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Synthetic oils have come into widespread use due to their centration. Oligomers were absent from the mass spectrum of the 

inherent stability, consistent physical properties, and reproducible oxidized oil. The increase in oil viscosiw with accelerated aging 

composition. As ever increasing demands are being placed on oil is due to increasing irltermolecular hydrogen bonding between 

performance in magnetic recording disk drives by increasing rota- hydroxyl groups formed on alkyl chains. 

tion rates up to 10,000 rpm, it is important to know the ultimate 

limitations of these functionalfluids due to oxidation; In this study, KEY WORDS 
the authors focus or1 a pentaerythritol ester oil. Accelerated aging Oxidation; Lubricants; Spectroscopy 
tests were carried out or] the oil at elevated temperature. Tests 

were also done with 50 ppm of dissolved iron in the oil. The 

progress of oxidation was followed by analytical techniques 
IN'TRODUC'TION 

including UV/visible, infrared, and proton nuclear magnetic reso- Oxidation is one of the main factors limiting the useful lifetime 

nance spectroscopy, and gel permeation chromatography, thin of lubricating oils. As lubricants are being stressed to the limits of 
their performance capabilities in the aerospace, automotive, and 

layer chromatography, viscornetry, and differential scanning 
disk drive industries, renewed efforts to understand the details of 

ccrlorimerry. A new technique of laser desorption mass spectrome- their oxidation chemistry are being undertaken. Extensive 
with jet which provides lhe parent mass spectrum, research on the class of synthetic lubricating oils made of organic 

provided the mass distribution of intermediate oxidation products. esters has been previously carried out. One group studied the oxi- 
These techniques enabled deterntination of the predominant oxi- 

dation products. Oxidation proceeds through interchain and intra- 

chain proton abstraction. Hydroxyl groups form on alkyl chains. 

Intrachairt proton abstraction leads to formation of oxetane and 

conjugated ketone on the original alkyl chain and to cleavage of 

the alkyl chain with the formation of methyl ketone and carboxylic 

acid end groups. Dissolved iron increased the formation rate of 

hydroxyl and oxetane without changing the hydroperoxide con- 

Final manuscript approved September 14, 1998 

- - 

dation of tridecyl pelargonate, di-2-ethylhexyl sebacate, and 
trimethylol propane triheptanoate using the Penn State micro-oxi- 
dation test (1)-(5). Gel permeation chromatography was employed 
to measure the molecular weight of oxidation products. Increase 
in ultraviolet (UV) absorption upon oxidation was attributed to 
conjugated carbonyl and conjugated double bonds. From nuclear 
magnetic resonance spectroscopy (NMR), they identified the for- 
mation of ketones and a decrease in methylene protons. The oxi- 
dation was catalyzed by steel and copper. 

A stirred flow micro-reactor was developed and used to study 
oxidation of n-hexadecane (6), (7). The oxidation products were 
identified by chemical analysis. A reaction scheme incorporating 
both interchain and intrachain proton abstraction was proposed to 
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T. KARIS, J .  L. MILLER, H. HUNZIKER, M. DEVRIES AND D. HOPPER 

intcr1,rct thc results. Subsequent investigation by the same group 
cmployed the stirred flow micro-reactor to study oxidation of pen- 
tncrytliritol tetrahcptanoate (8). Their reaction mechanism 
nccounts for the formation of hydroxyl groups, and the formation 
of carboxylic acid and methyl ketone end groups and chain cleav- 
age through intrachnin proton abstraction. 

Thin film aging studies were done on pentaerythritol tetrahep- 
tnnoatc in nlu~ninum pans (9). Gel permeation chromatography 
was cmploycd to measure the molecular weight of oxidation 
products. Chcmical analysis was done to identify oligomeric 
structures, :~nd a reaction schenie was proposed. 

Thc goal of this study was to characterize the oxidation chem- 
istry during accelerated aging of a pentarythritol tetraester lubri- 
cant basc stock as the groundwork for development of additives to 
inhibit oxidation and metal ion catalysis. The relation between 
oxidation and changes in oil physical properties during oxidation 
was invcstigatcd. The authors identify the reactions producing the 
obscrved changcs in UV absorbance, product mass spectrum, pro- 
ton NMR peaks, glass transition temperature, thin layer chro- 
matography, and viscosity. A vacuum UV laser desorption mass 
spcctronictcr with jet cooling and vacuum UV ionization was 
c~iiploycd to measure the parent ion mass distribution of interme- 
cli;~tc oxidation products. The role of dissolved iron in catalysis of 
the oxidation is considered. 

MATERIALS AND APPARATUS 

The oil was a commercial pentaerythritol ester lubricant base 
stock. Dissolved iron was incorporated in the oil for some of the 
tcsts using iron (Ill) 2-ethylhexanoate, 52 percent in mineral spir- 
its. 

The UV absorbance spectra were measured with a diode array 
spcctrophotomcter. For the UV measurements, a drop of the oil 
was placcd between two quartz disks (quartz wafer 25 mm diam- 
cter, 0.5 mm thick) and held in the beam during the wavelength 
sc;ui. Thc absorbance reference was the pure oil prior to any aging. 

NMR measurements were done in a Nuclear Magnetic 
Resonance Spectrometer with a 250 MHz super-conducting mag- 
net. The solvent was chloroform-dl (99.8 atom % D, CDCI3). The 
samples wcrc held in 5 mm NMR tubes. For the proton acquisi- 
tions, thc spectrometer was set to a spectral width of 5000 Hz, a 
45" pulsc width of 3 psec, 2048 scans, and a relaxation delay of 1 
SCC. 

Pnrcnt ion molecular mass spectra were obtained using a new 
typc of mass spectrometer developed in the authors laboratory. 
Tlic apparatus employs vacuum UV (125 nm, 10 eV) photoion- 
izntion mass spcctrometry with jet cooling to avoid fragmentation 
of tlic organic niolecules. The apparatus is fully described in Ref. 
(10). The mass spectrometry technique is referred to here as laser 
dcsorption mass spectrometry (LDMS). Approximately 1-5 mg of 
thc oil was deposited onto a pyrolitic graphite plate for the LDMS 
nicasurcmcnt. The LDMS spectra provide the only existing means 
to dircctly observe the mass distribution in a mixture of interme- 
diatc molecular weight organic compounds. 

