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ABSTRACT

An extensive literature search and thermal stabllity
screening of avallable chemicals were conducted as a basis
for planning a research program for the development of a
high-temperature (700°F) hydraulic fluid. Esters of organic
and inorganic acids offer the best poasibillities from the
standpoint of ease of synthesis, fluildity and viscosity.
Phenolic eaters have better thermal stability but poorer
hydrolytic and viscosity properties than esters of ali-
phatlic alcohols. Research effort therefore should be
directed toward the improvement of the thermal stability
of the aliphatic esters and toward the improvement of the
viscosity and hydrolytic stabllity of the aromatic esters.
Suggestions for & research program have been made and the
thermal stabllity screening test data are reported for 42
compounds. -

PUBLICATION REVIEW
This report has been reviewed and is approved,

FOR THE COMMANDER:

-

. R. WHITMORE
Technical Director
Materials Laboratory
Directorate of Research

WADC TR 54-532 111



TABLE OF CONTENTS

T. INTRODUCTION ¢ ¢ o o o 6 o 6 s ¢ s 86 0 9 60 000
II, LITERATURE SURVEY ¢ o ¢ ¢« ¢ o o 6 ¢ 6 ¢ 006 0 0 ¢
HydrocarbOnd « ¢« s ¢« ¢ ¢ ¢ ¢ v s s s 5 s 0 0 0
Efhers ¢ ¢« ¢ ¢ e s ¢ ¢ ¢ 60 6 s 60 8006020
Esters of Carboxylic Aclds , ¢ o s ¢ ¢ s » o »
Ketones s « ¢ o ¢ o s 0o 0 v o 0 v s v 00000
SULFONES e ¢ ¢ s o ¢ o 2 6 ¢ ¢ 8 606668 06000
Nitrogen CompoutidS e o o o o o s 0 o ¢ o 0 o s o
Phosphorus CompoundS. « « o o 2 o o o o ¢ & o o
Boron CompoundSe « s + » ¢ ¢ ¢ 2 o s o 2 o 5 ¢ o
Silicates and S1loXanNeSe s o o ¢ ¢ o ¢ ¢ o o o
Silanes and SilicONeS ¢ ¢ ¢« o ¢ ¢ ¢ ¢ o o s o &

Organo Compounds of the Higher Elements of
Groups III, IV Aand V o« s ¢ ¢ ¢ ¢ o ¢ a s « o

Oxidation Inhibitors, Metal Deactlvators,
Anti-Wear Additlves e ¢ ¢ ¢« o« ¢ 0o 5 2 0 o & o

ITTI. PHYSICAL TESTING e ¢ ¢ ¢« ¢ ¢ ¢ ¢ ¢ s ¢ o s 0 s ¢ &
Thermal Stablllty o ¢ ¢ ¢ ¢ ¢ ¢ o ¢ ¢ ¢ ¢ ¢ o«

Vapor Pressure Measurement ¢ ¢« o o e o o o o o
Kinematic Viscosity Measurements . « ¢« « « «

IV, RECOMMENDATIONS. 4 s ¢ o o ¢ ¢ s o o s ¢ 2 s « o s
V. DBIBLIOGRAPHY &« 4 v o ¢ ¢ o ¢« o o ¢ 0 06 0 060 0 s«

APPENDIX I, Parts IL.ist for Thermal
Stabllity Apparatus . « « «

APPENDIX II, Parts List for Isoteniscope.

APPENDIX III, Parts List for Kinematlc
Viscosity BathS o ¢ ¢« ¢ ¢ » »

APPENDIX IV, Parts List for Furnace « « « »

WADC TR 54-532 iv

Page

13
18
29
33
36
L3
49
51
60

68

72
76
76
85
91
95
96

110
112

113
115



LIST OF ILLUSTRATIONS

Flgure
1 Viscosity-Temperature Plots of Selected Compounds .

Viscosity-Temperature Plots of Selected Compounds,
Viscosity-Temperature Plots of Selected Compounds,
Thermal Stability Apparatus, Schematic ¢ o o s o s s
Thermal Stability Apparatus, Photographie « « o o o
Vapor Pressure Apparatus, Schematic e « « « o ¢ o o .

