-'hydroperoxyketonel species, as measured by the'
rate of acid formation, decreases cdmpared to the 121 kPa experiment by a factor
- of five while the yield of total hydroperoxida and smonvhydroperoxide products
decrease by a factor of only two. Strotllgly decrleasing relative yields of o Y-
disubstituted products with decreasir'igloxyge.n pressure below ca. 60 kPa have also
been observed in the n-hexadecane autoxidation at 180°C (18 ).15 This phenomenon
of decreaséd rate of.formation of @,y-disubstituted products at lower oxygen-

pressures is now being further investigated in the n-hexadecane system.

15 The source of this s.erisitivi'ty to oxygen pressure may be the reversibility of
intramo{_eculaf o, Y abstraction reagti'un (4) at decreased.v oxygen pressdres.-

The reverse reaction may under these conditions becbme competitive with

' oxygen addition since éeroxy radical ab;str'éction from -CHZ- is endqt‘hermic by.

ca. 6 kcal/mole and intramolecular reactions have high preexpcnential factors

(18).

“42-
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APPENDIX
DERIVATION OF EQ. IX AND CALCULATION OF w AND k.

In the stirred flow reactor experiments the ratio of rates of formation of

any two products is equal to the ratio of their concentrations In the reactor.

Thus,

d{o y-HOCR=0 ] _ d’—OOH‘ iaL_Q_QB-.l (xim
at -OCH B

Combining egs. (IV), (V), (vI1), and (X11) yields an equation quadranc in(a, y-
HOOR:=0}, i.e.,

‘(‘b ) (a,y Hoosz-o)2 ( 5 §( o:m )-;)f-:, Y-HOOR =0 ) m(-oon)"‘ =0

(XD

The solution of .eq. (Xill) for {3, y-HOOR=0 } and expahsion of the square

root term in combination with eq. (V) yields for the rate of formation of acid

* products

ﬁEOOHJ . k"‘?('o.oﬂ) l k7m (-oon)®

»
. . , s . . ¥ -7 .
l-l . T‘Z{-OOH )': ["Z('OQH) i ﬂ]—‘

kp(-00H)* | k,'u(-oor!)"’
+ 2 +5

[, -oom)* . P fic, (-0OH )™ « r]

¥ seeee
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If the expression in braces in eq (XIV) is approximately constant, equal to [N

then the rate of formation of acid products should obey the equation

-O0H)  _ _n__~ 1 % o
gLCOOH). T Ek5 ' W (-o0H) (1x) .
dt o

Figurc 6 shows that egq (IX) does indeed descride’ well the observed
instantaneous rates of formation of total acid products at 180 and 200°C. From

these plots, the values of —t— and L are equal to 360(20) sec and 3200 Mm%

Shp T @
sec at 189°C and to 90 sec 2nd 979 “-y, sec at 260°C. The ratis of thesa values in
combipation with previously determined values of n yie.ds the values of k7 which
aré.listed in Table Vl T_hese values of ky are used for th. calculations of w and ¢
from eq (XIV) and (IX) by a method of successive approximations (for final values
of W see Table (XVI). The values of ¢ derived by this brocedure are found to be

independent of (-OOH) and temperature and are equal to 1.19(1).  This finding

. validates the assumption used in the derivation of eq (IX).

N o - ~47.
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LUBRICANT DEGRADATION AND WEAR IV. THE
EFFECT OF OXIDATION ON THE WEAR BEHAVIOR OF
. PENTAERYTHRITYL TETRAHEPTANOATE
P. A. Willermet, L. R. Mahoney .
and S. K. Kandah
Engineering and Research Staff
Research

Ford Motor Company
Dearborn, Michigan 48121

ABSTRACT

Wear studies carried out in conjunction with a study of the
kinetics and mechanism of the autoxidation of pentaerythrityl tetra-
heptanoate (PEfH) showed that small aégrees of oxidation prbduced large
increases in wear rate.l The resditénindicate that méﬁoes¥ers of dicarboxylic
acids in conjunction Qith.hydroperOxidés‘ére the oxidation products which

result in the increased wear.
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INTRODUCTION

The reactions of moleculaf oxygen with lubricants produce polar '
oxidation products. At low conversiogs these processes may not result in any
measureable change;-in lubrication~related ph;;ical properties. Tt is, however,
well known that low ;oncenCraLions of surface active molecules can have large
influences on the wear of materials under boundary lﬁbricdtion conditions(l).