Viscosity measurements were done with a stress rheometer. A 
2 cni diamctcr I '  cone was employed to minimize the sample size 
(=200 mg). 

The glass transition temperature of the aged oil was measured 
using a modulated differential scanning calorimeter. 

Fourier Transform Infrared (mIR)  spectroscopy measure- 
ments were taken using NaCl plates (25x2 mm). Two NaCl 
plates were placed together and scanned as a background. A drop 
of oil was then placed between the two NaCl plates for the meas- 
urement. The spectrometer was set to scan from 500 to 4500 Ilcm. 
The background and sample were each scanned 64 times in a 
chamber that had been purged with nitrogen. 

Gel permeation chromatograms (GPC) were measured using a 
column length of 300 mm, with styreneldivinylbenzene copoly- 
mer media, pore size 10 microns, and the solvent was tetrahydro- 
furan (THF). Four columns were used in series with a flow rate of 
1 mVmin at 40'C. Calibration was done using 24 monodisperse 
polystyrene standards with different molecular weights between 
500 and 3,000,000 Daltons. 

Thin layer chromatography (TLC) measurements were done 
on the oil at various stages of accelerated aging. TLC measures 
the mobility of the oil in a solvent flow migrating along the sur- 
face of a 1x3 inch glass plate coated with 250 pm of silica gel (60 
Angstrom). The oil was deposited in a spot near one short edge of 
the plate as =5 microliters of 5 wt.% oil solution in ethyl acetate. 
The ethyl acetate was allowed to dry, and the TLC plate was 
exposed in a TLC chamber for about one hour in mixed solvent n- 
heptanelethyl ether 611 vlv as in Ref. (11). After exposure, the 
plate was removed from the TLC chamber, allowed to dry, and 
developed with iodine vapor in a sealed container at room tem- 
perature to observe how far the oil fractions had migrated along 
the silica gel. The migration rate of oil relative to the solvent front 
is decreased by increasing polarity, because the more polar species 
have a higher affinity for the silica gel. 

Accelerated aging tests of the oil were done in an oven or in 
silicon oil baths at temperatures of 130°, 140', 150', 160' or 
170°C. in air. 

PROCEDURE 

The accelerated aging tests were done with five grams of oil in 
a 150 ml Pyrex beaker. This provided an oil film thickness of five 
mm. The beaker was covered by aluminum foil with a seven mm 
diameter hole near the center. Samples were taken each 24 hrs for 
analysis by drawing several drops of oil into a disposable glass 
pipette through the hole in the aluminum foil. 

RESULTS 

Typical LDMS results are shown in Figs. 1 and 2. Molecular 
weights from the LDMS were truncated to their integer value. The 
mass values at which peaks were observed and the relative abun- 
dances are listed in Table 1. The abundance readings from the 
LDMS were scaled by shifting the baseline to zero and dividing 
by the abundance of the pentaerythritol tetrapentanoate (mass 472 
in Table 1). The mass abundance for pure oil after aging 24 hrs at 
150°C is shown in Fig. I(a). Initial spectra were taken after 24 hrs 
at 150'C to eliminate volatile impurities that were present in the 
as-received oil. The molecular weight of the oil components are 
472 for pentaerythritol tetrapentanoate (exact molecular weight 
472.62), 528 for pentaerythritol tetrahexanoate (exact molecular 
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Oxidation Chemistry of a Pentaerythritol Tetraester Oil 

Fig. I-Mass spectrum of pure oil aged at 15O'C measured by LDMS. 
(a) 24 hrs 
(b) 264 hrs. The molecular weights of the tetraesters In the 

original oil are lndlcated near their mass peaks in (a). 

TABLE 1-MASS ABUNDANCE FOR THE PENTAERYTHR~TOL TETRAESTER OIL IN VARIOUS STAGES OF OX~DAT~ON AT 150.C. RELATIVE ABUNDANCE IS THE 

HEIGHT OF A MASS PEAK DIVIDED BY THE HEIGHT OF THE MASS P E A K  AT 472. THE SOURCE OF THE MASS PEAKS ( I )  THROUGH (10) IS DESCRIBED IN THE 

TEXT. SOURCE TRANS. MAY BE DUE TO TRANSESTERIFICATION OF ALKYL ESTER CHAINS. MASS PEAKS FOR WHICH THE SOURCE WAS NOT IDENTIFIED ARE 
INDICATED BY --. 

Fig. 2-Mass spectrum of 011 aged at 150'C measured by LDMS. 
(a) pure oil, 24 hrs 
(b) oil containing 50 ppm of dissolved Iron, 264 hrs 

MASS 
402 
414 
416 
428 
430 
444 
458 
472 
486 

SOURCE 
-- 
-- 

7. 8 
-- 
7 

7.8 
7 
Original Oil 
2, 7, trans. 

RELATIVE ABUNDANCE 

264 HOURS.-_ 
PURE OIL 

0.15 
0.15 
0.15 
0.2 1 

0.18 -- - 

0.37 
0.27 
I 
0.25 

24 HOURS 

PURE OIL 
0.00 
0.00 
0.00 
0.05 
0.03 
0.02 
0.0 1 

1 .OO 
0.02 

120 HOURS 

PURE OIL 
0.04 
0.11 
0.06 
0.15 
0.07 
0.21 
0.08 
I 
0.11 

OIL + 50 ppm IRON 
0.01 
0.08 
0.01 
0.13 
0.03 
0.2 
0.09 
I 
0.19 
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T. KARIS, J. L. MILLER, H. HUNZIKER, M. DEVRIES AND D. HOPPER 

Flg. 3-UV abaorptlon spectrum of oil aged at 15O'C for 120 hrs, solid 
curve, and 312 hrs, dashed curve. Reference spectrum was 
unaged pure 011. 

wcight 528.73), 584 for the pentaerythritol tetraheptanoate (exact 
molecular weight 584.83), and 640 for the pentaerythritol tetraoc- 
tonoatc (exact molecular weight 640.94). From the LDMS abun- 
dnncc peak heights shown in Fig. I(a), the commercial pentaery- 
thritol tetraester oil 

was mode up of a mixture of pentaerythritol tetrapentanoate (n= 
I), pcntacrythritol tetrahexanoate (n=2), pentaerythritol tetrahep- 
tonontc (n=3), and pentaerythritol tetraoctanoate (n=4) in a 
1 : 1.26:0.5:0.1 molc ratio. Figure l (b) shows the mass spectrum of 
thc purc oil srrnlple aged for 264 hrs at 150°C. The mass spectra 
for pure oil, and oil containing 50 ppm of dissolved iron, aged 120 
hrs at 1 5O0C, are shown in Figs. 2(a) and 2(b), respectively. 