Vapor Pressure Apparatus, Photograph + o « ¢« o & o &

0 N O vt oW

Vapor Pressure of n-Octacosane . ., . ... .. e o e

O

ViSCOSitYAppal”atU-S-oo...--o-.o-o-oooo

10 High Temperature Furnaces « « o o » * % s 2 8 o .c )

WADC TR 54-532 v

Page
73
4
75
80
81
86
87
90
92
93



LIST OF TABLES

Table Page
1 Decomposition Point of Selected Hydrocarbonss s s e 6

Physical Properties of Representative Hydrocarbons 8

Hydrocarbons with Anomalous Viscosity Properties . 12

Decomposition of Polyethylene Gl¥cOl. o o o o o s « o« 15

L6 ) IR R O B AV

Viscometrie Characteristics of Di-n-Alkyl
Ethers and Q-'AlkaneS-.-._...._-_._..-...- 16

6 Viscosities of Some Aromatic-Aliphatic Ethers
and Diphenyl Ether « o« ¢« o 2 s o o o a4 0 0 0 0 0 0 ¢ » 19

Physical Properties of Typilcal Ethers « « « s o ¢ « o« 20
Thermal Decomposition of Phenyl Esters . ¢« o« « ¢ ¢ » Pl
o] Physical Propertles of Selected Esters .. .. ... 27
10 Physical Properties of Some Benzophenones , ., . .. 31
11 Viscoslty of KEtONeS « o o o o ¢ ¢ ¢ ¢ 6 ¢ 6 ¢ s 00 8 s 32
12 Representative Physical Properties of Sulfones, ,, 34

13 Comparison of the Viscosity Propertles of
Amines and Hydrocarbons ¢ « « » ¢ o« o s o o o » o 0 o 39

14 Physical Properties of Representative Amines. ... 40
15 Melting Points of Several Amides e ¢ o o o o » o o o o 42

16 Physical Properties of Representative
PhosphorusCompounds...........-o.... 4y

17 Viscosities of Selected Phosphates and Phosphonates 48

18 Physical Properties of Representative
Borates and Boronates o o « « s ¢ ¢ s 2 o s ¢ o ¢ s » 50

19 ViBCOSity Of BoratesS o o ¢ ¢ ¢ o 6 0 2 ¢ 0 ¢ 0 5 2 8 3 @ 5l
20 Physical Propertles of Some Sillcates and Siloxanes 53
2l Viscosities of Silicates and Siloxanes .« » e e e o 55

WADC TR 54-532 vi



Table

LIST OF TABLES (CONT'D)

22 Physical Properties of Some Representative
Silanes..--......-...........

23 Viscosities of Selected Silanes and Silicones

24 Tetraaryl Derivatives of Group IV-B Elements.

25 Thermal Stablility Tests

26 Infrared Analyses of Distilled Decomposition
PrOductSOO'Oo-cocoo-ooooooo--

27 Isothermal Rate of Pressure Change of
E’Octacosaneooonoo--ooooo-o-oca

WADC TR 54-532

vii

62
65
69
77

83

89






I. INTRODUCTION

As research progresses in the development of ultra high
speed and high altitude aircraft there is an urgent need that
suitable hydraulic fluids be developed to meet the stringent
operational requirements of these machines at extremes of
temperature and speed.

The severe nature of these demands makes it Imperative
that certain hydraulic fluids possess a high thermal stability,
a low pour point, a small temperature coefficient of viscosity,
a low vapor pressure and a satisfactory lubricity.

Specifications to characterize the hydraulic fluid with
which we are concerned in this report are that it must possess
a viscosity not greater than 2500 centistokes (cs) at OOF
(maximum 30°F) and after exposure at TOOCF for 10 hrs at
3,000 psi shear it shall have a viscosity of not less than
1.5 centistokes. The vapor pressure at 700°F shall be below
100 mm (maximum 600 mm) of mercury and the autogenous ignition
temperature shall not be below 750°F. It must be noncorrosive
and have satisfactory lubrication and wear properties as
measured by sultable specified tests. '

Although there has been a wealth of research in the field
of hydrauliec fluids, 1t has been quite limited in the tempera-
ture range of TOOOF. It is quite apparent that the most im-
portant obstacle to progress in this development, where
"tailored" synthetic organic chemical molecules are involved,
ils thermal Instability.

As a preliminary to a possible longer range research
program for the development of a hydrauliec fluid stable at
7O0OF this four months research project had as its primary
objective the gathering of data and information through a
literature survey of the available pertinent literature and
the concomitant laboratory screening of chemicals, with a
view to determining the present state of the knowledge and
for use as a gulde in the judicious direction of future research.
Toward thls end the project was divided into two parts, litera-
ture survey and physical testing.