In order to determine which specific chenmical épeciés are responsible
'for any wear effeqts(fduna upon oxidatioﬁ of a lubficgnt, itAis necessary to
have quantitative informétion on the natﬁre of the oxidation products. Our
laboratory has recentlv carried onf.a kinetic studvy of the oxidation of penta-

(2)

‘erythrityl tetrahepfanoate, PETH, at elevated temperatures . In the course

of that study large quangitieé of oxidized PETH were generated and the oxidation
products were¢ quantitatively defined. This paper rep;rts_the results of a
laboratory wear study utilizing these matcrials.

EXPERTMENTAL

.Prgparation and Composition of Pure Oxidized PETH

' Détailed_descriptions of.the purification and oxidation of PETH and
the analysis of thé okidation product§ have been presented carlier(z). 'Purifica-
tion of technical gfade'PETH was acgompi;shed by percolation through alumina

followed by vacuum distillation and a final ﬁercolatidn{h

I

The purified PETH was oxidizediin a stirred flow reactor. This technique

provides large quantities of.material oxidized under precisely controlled condi-

(2)

tions + The reaction conditions and the majocr products of the oxidations are

summarized in Table ..
Model Compounds

Succinic acid mononcopentvl cster vis wvnthestizod by refluxing equimolar

d

concentrations of succinic anhydride and uncopentyl aleochol in xylene. The resulting

product was purificd by vacuum-dtstillation and assaycd.at 952 purity by titration

/
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with KOH. Tertiéry butyl hydroperoxide was a redistilled commercial material
which was assayed at 97% purity by iodometric titration(2). All other model

compounds were commercial materials of 99+% purity.

Wear Measurements

Wear measurements were conducted using a Brown/GE modifiea 4-Ball
apparatus nperated at 600 RPM., Except where indicated, 40Kg load was cmploved.
The wear speciments wére AlS1 52100 steel balls, arade 25. DBefore each test,‘
the balls, top ball chuck, and.sample container were thoroughly washed with
Stoddard §olvent, followed by reagent grade tol&éne, acetone aﬁd pentane: The
sample'containet and top ball chuck were assembled, dried at 100°C,‘then cooled
to room temperature in a ‘dessicator. ‘The spindle and drawbar were washed with
‘pentane to remove any contam@nants'from the ﬁrevious run, Syrinées used for
adding or withdrawing samples were cleaned and dried in the same way.

Solutions were ﬁurged with dry air after being made up, then stored in
a desiccator. At the beginning of each run, 8 ml of the test solution was added'
to the sample container and the appa?atus assembled. The liquid seal employed ta
maint.:in a controlled atmosphere was filled with'base'oil. 40 kg pfeSSure was
app;iéd aqd purging yith dry air started. The sample tempér;ture was then brought
to 100°¢ (except where indicated) and the test beguﬁ. After termination of fhe

- experiment, a sémple of used fluid ;as withdrawn and the wear scar diameters
measured in the usual manner.

F?r purposes of data analysis; the measured average‘wear scar diameters .
were conﬁérted to calculated weaf volumes using Feng's 'quation(3).A

Vo= 465 x 1072% - 3.21 x 107w

Where V equal wear volume in mm3 for 3.bails;'d-is equai to wear scar diameter
in mm and W equals load'in-ﬁg.

Wear of the rotéting ball was measured with a stylus.ﬁrofilomeier.
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Exnerimental Results for Pure and Oxidized PETH

A series of wear runs of 5 minutes duration was made with highly purified
PETH and ESFR-62 in which the load wésvincreased in 10 kg increments to 90 kg.
Plots of wear scar diameter versﬁs load indicated that the initial seizure load
was above 50 kg. A 40 kg. load was chosen fo; the remainder of the wear experi-
ments in order to produce feadily measured wear while operating in the mild wear
regime. |