The UV absorbance spectra of pure oil aged for 120, and 3 12, 
hrs at 150°C are shown in Fig. 3. 

The relative viscosity, and UV maximum absorbance as a 
function of time during aging at 150°C are shown in Fig. 4 for 
purc oil, and oil containing 50 ppm of dissolved iron. The relative 
viscosity shown in Fig. 4(a) is the ratio of the sample viscosity at 
time t to the viscosity of the as-received oil (0.0361 Pa-sec at 
20°C). Thc UV maximum absorbance between 200 and 300 nm, 
shown in Fig. 4(b), was smoothed (removing apparent noise fluc- 
tuations) in order to illustrate the observed trend of increase with 
timc. 

The proton NMR spectrum of the pentaerythritol tetraester oil 
is shown in Fig. 5, and the peak assignments with their chemical 
shift and integrated areas are listed in Table 2. The peak assign- 
ments were determined by comparison with the NMR spectrum of 
n-hexunoic acid. The NMR spectrum indicates the presence of 
somc methyl side groups( branching) on the alkyl ester (doublet at 
I. I I ppm). The ratio of the methyl side group protons to the pen- 
tacrythritol protons was unchanged by oxidation. The NMR inte- 
gr;~tcd peak areas in Table 2 are consistent with the pentaerythri- 
to1 tctrcicstcr oil being pentaerythritol hexanoate, or a mixture of 
tlic four co~iiponents detected by LDMS. The distribution of 
niolccular weights in the oil could not be determined from the 
NMR peak areas alone. 

The FTIR absorbance spectrum of the pentaerythritol tetraester 
oil is shown in Fig. 6. The ester group peaks are at 1746.7 and 

OU + 50 ppm 
Ima . . 

. : * *  

Pllm Oil 

Fig. 4--Changes in the physlcal properties of the oil during aging at 
15O.C. 

. . 

z 3.0 4 1.5 

3 2.0 
0 
1 1.5 - 

(a) relative vlscoslty 
(b) UV absorbance maximum as a fllnet Ion of time. Filled 

circles are pure oil and filled squares are 011 containing 
50 ppm of dissolved iron. 

. . @) 

oil + SO ppm rn 
Irnll . 

rn . . 

Fig. 5--Proton NMR spectrum of oil aged 24 hrs at 150'C. 

Purr Oil 

J 
0 3  - / * *  
0.0 7 - - 5 - * ,  

1174.8 Ilcm, and the alkyl chain hydrocarbon group peaks are at 
2952.5, 1453, and 1375.8 Itcm. The peak assignments are shown 
in Fig. 6(a). A new hydrogen bonded hydroxyl peak at 3540 Ilcm 
is detected in the FTlR absorbance spectrum of the oil after aging, 
as illustrated in Fig. 6(b). 

A developed and exposed TLC plate with the initial oil sample, 
oil aged for 144 hours, and for 168 hours, are shown by the three 
streaks in Fig. 7. The oil migrated vertically along the silica gel 
layer from the initial spot at time zero. The intensity of the streak 
is proportional to the areal density of oil on the plate at a given 
location. Each oil sample consists of at least two fractions having 
different polarity. The polarity increased with increasing oil oxi- 
dation. The initial oil consists of two fractions, the minor one 
being more polar than the major one. The aged oil consists of three 
fractions with different degrees of polarity. A significant fraction 
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Flg. t & R l R  sp6clrurn of 011 aged ar 150'C. 
(A) 24 hrs 
{b) 192 hrs 

rlf thc upcd oi l  \rd;l\ s i r  pnl;ir rh;~t i r  rcmnined in itr oririn:ll Icu.:~- 
tion. :I\ ~n t l~c :~ t rd  I>!, ihc. tl;~rl, c~rrlll.tr rcpirln\ in i h r  brlrcr p;tn nf 
I-iy. 7(h\ ;~nrl ' ( c ~ .  

OfSCUSSlON 

Oxidation Chemistry 

The cl~\cu\cir~n f < ~ u k c r  ern lhc rr.ac!loll ~ ~ t h \ v ; ~ y %  IC':LI!I~~ to IJIC 
prcxIuclc oh\rrvccI in !!ilk .tutl!. T l ~ c  rr\iil;irinn rc;tcrion wtlrtcncc 
<T:II?< n 1111 f*~rm;t~ion o f  :I c;~rh+m r;tihc;tI ftn I!IC :~I!iyl c t ~ : i ~ i .  The 
nnpn;tl c;~rtron crn tr.lircli rlic rndic;~l *;I\ l'crnnctl tk ~ntlic;itcd in 

h(~ld l':tcc ! ypc: 

Thc fiillorving rIc\crip~ir)n r l f  r l ~ c  4ni~l:rtiun i i ~cc l i :~ i~ i \m ir harstl 
on Rch I f i l - l K j  Tl~c c:trlwln r;~tltc:il rc:!cr\ ~ t h  :In t w y c n  ~riolc- 
culc 14) fomi a pro\ r;idic;11 

Flg. 7-Thln layer chromatography plate. 
[a] inlllal oil 
(b) oll aged 1114 hours 
(c )  018 aqed 168 koun at f50'C 

The p r n t y  c ~ t l i ~ ; ~ l  ~ h c n  ;thktr;~crh a proton from ;In .~lhl ch:tin: 

Thc ;1F6y1 C ~ : I ~ I I  from wlitcli t t ~ c  prnrtln I \  :thr~r;~c-fctl m;ty hc r f l t -  
rsmc clnc which alrcncly cnnt:lin\ rhc pcrnr! T;ILIIC;!I, in~mclinin 
nh\r raut icm. ,\lturna!ivc.ly. rlir. pcrclry citliu:~l may nh<tmc! i t  pro- 
!(xri Inlm :I l l~ f f t rcnt  :~ l ky l  cll:~in. iiltzn-h;\in :ib\r c ~ c i ~ o n .  Ttlc 

irhctr:~clic)~ uf :I priiitrn hy I ~ C  pcrnry r:ldic;~l Ct~riih ;I hydropert).r- 
i r k  ;!nit ;I c;irhon r;~tlic;lI. 