The literature loglcally falls into two classes, that
available through Armed Services Technical Information Agency
Documents Service Center (ASTIA) and chemical literature
through chemical publications. It was anticipated that ASTIA
literature would serve more for orientation purposes and infor-
mation on what has been studied under limited conditions rather
than for pertinent information about thermal stabilities of
chemicals in the range of TOOCF,
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The task of searching the chemical literature completely
through even one class of chemical compounds 1s enormous, and
the usefulness of such a complete search seems questionable.
We, therefore, chose to search for sufficlent data on vapor
pressure, thermal stability and viscosity 1In each class of
compounds. to permit an intelligent choice of the most promis-
ing classes and to furnish a guide for the design of specific
promising compounds in the selected classes, The following
classes were searched: hydrocarbons, ethers, esters, ketones,
sulfones, nitrogen compounds, phosphorus compounds, boron
compounds, silicon compounds and organo compounds of the
higher elements of Groups IIT, IV and .V,

As the search progressed the lack of systematic data on
the stability of compounds between 3500-400°C became apparent.
In an attempt to correlate the data which are available, likely
modes of decomposition for the varlous classes of compounds
were considered qualitatively from a theoretical viewpoint,
This approach helped to bring out the best lines of attack for
improving thermal stability. _

~ In this report. three properties were initially considered
for screening, namely, thermal stability, viscosity and vapor
pressure at temperatures up to TOOPF. Thermal stability is
regarded as the most important property in this initial investl-
gation, because in any class this property should be less easily
modified by additives and structural changes than other proper-
ties. Assuming thermal stability, chemical modifications may
be made if need be to improve other desirable properties,

Accordingly, screening tests to measure thermal stability,
viscosity and vapor pressure were set up as described in the
body of the report. Numerous available chemicals were subjected
to the thermal stability test in order to obtain some first
hand information as to the thermal stability properties of
certain functional groups.

II. LITERATURE SURVEY

Hydrocarbons

Thermal Stability. While there has been no systematic
investigation on the thermal stability of paraffins at 370°C,
there is voluminous literature consldering the cracking of
paraffins both theoretically and experimentally. Thermodynamic
data show that the temperature for the zero free energy value
of splitting decomposition for ethane is 313°C, decane 2950¢
and n-eicosane 192°C and that decomposition into the elements
1s probable in the range of 4000-500°C (216)., Observed tem-
peratures of initial decomposition, however, are higher;
n-butane begins to decompose at 400°C, n-hexane at 343°C (75),
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docosane shows no sign of decomposition at 280°C (162) and
n-octacosane begins to decompose at 298°C (see section on
vapor pressure measurements). The rate of decomposition

at these temperatures must be slow, however, for several
high molecular welght paraffins have been distilled in this
range: betratriacontane, 336°C/15 mm, pentatriacontane
38080/50 mm (70). Hexadecane showed no decomposition. during
a short exposure at 390°C (96), while n-octane showed no
cracking at 450°C and only U% GecomposTtion on passage.
through a hot tube at 480°-5000C (125). Several fractions
of midcontinent oil had sufficient thermal stability to
permit determination of their viscosities at 370°C (184),
Hydrocarbon polymers showed varying thermal stability;
ethylene polymer was unchanged in 2 hours above 300°C,
propylene polymer was unchanged in two hours at 200°-300°C
and butylene polymer was changed in 24 hours at 150°C (153).

The thermodynamic prediction of decreased stability
with increasing molecular weight is in accord with observa-
tion; while methane undergoes no change at 4809 in 6 days
and pyrolyses slowly at 650°-700°C (36), ethane begzins to
dissociate at 550°C (273). After one hour at 425°C n-decane
is 18% decomposed and dotriacontane is 77% decomposed (216).
The rate of cracking for homologous normal paraffins at 500°C
is given by the equation: -

k(sec™l) = (n-1)(1.57n-3.9)10"5  4¢ n <16

where n is the number of carbon atoms in the chain (42). 1In

general, branched chain molecules appear to be slightly less

stable than thelr straight chaln isomers, and after 1 hour at
425°C n-decane undergoes 18% decomposition versus 30% for bi-
iscamyl (216).