Data for wear volume versus time for ESFR-62, fresh PETH and admixtures
are presented in Fig. 1. The data represent sﬁeady state wear ratég foruthe
fluids which were found to be linearly dependent on the volume fraction of oxidized
PETH'(Fig 1, insert). This is equivalent to a lipear‘dgpendence on the concentra-
tion of oxidation products, or for these experiments:

dv \ n \
e ‘A_+ B z] [Pin

where dV/dt denote the volumetric wear rate,

[P]n denotes the concentration of an oxidation product, and

A anq B are experimental constants.
The distribution of lation products depends in part on the oxygern partiall
pressure @) (Table 1). The effect of proﬁuct.di#trioution on wear Qas examined
by comparing the res&lts obtained with ESFR-BG‘with data'fct admixtutes;composed
of 25 volume percgﬁt ESFR-62 or ESFR-65 and 75 volume percent pure PETH (Fig. 2).
These fluids had equivalent concentrations of total hydroperoxides, The steady

state wear rates were found to be proportional to the total acid concentr _.on

. in the solution (Fig. 3). The initial wear for the ES?R-éS admixture and for

ESFR-36 was, howe?er; significantly greater. For these experiments in wﬁich'the

total initial hvdroperoxide were caual to about 100x10'“n,
' o o
dV ..n . " "
T3 ¢ + 0z, [rcou]

o.
" T

where'[RCOH] denctes the'concentration'of a product acid and C and D are experimental




constants.

It shoqld be noted that thé wear rate results for oxidized PETH and
mixtures of pure and:oxidized PETH, (Figure 1 and 3), which contain higher
concentration of hydroperoxide specics‘also obey cquation (2). This result
suggests that at these high hydroperoxide concenﬁrations thc wear rates may be
independent of hydroperoxide concentration. Results from model system
experiments, vide infra, lead to the.éame conclusions.

.Experimental Results for Model Systems

Acids and hydroperoxide added to pure PETH. The acids formed upon oxidation of ~

PETH and other ester lubricants are about equally divided into monobasic ghort
chain acids and diacid monoesters in which the ester substituent is the PETH

moeity, via the reaction:

0
"
RCO-CH2 ’ .
0 l 0 0 OOH
(1] . 1" " L "
RCOTCHZ—C—CHZ—OC—(CHz)nwc-CHZ-CH-R
0
" ! .
RCO-CH, ' , : 0
: "
RCO-CH,) -
0‘ | 0 0 0
" " "
RCOCHZFC-CHZ-O-C-(CH ) —COH + CH3-CR'
o I
" 1 .
RCO-CH,,

Monobasic;acids we;e added in amounts goﬁp&rable to théif coﬁéentrations
.in oxidized PETH.to assess'their effect.dn wear.. The influence of thé diacid_.
monoesters was assessea by adding the monometﬁylvesters and succinic acid mono-
neopentyl ester as model cowpdunds. These acids Qere added to both pure”
PETH and pure PETH containing acdded tettlary butyl hydroperoxide.

Table 17 presents rosules thkh @lyve el 'f;.W"rﬁf '”’fffon ot

the various acids. to pure PETH on_the amqnut'uf wear e vated in 30 -minutes
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test time. The lower molecular weight.monobasic acids formed during PETH
oxidation produced oniy a small increase in wear. The diacid monomethyl esters
produced substantial increases in wear. The influence of the mononeopentyl
ester was intermediate.

Table TII shows the effect of adding the various acids to pure PETH
containing 420x10-4 tertiary butyi hydropernxide. The presence of the hydroperoxide
brought about further large increases iﬁ wear. As in the system without hydroperoxiie,.
the effec.s of the mop&basic acids were ninimal or, in the case of Hoptqnoic acid,
wear was decreased. The model dfbasic acid monoesters increased the.amount of
wear, In the presence: of hydrbpefoxide, succinic acid moncneopentyl ester was
as effective in increasing wearlas were the other moncesters. Results obtainéd
employing succinic acid and ;dipic acid in place of the monoesters are preséntedi
in Tables II and III for coMpariéon.

Experimeﬁts in which the initiél concentration of hydroperoxide was
varied (Fig; 4) suggest that the wear rates become independent of hydropevoxide

concentration above about lOOxlO-AM for the model systems. It should be noted

et st g e e =

that this result is in general agreement with the behavior observed for oxidized

PETH and its édmixtures with pure PETH.

et s

The concentration of hydroperoxide was monitored by iodometric titration
for several wear experiments and in a blank experiment in which the balls were
not in contact.  Due to the wvolatility of tertiary'butyl hydroperoxide, the

coacentratior of hydroperqxide dcereased significantly during the wear experi-

Pt s

uents on the model systéws;'about 85% of the initial hYdrogeroxideAbeing lost

:in 30 minutes running time,

Acids Added to Oxidized PETH

| To further test the hypothesis that diacid monoesters play alcrucial réle
in deCermininé the wear'behavior of wxidized PBfH; model compounds and monob;sic‘
.acids wére added to 25'§oiumé percent ESF§~6S in fresh PETH (Tablé IV); The

results are in general agreerent with thore s.en for the model svstens Jescribed
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previously. Little effect was observed upon the addition of propionic acid,
wear was decreased upon tht addition of dodecanoic acid, and the wear increased
upon the addition of dibasic acid monoesters.