Thu sctlu'ncc nf rc:~ciinnc rcctilting f r t m ~  intcrchsin pn>tiin 
nhrtelctinns ~c ~lcscrihcrl l i r k t .  'rhc li~rlrt>pcsn.ridc ilccnmpr>ruu 
intn :11i :III,(F,> r:t(Irc:tr :IIIA :t h y i l r o ~ y  CI~IC;II: 

I1 
4- - - + HO. 

h H 
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436 T. KARIS, J .  L. MILLER, H. HUNZIKER, M. DEVRIES AND D. HOPPER 

'I'hc hydroxy radical abstracts a proton from an alkyl chain to 
~)rotlucc ;I carbon radical and water: 

'I'hc alkoxy radical also abstracts a proton from an alkyl chain 
forming a carbon radical and a hydroxyl group in the alkyl chain 
on which thc cilrbon radical initially formed: 

Within thc interchain reaction pathway, one carbon radical 
gives risc to thc formation of three new carbon radicals, chain 
propng;~tion. 

'I'lic pcroxy r;ldicaI fortlied i n  reaction Eq. [2] can also bring 
about intlxcIi;~in proton abstraction, which forms a different set of 
protlucts as show11 in the following reaction sequence. The authors 
first considcr (a,  y)-abstraction, which fornis a y-hydroperoxy car- 
bon radical: 

The remaining hydroperoxy ketone decomposes into an alkoxy 
radical and a hydroxy radical: 

The alkoxy radical abstracts a proton from another alkyl chain, 
forming a P-hydroxy ketone and a carbon radical: 

Instead of reaction Eq. [7], (a, &)-abstraction may occur. The 
same series of subsequent reactions, Eqs. [8] through [12], then 
leads to formation of y-hydroxy ketones. 

The P-hydroxy ketone dehydrates, leaving an unsaturated 
ketone on the alkyl chain: 

'I'hc y-carbon radical reacts with oxygen to form a y-hydroper- 
oxy-pcroxy radical: 

This pcroxy radical abstracts the proton from the carbon cany- 
ilig the. hydropcroxide, forming an intermediate dihydroperoxide 
rntlicnl spccics: 

The unsaturated ketone produces the observed increase in the 
UVIvisible absorbance spectrum with accelerated aging, as shown 
in Figs. 3 and 4(b), arising from n n* transitions of conjugated 
ketones. 'These also may contribute to the brown coloration of the 
oil observed in the later stages of accelerated aging. 

Two other types of oxygenated products are expected to arise 
from intrachain proton abstraction. 2,5 di-substituted dihydrofuran 
results from cyclization and dehydration of an (a, 6) -hydroxyke- 
tone (6) 

OH OH 
I I 
0 0 

In the presence of lower oxygen concentrations, the (a, y)- and 

I I (a, 6)-monohydroperoxy carbon radicals, reaction Eq. [7], may 
CH2C- - -CCH2C- 

I  - I .  undergo significant cyclization to form substituted oxetanes (6) 
H H with the loss of hydroxy radical: 

P I  

'I'lic hydroperoxide-carbon radical decomposes into a 
hydrol)croxy kctonc and a hydroxy radical: 
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Oxidation Chemistry of a Pentaerythritol Tetraester Oil 

where x IS 1 or 2. 
The sequence of intrachain proton abstraction reactions leading 

to chain cleavage and fonnation of new carboxylic acid and 
methyl ketones (7) is now described. A parallel reaction pathway 
to reaction Eq. [l I], leading to the dioxolane intermediate, is given 
by reaction Eq. [I 61: 

proton abstraction from carbons at each end of a 3-carbon segment 
of the alkyl ester chain. The free energy change for abstraction of 
a proton from the methyl carbon or from the methylene carbon 
next to the carboxyl group of the alkyl ester is larger than that for 
abstraction of a proton from the "internal" methylene carbons. 
Therefore, the rate of chain cleavage through intrachain proton 
abstraction is expected to decrease with decreasing alkyl chain 
length in the series order (octanoate > heptanoate > hexanoate > 
pentanoate). In particular, the pentanoate should be especially 
unreactive since it does not contain 3 "internal" CH2 groups. 
Nakanishi et al. (13) studied the effect of alkyl ester chain length 
on the oxidation stability of pentaerydiritol teuaesters. They found 
that alkyl ester chains pentanoate and shorter were less reactive 
than hexanoate and lasted longer in corrosion oxidation stability 
tests at 230'C. 

The most likely hydroperoxy ketone, product of reaction Eq. 
[lo], is formed starting with a radical on the carbon next to the 
methyl group on an alkyl chain, R2 = CH3. RI is the rest of the 
tetraester molecule. The product on the right hand side of reac- 
tion Eq. [I61 is a 3-hydroxy3,5-alkyl-I ,2-dioxolane. A 1,s dirad- 
ical 'intermediate is produced by homolysis of the peroxy bond 
(1 2): 

The diradical decomposes through P scission with rearrange- 
ment by group migration. The only type of migration consistent 
with the distribution of oxidation products of pentaerythritol tetra- 
heptanoate reported in Ref. (8) (Table 5) is proton migration with 
scission as shown below. 

In reaction Eq. [18], the R, and R, groups are the remaining 
portion of the alkyl chain on either side of the diradical. Alkyl 
chain cleavage through intramolecular proton abstraction leaves 
either a methyl ketone or a carboxylic acid end attached to the 
original pentaerythritol tetraester molecule. Note that the most 
likely hydroperoxy ketone, where R2 = CH,, leads to the forma- 
tion of a methyl ketone end group and acetic acid. 