It is apparent from these data that as a class paraffinic
hydrocarbons are on the borderline for meeting the require-~
ments of stability at 7OOOF for 10 hours. As an aid to design-
ing a hydrocarbon of the highest possible stability several
generalities relating to the decomposition of hydrocarbons are
considered below, : :

As a first approximation to the stability of a given ¢-C
bond the bond dissociation energy of the bond may be used,
because in a simple homolytic filssion of a bond into two radi-
cals the bond dissociation energy 1s equal to the energy of
activation (247). 1In the absence of data showing the bond
dissociation energy for a bond with particular substituents,
it is possible to estimate the stability of the bond relative
to other bonds of a similar type by the effectiveness of the
substituent in stabilizing the fragments which would result from
fission of the bond. Besides resonance stabilization by con-
Jugation or hyperconjugation, stabilization from the relief of
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steric strain in going from a tetrahedral to a planar con-
figuration should be considered.

In addition, the effect of symmetry in increasing thermal
stability should be noted. Quantum theory indicates that the
more symmetrical a molecule the more difficult it will be to
transfer energy from one mode of vibration to another. This
will have the effect of making it more difficult for a molecule
to build up bond rupturing concentratlons of energy in a given
vibrational mode,

Substituents on a C-C bond, which weaken it by stabilizing
the fission fragments, may, on the other hand, tend to increase
the overall thermal stability of the molecule by increasing the
symmetry. The following reported order of thermal stability
for low molecular weight hydrocarbons illustrates these oppos-
ing influences: isobutane >butane >neopentane »n-pentane >
isopentane (75). In larger aliphatic chains any Ilncreases 1n
stability because of symmetry effects are probably small, but
in more compact molecules such as rings or cage compounds these
effects may become important.

The estimation of the thermal stability of a hydrocarbon
structure is further complicated because of the possibility of
decomposition by a free radical chain reaction. This provides
a path for decomposition involving much less energy than direct
fission, because energy used in bond breaking is furnished in
part by bond formation. The cracking of hydrocarbons is be-
lieved to proceed by a free radical chain reaction, and the
complex mixture resulting from the decomposition of hexadecane
at 500°C (262) has been satisfactorily accounted for by the
theory of Rice (149) which is here summarized.

Small alkyl radicals accumulate to a steady state concen-
tration. These radicals remove hydrogen atoms from paraffin
molecules leaving a large radical which rapidly decomposes,
ultimately regenerating a small radical (ethyl or methyl )
which continues the chain. At 500°C the relative rates of
removal of hydrogen are primary 1, secondary 3.66, tertiary 13.4;
the total rate of removal of hydrogen is proportional to the
number of each type times the relative rates. The radicals
formed by removal of hydrogen atoms always rupture at a C-C bond
that is removed by one carbon atom from the hydrogen deficient
carbon; no C-H bonds are made or broken when rupture occurs,
and the products are always an olefin and a smaller radical.
When alternative beta bonds are available, the relative rates
of cracking are determined by the resonance stabllizations of
the radicals that crack off.

The large radicals although too short lived to be converted

to paraffin are sufficiently long lived to undergo isomerization
prior to rupture. The radical position can only shift by a
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colling mechanism to a carbon atom separated by three or more
carbon atoms from the original position. Branched chain radi-
cals are not formed from straight chains by these isomeriza-
tions. The radicals are assumed to lsomerize to equilibrium
before cracking further; the relative orders of stability
being primary 1, secondary 13.4 and tertiary 47.7.

This theory is for the initial cracking only and does
not take account of the further decomposition of the first
products of cracking. Nevertheless, the predicted reaction
mixture for the partilal cracking of hexadecane at 500°C and
atmospheric pressure agrees well with the mixture actually
obtained.

The direct fission theory of Burk (47) suggests that
crackling occurs by direct fisslon of a paraffin into a smaller
paraffin and an olefin. This theory appears to be untenable
because 1t predicts only two moles of products per mole cracked
and a mixture of olefins and paraffins for all carbon number
two or more below that of the paraffin cracked (262). However,
no paraffins above propane are observed in the cracking of
hexadecane and 378 moles of product are formed for 100 moles
cracked., Direct fission may, however, account for the initia-
tion of the chain reaction proposed by Rice.

Since it appears certain that paraffins decompose mainly
by a free radlcal chailn reaction, it is probable that the
thermal stabllity of paraffins could be increased by a free
radical inhibitor, if one suitable for use at TOOCPF could be
found.