Wear of the Rotating Ball

The results of wear measurements'qn the rotating ball forvseiected
specimens are presented in Table V. The data are consistent with the 3 ball wear
results. Greater wear is noted for gxidized PETH thﬁn for fresh PETH.  The
addition of hy&roperoxide and menoesters of dibasic acids to freeh PETH results
in wear increases. Although insufficient data has been accumulated ét4this ﬁimé
to alléw unambiguous interpretation, it mav be noted that the relative wear
on the rotating ball decreaséd when the concentrqtion of the diacid ménoeste;s
Became sufficiently‘high,.suggésting a change in the wear mechanism.1 :

| Conclusions

Although it is premature to propose a detailed mechanocheﬁiéal
mechanism for the increased wear observed with autoxidized PETH, the'gxperimental
results are consistent with the following description of the wear kinetics: :
. The wear rates are'propOttional te the cbncen;ration of

acid prcducts.
. The wear rates are inaependent of the concentration of hydfé-

perokides above cé~100x10-4

M.
Furthe¥,'§p¢cific structural effeé;s muét play a rﬁlé. Monoacid products have
littie efféct while'lgw concentrations of dibasic acids or dib;sic.ac;d mono-
esters of comparéble molecular weights greatly accelerated the wear process.
The results.suggest tﬁat similar studies,&ﬁ simpler svstems for which'specifib

oxidation products can be readily synthesized may lead to a better understanding

of the mechanochemical processes which produce these large effects.

g
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TABLE 1

A, .Pfincipal Products and Oxidation Conditions for Autoxidized PETN

Residence

Tenp., Time 10y Pressure Total Hydropgroxidesi/'ToLn] Acids,
Sample % __Sec. kPa Mx10* Mx10™
ESFR-62 180 © 368 109 436 165
ESFR-65 180 364 111 413 152
ESFR-36 - 200 . 70 24 ' 110 16 ,
' b/ .
B. Distribution of Acids for ESFR-62
Monoaéids, MxlO4 E/ Pfincipal Diacid Half Esters, MxlO4 ij
. . . ' Z - .
c, ¢ € C C C (€, - C) cy c, c, |
26.4 14.2 2.8 1.5 1.1 47.7 ' 91.7 11-23 24 10 - -

a/ All product concentrations are at 26°C
b/ Subscript to C denotes the number of carbon atoms

c/ Based on direct analysis far monoacids (2).

ig/ Based on analysis of perminél diois'from LiAlHA reductions of the oxidized sample (2).




TABLE 1T

Effect of Monoacids, Diacids and Diacid Monoesters

[/

en the 4-Ball Wear Echavior of

DUDPTanGIl avid

Propionic acid
Acetic acid

L R N

Succinic acid

Adipic acid

Dibacic Acid Manpoters

Succinic actid ]

TONTel. e ster
Adipic ac d monomethyl ester

., 3uccinic arid mononcepenty]l ester

Concentration,

Pure PETH

wear Scar

Sl L Giiammtes, o0
. 0.535
2 0.551
29 5.511
P 0.303
85 (1.567
3.5 0.550
87 0.588
5 0.54
10 0.618
20 0.670
100 0.738
10 0.653
100 0.851
30 0.649
179 n.h70
27 0.654
50 0.66h3
50" 0.607

Wear Volume for
3 owalls,

.

L I VS RO S5 ISR O]
~N OO VW




TAELE III.

Effect of Monoacids, Diacids and Diacid Monoesters

on the 4-Ball Wear Behavior of an Admixture of Pure

PETH and Tertiary Butyl Hydroperoxide. Initial

Hvdroperoxide Co

Additive
None
Monobasic Acids

Heptanoic acid
Propionic acid

Dibasic Acids
Succinic acid

Adipic acid

Dibasic Acid Monoesters
Succinic acid monomethyl ester
Adipic acid monorethyl ester

Succinic acid mononeopentyl ester

~centration: LBleO-Lﬂ
Concentration, Wear Scar  Wear Volume for
Y10 Diameter, = 3 Ballsg, ﬁ23x103
-- 0.656 7.8
50 0.563 4.0
S0 0.651 7.5
27 0.849 23.1
50 0.903 29.8
.27 0.735 12.6
SO C.786 16.7
10 0.714 11.2
27 0.723 11.8
50 0.764% 14:9
28.5 . 0.737 12.8
39 0.725 11.9
50 0.873 27.0

e




TABLE IV
Effect of Monoacids and Diacid Monoesters on
the 4-Ball Wear Behavior of an Admixture of 25

Volume Percent ESFR-65 in Pure PETH ,

Test Time: 30 min.