Thus, one result of the intrachain proton abstraction by a per- 
oxy radical is cleavage of an alkyl ester chain on the pentaerythri- 
to1 tetraester molecule. Notice that this cleavage process involves 

LDMS Analysis 

The oxidation products give rise to new mass peaks observed 
with LDMS, Figs. l(b), and 2. The mass peaks, and their relative 
abundance, are listed in Table 1. The origin of the mass peaks 
detected in the aged oil samples is described as follows. 

1. Mass gain in multiples of 12, unsaturated ketone, reaction 
Eq. [I31 or 2.5 substituted tetrahydrofuran, reaction Eq. [14]. 

2. Mass gain in multiples of 14, substituted oxetanes, reaction 
Eq. [IS]. 

3. Mass gain in multiples of 16, hydroxyl, reaction Eq. [6]. 
4. Mass gain in multiples of 30, P hydroxy ketone, reaction Eq. 

5. Mass gain in multiples of 32, hydroperoxide, reaction Eq. 

[31. 
6. Mass gain in multiples of 46, P hydroperoxy ketone, 

reaction Eq. [lo] or 3-hydroxy-3,5-alkyl- 1 ,2-dioxolane, 
reaction Eq. [ I  61. 

7. Mass loss in multiples of 14, methyl ketone on the alkyl ester 
attached to the pentaerythritol formed with the loss of acetic 
acid (reaction Eq. [I 61 with R, = CH, -). 

8. Mass loss in multiples of 28, methyl ketone on the alkyl ester 
attached to the pentaerythritol formed with the loss of 
propanoic acid (reaction Eq. [16] with 5 = CH3CH, -). 

9. Mass loss in multiples of 12, carboxylic acid on the alkyl 
ester attached to the pentaerythritol formed with the loss 
of acetone (reaction Eq. [I61 with R,=CH3-). 
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10. Mass loss in multiples of 26, carboxylic acid on the alkyl 
ester attached to the pentaerythritol formed with the loss of 
2-butanone (reaction Eq. [I61 with RI=CH3CH2-). 

New m:lss peaks may also arise during the accelerated aging of 
the oil by rearrangement of the tetraester monomers through inter- 
change of the ester chains, or tr:~nsesterification. The pentaerythri- 
to1 tetrapentanoate mass can only be increased by transesterifica- 
tion as r11 x 14 + p x 28, with m,p =0, 1,2,3 or 4, and m + p < 4. 
The pentaerythritol tetrahexanoate mass can be increased or 
decreased as (ln + p) x 14 with 111 = 0, I, 2, 3 or 4, p = 0,- I,- 2,- 
3 or- 4, and 111 + p I 4. NEGLECTING THE SMALL AMOUNT 
OF OCTANOATE, the pentaerythritol tetraheptanoate mass can 
only be decreased as 111 x 14 + p x 28 with m, p = 0, - 1, -2, -3 or- 
4, and 111 + p 5 4. 

The assignment of the mass peaks to the oxidation products, 
described I through 10 above, are indicated in the column next to 
the molecult~r weights in Table I. The new mass peaks which 
could arise frotn ester interchange, or transesterification, are indi- 
cated by (trans.) in Table I. An observed mass often may result 
from more than one type of product. Further complexity, which is 
not taken into account by this analysis, arises from combinations 
of two or more different types of oxidation product on the same 
tetraester niolecule. 

The tilass peaks found in the oxidized oil were compared with 
those expected frotn oxidation reactions Eqs. [I] through [I 81. The 
mass peaks frotn products 1 through 10 were calculated for multi- 
ples of 1, 2, 3 and 4. The mass peaks calculated from each source 
were superimposed on the measured mass spectra from the aged 
oil shown in Figs. I(b) and 2. Products consistent with the 
observed mass peaks were identified. Mass peaks below the orig- 
inal pentaerythritol tetrapentanoate peak at 472 must arise from 
chain cleavage. The peaks at 416, 430, 444 and 458 are consistent 
with the formation of cleavage products with methyl ketone end 
groups, products 7 and 8. The unassigned mass peaks at 402,414 
and 428 may arise from oxidation products formed on a tetraester 
with cleaved chains. 

Intermediate mass peaks, between the original pentaerythritol 
tetrapentanoate, hexanoate, and heptanoate, arise from oxidation 
products in addition to those formed by chain cleavage. 
Transesterification can account for some of the intermediate mass 
peaks at 486,500,5 14,542,556 and 570. Other intermediate mass 
peaks are consistent with the presence of cleavage products hav- 
ing one acid end group formed on pentaerythritol tetrahexanoate, 
5 16, or on pentaerythritol tetraheptanoate, 558 and 572, products 
9 and 10. Acid groups formed on the pentaerythritol tetrapen- 
tnnoate were not detected. 

Mass peaks above 584 arise from increased molecular weight 
of oxidation products. The presence of 1, 2, 3 and 4 substituted 
oxetanes formed on a pentaerythritol tetraheptanoate is consistent 
with the mass peaks at 598,612,626, and 640, respectively, prod- 
ucts 2. Single hydroxyl groups formed on pentaerythritol tetrapen- 

tanoate, hexanoate, and heptanoate give rise to the mass peaks at 
488, 544, and 600, respectively, products 3. Mass peaks at 504, 
560 and 616 are consistent with either two hydroxyl groups or a 
single hydroperoxide group, 5, on each of the three tetraesters. 

After 120 hours of accelerated aging at 150'C, the oil contain- 
ing 50 ppm of dissolved iron seemed to include more tetraesters 
with single oxetane groups than the pure oil after the same treat- 
ment, mass peaks at 486, 542, and 598, products 2. Increased 
aging time from 120 to 264 hours for the pure oil increased the 
amount of tetraesters with methyl ketone end groups, products 7 
and 8 and cleavage acids 9 and 10. The amount of hydroxyl 
groups 3 greatly increased between 120 and 264 hours. 

Certain peaks were absent from the mass spectrum. Mass 
peaks due to unsaturated ketone or 2.5 substituted tetrahydrofuran 
1 were not found. There were no mass peaks that could be attrib- 
uted to P-hydroxy ketone 4, P-hydroperoxy ketone, or 3-hydroxy- 
3,5-alkyl-1,2 dioxolane 6. 