Cyclic paraffins have greater thermal stability than the
straight chalins. 1In cracking, for example, the long side chains
of the naphthenes crack long before the ring breaks down (216),
which, in general, requires a temperature in the neighborhood
of 600°C. Cyclopentane is 35% decomposed after 10 min at 674°C
and cyclohexane is 43% decomposed after 0.7 min at 622°C (90).
At 350°C cyclohexane undergoes no change in 3 days (231) and
tetralin does not pyrolyze until 490°C (141). Several complex
cycloparaffins which have been distilled near 370°C are tri-
cyclohexylmethane, 3400-50C (2752, perhydrochrysene, 359°-60°C
(241), and piceneperhydride, 360°C, (155).

Aromatic compounds are the most stable of hydrocarbons, but
there is a considerable variation in stabllity among aromatic
nuclei, Below 500°C benzene is unaffected and the lowest tem-
perature for diphenyl formation is 650°C 8166). Biphenyl at
5000C for 60 hours gave only 1% coke (251) while anthracene at
I750¢ for 3.5 hours was completely transformed to coke (217).
The relative rates of coke formation for naphthalene, phenanth-
rene and anthracene ‘are 1:78:10800 (250). Examples of other
aromatic compounds whose thermal stability is indicated by a
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nigh boiling point are chrysene, bp 448°C, 2,2'-binaphthyl,
bp 452°C, and picene, bp 5180-5200C (76). '

The thermal stability of alkyl aromatic compounds
depends on the stability of the paraffinic moiety of the
molecule. Paraffin and paraffinic side chains of cyclic
hydrocarbons having the same number of carbon atoms de-
compose at approximately equal rates. For example, at
4140°¢ for 1 hour n-octadecane gave 85% liquld decomposition
products and phenyl n-octadecane gave 91% liquid decomposi-
tion products (216).” Thermal stabilities of several alkyl-
ated aromatics listed in Table I alsco illustrate this point
(239). The instability of the cyclopentane derivatives was.
ascribed to the ease of elimination of cyclopentene. A
cyclohexyl radical might impart improved stability.

| . Table 1
DECOMPOSITION POINT OF SELECTED HYDROCARBONS

Compound Decomposition Temperature Calculated EP
1-Octylnaphthalene o >3320¢ ' 332°¢
2-Octyl~5,6,7,8-tetralin >322 322
Trioctylnaphthalene : 352 , 389
Cyclopentylacenaphthene 210 359
Dicylopentylacenaphthene 240 _ L4r2
Tribenzylnaphthalene _ <302 -~ 510

In view of the stability of methane it is not surprising
that methylated benzenes are as stable as benzene itself and
at 630°C o-xylene and toluene formed less gas than benzene (198).
Methylated naphthalenes are less stable than methylated benzenes
and are partlally dealkylated at 450°-475°C. B-Methyl naphtha-
lene is more stable than the a-isomer (252).

In this review of the thermal stability of hydrocarbons
olefinic and acetylenic compounds have not been considered,
because they would tend to polymerize at high temperatures,
undergo cleavage at the carbon atom B to the site of unsatura-
tion and be more subject to oxldation. '

Viscosity. In the development of a high temperature
hydraullc fluid the viscosity characteristics were judged to
be the next most important prgperty after thermal stability.
Although there has been a great amount of work devoted to cor-
relation of structure and viscosity characteristics, there
exists at present only a body of rules of varying generallty
to serve as guides in the design of a hydraulic fluid.
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Zisman has summarized the following useful guides.
First, to obtain an organic liquid with a small temperature
coefficient of viscosity, the molecule should not contain
chemical groups having strong assoclating tendencies, and
it should have a linear or rodlike molecular structure
possessing the greatest possible flexibility through free
rotations about the chemical bonds. Second, if the viscosity
(at 100°F for example) is to be low for a high bolling liquid,
the molecule should have no side chains. - Third, the most
reliable and effective way to synthesize into a liquid the
property of having a very low freezing point is to attach a
minimum number of short side chains to the principal chain
of the molecule in such a way as to create the maximum possible
hindrance to close interlocking or alignment of neighboring
molecules. (Branch chains near the center of the principal
chaln are more effective than those near the end of the chain
In reducing the freezing point.) Fourth, the most satis-
factory way to obtain a low viscosity liquid of high boiling
point 1s to introduce into the molecule one or more nonhydro-
carbon, non-assoclating groups such as the ester group. Fifth,
other things being equal, the greater the molar coefficient of
thermal expansion of a liquid, the greater the temperature
coefficlent of viscosity. Thils is simply one way to allow for
the effects of large differences in the internal cohesive
forces in the liquids (277).