, Concentration, wear Scar Wear Volume for
Additive ' l02 o biameter, zmo 3 Balls, =e3x103

None | — 0.692 9.8
Monobasic Acids
Dodecanoic acid 8 0.604 5.4
Propionic acid 10 ' 0.642 7.1

50 © 0.716 - 11.3
Dibasic Acid Monoesters .
Succinic acid mononecpentyl ester 10 0.691 9.7

50 - 0.719 11.5

Test Time: 60 miﬁ.

, Concentration, Wear Scar Wear Volume for ;
Additive Mx10* Diameter, mm 3 Balls, mm3x103 ;
None . - 0.754 . 14.3
Monobasic Acids : . i
Dodecanoic acid - 8 0.689 : 9.6 :
Propionic acid - 10 Co 0.779 : 16.1 2
50 0.791 17.2 i
- Dibasic Acid Monoesters S ‘ . :
Succinic acid monomethyl ester - 10 ‘ 0.833 21.3
oo . 40 0.872 25.8
Succinic acid mononcopentyl ester 10 ' 0.847 _ . 23,9
. : 50 0.830 . 21.1




TABLE V

Results of Wear Measuremeats on the Rotating Rall

Run Time Total Wear Wear*

Base Fluid Additives __min, _mm3x103  Ratio
Pure PETH V - - : : - 15 6.8 2.3
. -4 60 15.5 1.9
Adipic acid monomethyl ester, 2.7x10 M ‘ 30 5.6 1.9
Adipic acid monomethyl ester, 10x10-% 30 . 14,6 0.9
Adipic acid mencmethyl cester, 250x 10~ 30 18.9 0.7
Succinic acid ronomethvl ester, 100510‘4A ' 30 ' 25.1 0.-
Tertiary butyl hvdroperoxide, 420xI10-4} g 30 - 28 . 2.6
Tertiary butvl hydroperoxide, 420x10-4M . ) 60 32 3.2
Tertiary but»l hydreperoxide, 420x107%Y ' 30 31.2 . 1.1
Adipic acid monomethyl ester, ijlO’*M -
Tertiary butyl hvdroperoxide, 420x10-44 : 30 42.6 1.6
Succinic acid monomethyl ester, 50x10-% .
Tertiary butyl hydroperoxide, 420x10~4M ‘ 30 ~ 38.3 0.4
o Succinic acid mononeopentyl ester 50x10‘*%
ESFR-36 -— - -——- - 20 13.1 1.1
N 60 24.4 1.2
25 'volume == ----- ‘ T 30 18.6 2.5
percent - R : . 60 27.7 1.8
ESFR-62 ' ' .
25 volume == = 0= = = = = : ' 20 : 14.3 0.9
percent - I : ' o 60 © 36.8 1.8
ESFR-65 ‘ ,
Succinic acid monomethyl ester, 40x10-4M 60 ~46.0 0:9
Succinic acid monomethyl ester, 10x10™%M o - 60 68.1 2.2
' Succinic acid mononeopentyl ester, 50x10™%y 30 .. 29.3 1.6
: . 60 45.2 1.1

*The wear volume for the rotating ball divided by the wear volume for the 3 stationary balls.

B o Sbimen s o
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Fiz. 2 = Wear volume aad wear scar dianmeter for 3 stationary balls versus time

. for ESFR-26 (oxidized under reduced oxyvgen pressure) and for admixtures
of ESFR-62 and ESFR~65 with pure PETH, having equivalent total hydro-
peroxide concentrations, -

C) 0.25 volume fraction ESFR-62 in pure PETH, total hvdroperoxider
concentrarion = 1002104 raral acid concentration = 41x10~%M

©  0.25 vilume fraction T8FR-65 fn pure PETH, total hvdrorcroxide
concentration = 10Ty tota! geid corcentration = i3x107%Y

LA PR, teral bodvoperes fue concentration = 110110‘*M,
/

total acid concentration = 16x10-4M
Pure PETH ’
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