The height of the mass peaks shown in Table I were examined 
to look for differences in the oxidation product distribution. 
Increasing the aging time of the pure oil from 120 to 264 hours 
increased the concentrations of all oxidation products except those 
having four oxetanes formed on a pentaerythritol tetraheptanoate, 
which decreased. The largest increases were in products with mul- 
tiple methyl ketone end groups, one hydroxyl group, two hydrox- 
yl groups or one hydroperoxide group, oxetanes, and acid end 
groups on pentaerythritol tetrahexanoate and heptanoate. 

The effect of 50 ppm of iron dissolved in the oil was compared 
to the product distribution of the pure oil after aging for 120 hours. 
Fewer methyl ketones and acid end groups were detected with the 
iron present. There were also fewer tetraesters with single hydrox- 
yl groups. In the presence of the dissolved iron, there were more 
of all three tetraesters with one or two oxetanes. The largest 
increase found in the oil containing dissolved iron was in two 
hydroxyl groups, or one hydroperoxy group, formed on pentaery- 
thritol tetrapentanoate and hexanoate. 

The product distribution in the pure oil aged for 264 hours was 
compared with the oil containing 50 ppm of iron aged for 120 
hours. All the products were less in the oil with iron except for 
tetraesters with two hydroxyl groups, or one hydroperoxy group, 
formed on pentaerythritol tetrapentanoate and hexanoate, of 
which there was considerably more present in the oil containing 
iron, even though it was aged for less than half the time. It seems 
that the dissolved iron increases the rate of hydroxyl (or hydroper- 
oxy) and oxetane group formation and decreases the rate of chain 
cleavage. 

Overall, the abundance of the pentaerythritol tetrahexanoate 
and heptanoate decreased relative to that of the pentanoate, and 
the heptanoate decreased more than the hexanoate. This is attrib- 
uted to the increasing number and reactivity of protons available 
for intrachain proton abstraction, leading to chain cleavage, with 
increasing chain length. This could not be from oil evaporation, 
because evaporation would have removed the lower molecular 
weight pentaerythritol tetrapentanoate faster than the higher 
molecular weight pentaerythritol tetrahexanoate. 

The mass spectrum was examined for the presence of dimers 
formed by transesterification between pentaerythritol tetrahep- 
tanoate with one acid end group by displacement of a heptanoic 
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Oxidation Chemistry of a Pentaerythritol Tetraester Oil 
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Fig. 9--Proton NMR spectra expanded to show the region near (a) and 
(b). 
(a) 8 PPm 
(b) 4 PPm 

0 50 100 150 100 150 300 3 9  
llm (bomn) 

Fig. &Proton NMR peak areas plotted as a percent of the initial peak 
area as a function of time at 150'C. 
(a) pure oil 
(b) oil containing 50 ppm of dissolved iron. Curves (a), (b), (c), 

and (d) correspond to the letters on the peaks In Fig. 5. 
The letters denote: (a) a-CH, , (b) P-CH,, (c) internal-CH,, and 
(d) end-CH,. 

acid chain from another pentaerythritol tetraheptanoate. The hep- 
tanoate is the most likely tetraester to be found with an acid end 
group. (The octanoate is actually the most likely to acquire an acid 
end group, but there is only a small amount of the octanoate pres- 

:. U S V D m  (.) 

i i  
! i 

P"rrOU. 110 b" 

Purr OU, U b n  

3.1 3.6 3.5 3.4 3 3  3.1 
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r 
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1.1 2.1s 2.1 1.05 2 
Cbemlnl Sbin (ppm) 

Fig. 10-Proton NMR spectra expanded to show the region near (a) and 
(b). 
(a) 3.5 ppm 
(b) 2.1 ppm 

ent in the initial oil.) The diacid ester linkage was either propane- 
dioc or butanedioc acid. These chemical dimers were not found in  
the mass spectrum. The masses in this region are of Van Der Waals 
dimers, which are formed among the tetraesters and their oxida- 
tion products in the vapor phase during jet cooling after laser des- 
orption. The Van Der Waals dimers differ from chemical dimers 
with the same number of carbons by 2 mass units. The formation 
of oligomers (2),  (9) may occur only at higher temperatures or in 
the presence of solid metal catalyst. 

NMR Analysis 

The changes in the proton NMR spectrum integrated peak 
areas with time during the accelerated aging test show the loss of 
methyl and methylene protons, and the formation of protons adja- 
cent to carboxylate ester groups. The peaks from the methyl and 
methylene protons are indicated in Fig. 5 as (c) and (d), respec- 
tively. The peaks from the protons a and P to the carboxylate ester 
groups are indicated in Fig. 5 as (a) and (b), respectively. Peak 
areas were integrated from NMR spectra measured on saniples 
drawn from the oil as a function of time during the accelerated 
aging test at 150°C. To highlight the changes in the sample corn- 
position, the peak areas are shown plotted as per cent of the initial 
peak area in  Fig. 8. (Percent of initial area = 100 x area at time t I 
initial peak area.) Figure 8(a) shows the results from aging of pure 
oil, and Fig. 8(b) shows the result from aging oil containing 50 
ppm of dissolved iron. In both cases, the changes in the NMR 
peaks reflect the results of intrachain proton abstraction which 
leads to loss of methylene and methyl protons through evapora- 
tion of low molecular weight cleavage products. This gives rise to 
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TABLI! 3-PEAK ASSIGNMENTS FOR SOME OF THE SMALL NMR PEAKS OBSERVED 
DURING THE ACCI!I.ERATED AGING TEST AT 150'C. PROTONS RESPONDING AT THE 

INDICATED CHEMICAL SHIIT ARE INDICATED BY AN UNDERSCORE. PEAKS FOR WHICH 
ASSIGNMENT WAS NOT MADE ARE INDICATED BY A DASH IN THE PROTONS COLUMN. 

Oil + 50 ppm 
lroll 

m 

I RtI.tlrr Mdrcu1.r Wd@t 10 

0 

-c=C-li-cH3 Fig. 12-The relationship between molecular weight and viscosity dur- 

A k  - ing aging at 150'C. 

-- (a) relative molecular weight from GPC as a function of time 
0 (b) relative viscosity as a function of relative molecular weight. 
I 

A I k y l - L H ,  - The viscosity increased much faster than could be 
expected from the known dependence on molecular weight. 

0.00 1 I 
o do 100 1% 200 150 300 354 

nmr (houn) 

-#.@lppm + ~ J ( Q v ~  
-4.71 Q Q ~  --t.~)pprn 
-0-3.0 ppm +l.M pvm 

Fig. 11-Protons per chain for the small NMR peaks associated with 
oxidation products listed In Table 3 as a function of time at 
150'C. 
(a) pure oll 
(b) 011 containing 50 ppm of dissolved iron 

(8)  

the more or less steady decrease of groups (c) and (d), Fig. 8. The 
peaks (a) and(b) are assigned to the protons a and 0 to the car- 
boxylic acid group in the initial tetraester. Peaks (a) and (b) with 
the same chemical shift also can be assigned to the protons a and 
p to the carbonyl group of methyl ketone end groups formed by 
chain. cleavage, reaction Eq. [I 81, products 7 and 8. The increase 
in peaks (a) and (b) in Fig. 8 is due to the formation of methyl 
ketone and carboxyl end groups on alkyl chains. There is an 
apparent induction period because these groups do not form until 
there is a significant buildup of P-hydroperoxy ketone, reaction 
Eq. [lo]. The gradual decrease with time of peaks (a) and (b) is 
due to loss of the lower molecular weight oxidation products 
through evaporation, the gradual decrease of peak (c) and (d) is 
due to oxidation reaction of these "internal" protons, and the grad- 
ual decrease of peak (d) is due to loss of methyl end groups 
through formation of methyl ketone end groups. 

Small peaks associated with oxidation products were also 
observed in the NMR spectrum. Expanded regions of the NMR 
spectra illustrating these small peaks are shown in Figs. 9 and 10, 
for the oil before aging and after aging for 120 hours at 150°C with 
and without 50 ppm of dissolved iron. The peak assignments for 
several of the small NMR peaks are listed in Table 3. Peak assign- 

TABLE 4--THE GLASS TRANSITION TEMPERATURE T OF THE 
PENTAERYTHRITOL TETRAESTER OIL BEFORE ACCELERAT& AGING AND 

A ~ E R  ACING FOR DIFFERENT AMOUNTS OF TIME AT 150PC. 

SAMPLE 
Pure Oil 

Oil + 50 pprn Iron 

TIME AT 150.C (hrs) 
0 

192 
240 
192 

T, ('C) 
-88.1 
-69.4 
-54 
-53.4 
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Oxidation Chemistry of a Pentaerythritol Tetraester Oil 

ments were made by comparison with spectra of known com- 
pounds with similar substituents in the Aldrich spectra library (14) 
and/or by calculation using a table of substituent effects on chem- 
ical shift (15). The NMR spectra were also measured following 
addition of D20 to exchange with hydroxyl protons. There was no 
difference in the NMR spectra following deuterium exchange of 
hydroxyl protons. 

The NMR peaks in Table 3 were integrated to follow the 
changes as a function of accelerated aging time at 150°C. The pro- 
tons at 3.45 and 3.54 were separated from other peaks but close to 
one another, so they were integrated together. The peak areas were 
converted to the number of protons per chain. The protonslchain 
= 2x(integrated area of a small peaklintegrated area of protons at 
4.07 pprn). The protonslchain at the chemical shifts listed in Table 
3 are shown plotted as a function of time in Fig. 1 1. The only peak 
that decreased with time was the one at 3.36 ppm. This proton 
starts out at about 0. Itchain. 

The protonslchain as a function of time for each type of proton 
was examined to study any effects of dissolved iron on their rela- 
tive concentration and formation rates. The hydroperoxide con- 
centration was unchanged by the presence of dissolved iron in the 
oil. The concentration of protons at 4.71 pprn was initially higher 
in the presence of iron and reached a steady level which remained 
nearly constant at the same level with and without dissolved iron 
after 72 hours. The concentration of protons at 3.36 pprn was 
slightly lower with dissolved iron and decreased at the same rate 
both with and without dissolved iron. The concentration of pro- 
tons at 3.45 pprn was initially higher with dissolved iron and then 
became less than without iron and both reached nearly steady state 
after about 100 hours. This is attributed to the formation of multi- 
ple hydroxyl groups on the same chain in the presence of the iron 
which shifts the original proton away from 3.45 ppm. The con- 
centration of protons at 2.15 pprn was significantly higher in the 
presence of iron and increased at nearly the same rate with and 
without iron. The protons at 2.09 pprn reached a steady value after 
about 72 hours in the oil containing iron, while in the pure oil they 
exceeded their concentration in the presence of iron and continued 
gradually increasing with time. This is probably due to the con- 
version of hydroperoxy ketones to unsaturated methyl ketones at 
a higher rate in the presence of dissolved iron. 

The activation energy for the overall reaction was calculated 
from an Arrhenius plot made using the rate of increase in the max- 
imum UVIvisible absorbance at 130" l4O0, 150°, 160' and 170°C. 
The activation energy for the pure oil was 120 kJlmole. This is in 
fair agreement with the activation energy of 125 kJ1mole for pen- 
taerythritol tetraheptanoate reported by Hamilton et al. (8). The 
reaction rate for oil containing 50 or 100 ppm of dissolved iron 
was much higher than that of the pure oil, and changed little over 
this range of temperature, so that an activation energy could not be 
determined. 

VISCOSITY AND HYDROGEN BONDING 

Chemical degradation of ester oil has been reported to produce 
higher molecular weight, oligomeric, products based on GPC 
measurements (2), (9). The relative molecular weight calculated 
from the GPC elution curve as a function of time during aging at 

150°C is shown in Fig. 12(a) for pure oil and oil containing 50 
pprn iron. The relative molecular weight is the ratio of the aged 
sample molecular weight from GPC to the molecular weight after 
aging for 24 hrs at 150°C. (There was no change in molecular 
weight after aging for 24 hrs at 150°C.) The increase in viscosity 
during accelerated aging was compared with the increase in 
molecular weight from GPC. The relative viscosity is shown plot- 
ted as a function of the relative molecular weight in Fig. 12(b). 
Below the entanglement molecular weight, the viscosity of a 
polymer melt or solution is proportional to the polymer molecular 
weight, while above the entanglement molecular weight the vis- 
cosity is proportional to the 3.4 power of the molecular weight 
(16). The molecular weight of the aged oil is well below the entan- 
glement molecular weight, so the viscosity was expected to be 
proportional to the molecular weight. The measured viscosity, 
shown by the symbols in Fig. 12(b), increased much more rapidly 
than could be attributed to the apparent increase in molecular 
weight from GPC. 

The apparent increase in molecular weight is determined from 
the GPC elution curve and the calibration for the column using 
species of known molecular weight. The retention time is deter- 
mined by the hydrodynamic volume of diffusing species in the 
eluent. The hydrodynamic volume is generally assumed to be a 
function of the molecular weight. However; in the case of molec- 
ular association, the retention time is determined by the hydrody- 
namic volume of the associated species (17). 

The possibility of association between hydroxyl or acid func- 
tionalized hydrocarbons in our GPC column was investigated. The 
elution curves were measured for linear C,,H,,, it's alcohol 
C26H530H, and the carboxylic acid C,,H,,OOH. Using the stan- 
dard procedure for calculating molecular weight from the elution 
curve, the alcohol and the acid appeared to have twice the molec- 
ular weight of the linear C2,H5,. The acid and alcohol were asso- 
ciated into dimers and, thus, had twice the hydrodynamic volume 
of a monomer, which caused it to show up as an apparent increase 
in molecular weight. A similar association between oxidized pen- 
taerythritol tetraesters containing primarily hydroxyl and some 
acid functional groups must also take place during the GPC meas- 
urements. Therefore, the apparent molecular weight increase of 
the oil with aging in Fig. 12 is actually an increase in the degree 
of association between oxidized tetraesters. As described in the 
LDMS Analysis section, chemical dimers (and low molecular 
weight polymers or oligomers) were absent from the LDMS spec- 
trum. 

The increase in viscosity is accounted for by the presence of 
intermolecular hydrogen bonding between the hydroxyl groups 
formed on alkyl chains. Hydrogen bonding increases the energy 
barrier to cooperative rearrangement necessary for flow (18), (19). 
The contribution of hydrogen bonding to the viscosity increases 
with time during the accelerated aging test due to the formation of 
more hydroxyl groups with time. 

The increase in the intermolecular interaction energy through 
hydrogen bonding between hydroxyl groups formed as a result of 
oxidation shows up as an increase in the glass transition tempera- 
ture Tg (19). The Tg for oil samples with and without dissolved 
iron aged at 150'C is listed in Table 4. The Tg of the pure oil 
increased with time. The Tg of the oil containing 50 pprn of iron 
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aftcr 192 hrs at 150°C was close to the Tg of the pure oil after 240 
hrs at 150°C. This indicates that the hydroxyl content of these two 
snniplcs was nearly the same in each case, because they both 
cxhibitcd the somc increase in Tg. The change in heat capacity at 
thc glass transition temperature was ~ 0 . 5  Jlg for all of the samples 
listcd in Table 4. 

Thin laycr chromatography graphically illustrates the increase 
in polarity resulting from hydroxyl group formation, Fig. 7. The 
streak on the left shows how far the initial oil traveled along the 
pink in a giveti period of time, Fig. 7(a). The streaks of oil aged 
Ibr 144 hours, Fig. 7(b), and for 168 hours, Fig. 7(c), traveled 
progrcssively less than the initial oil in the same amount of time. 
Thc hydrogen bonding between the functional groups on the oil 
:uid the silica gel lowers the oil mobility. 

Tlic presence of iritermolecular hydrogen bonding is consis- 
tent with the appearance of a broad hydroxyl peak near 3500 l/cm 
in tlic FTlR absorbance spectrum of the oils after aging at 150°C, 
Fig. 6. 

Obscrved changes in solubility with aglng are consistent with 
an iticrcusc in the polarity of the oil. The pentaerythritol tetraester 
oil was initially soluble in both heptane and cyclohexane and 
bccanic insoluble in either of these two solvents after oxidation. 

Thercforc, the increase in viscosity with accelerated aging of 
thc pcntncrythritol tetraester oil is due to intermolecular hydrogen 
bonding bctwccn hydroxyl groups formed on the alkyl chains. 

SUMMARY AND CONCLUSIONS 

The oxidation chemistry was studied during accelerated aging 
of o com~iierci;~l pcntaerythritol tetraester oil lubricant base stock. 
Thc oil was found to consist of a mixture of pentaerythritol 
tctrnpcntanoate, pentaerythritol tetrahexanoate, pentaerythritol 
tc~ralicptanoate, and pentaerythritol tetraoctanoate. The pure oil, 
:uicl oil containing 50 or 100 ppm of dissolved iron, was aged at 
130". 14O0, 150", 160" or 170°C in air. Samples were taken each 
24 hrs and analyzed using UV/visible spectroscopy, laser desorp- 
tion mass spectrometry, infrared spectroscopy, nuclear magnetic 
resonance spectroscopy, gel permeation chromatography, thin 
laycr cliro~iiatography, and viscometry. 

The results of the analysis were interpreted within the frame- 
work of a pctit:~erythritol tetraester oxidation mechanism (6)-(8). 
Oxidation leads to conjugated ketones which are observed as 
incrcascd UV absorbance. The molecular weights detected in the 
tilass spcctruni are consistent with the formation of hydroxyl 
groups, oxctnne, and alkyl chain cleavage products. Changes in 
tlic proton nuclear magnetic resonance peak areas show the loss 
of tiicthyl and mcthylene protons, and the formation of peroxides, 
hydroxyl groups, and saturated and unsaturated methyl ketone 
cnd groups. 

The concentration of hydroperoxide was unchanged by the 
prcsencc of dissolved iron, indicating that the rate of hydroperox- 
idc fortiiatio~i and decompositioti is independent of iron catalysis. 
Dissolvcd iron increased the rate of hydroxyl and oxetane forma- 
tion, and decreased the rate of chain cleavage. 

Tlic increase in viscosity with aging was due to increasing 
intcrnioleculnr hydrogen bonding rather than an increase in 
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