Empirlcal rules correlating specific structural features
of hydrocarbons with viscosity have been published from time
to time (162, 172, 222), but the most reliable seem to be
those of Project 42 of the American Petroleum Institute at
Pennsylvania State College (220, 221, 222, 223, 224), The
examples cited to 1llustrate these rules refer to Table 2.

1) Viscosity 1s increased and ASTM slope decreased by
increasing molecular weight, basic molecular structure remain-
ing constant (c¢f, Compounds 1,2,3,4,5,6,7). Aromatics and
naphthenes containing one cyclic group per molecule exhibit
greater viscosity increase and ASTM slope decrease for a glven
Increase in molecular weight than do the corresponding iso-
paraffins (cf, Compounds 18,11; 34,32; 33,31; 53,48). For a
series of ftrialkyl methanes ranging from C o to Cgpn the rate
of 1ncrease of the ASTM slope decreases wi%h incrgasing molecu-
lar weight; the ASTM slope appears to approach a limit of 0.60
at C -

50-

2 Increased branching of a molecule causes an increase
In 100°F viscosity and an increase of the ASTM slope (ef,
Compounds 4,10; 6,16). The n-paraffins exhibit the best
viscosity-temperature characferistics. Roughly the ASTM slope
value of a given hydrocarbon 1s equal to the slope of the
n-paraffin containing the same number of carbon atoms as the
Tongest straight chain of the hydrocarbon in question (cf,
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Compounds 1,10; 5,11,12,13).

3) Cyclization results in large increases in 100°F vis-
cosity (cf, Compounds 11,31,32,48), In order of increasing
ability to raise the 100°F viscosity the various naphthene
groups are, cyclopentyl, cyclohexyl, perhydrophenanthrene,
perhydroanthracene, 4-methyleyclohexyl, a-decalyl. The vis-
cosity 1is decreased by the hydrogenation of fused &-membered
rings systems and increased by hydrogzenation of non-fused
G-membered rings. The viscosity 1ncrease per additional
ring 1s greater the more rings per molecule. Cyclization
to phenyl and cyclohexyl groups results in a large increase
in the ASTM slope and the increase per addltional ring
becomes greater the more rings per molecule (c¢f Compounds
18,36,34,51,53). The ASTM slope is affected only slightly
by increase in the number of cyclopentyl type rings per
molecule (ef Compounds 34,33,18). (This interesting observa-
tion may be rationalized as follows: c¢yclization to a phenyl
group increases Intermolecular attractive forces resulting in
an increase. in slope; cyclization to a cyeclohexyl group in-
creases the cross section of the molecule resulting in an
increase in slope; cyclization to cyclopentyl causes little
increase in cross section since the cyclopentyl group is co-
planar and no increase in intermolecular attractive forces
so that the slope is unchanged).

4) The 212°F viscosity tends to increase as a cyclic
group is shifted from the center toward the end of a 20
carbon straight chain (cf Compeunds 49,51; 38,39). For phenyl
and cyclohexyl derivatives the ASTM slope decreases greatly
as the ring approaches the end of the straight chain.

5) Olefinic unsaturation is generally accompanied by a
decrease in viscoslty and a decrease in slope (cf compounds
1:85_2:9)-

6) Pure hydrocarbons and hydrocarbon mixtures having
the same average "type" composition and basic molecular
symmetry have remarkably similar physical properties. The
maximum deviation in viscosity and viscosity index for
naphthenic-paraffinic mixtures 1s 6% and for aromatic mixtures
is 17%. : :

7) Viscosity changes of as much as 10 times may result
from seemingly minor structural changes which affect molecular
rigidity and ability for close packing of the molecules {cf
Compounds 3,29,30; 26,27). A molecule with free rotation
wlll have a lower viscosity and ASTM slope than a more rigid
isomer, because rotation may permit conformations having a
smaller cross section than the rigid isomer and leads to a
looser molecular packing.: B Structures which permit close packing
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increase the intermolecular attractive forces which leads
to the prediction that a closely packed structure will have
a higher isothermal viscosity and ASTM slope than a less
closely packed isomer.

Several interesting compounds which are exceptions to
the above generalizations are compared with n-paraffins of
the same number of carbon atoms in Table 3 (Z1¢). It will
be noted that compounds 1 and 2 in Table 2 are of a rigid
compact structure and yet have better slopes than the cor-
responding n-paraffin. This may be ascribed to a spherical
shape which reduces molecular packing. Compound? has only
two C-C bonds with free rotation and yet has a much better
slope than the corresponding n-paraffin.

Table 3
HYDROCARBONS WITH ANOMALOUS VISCOSITY PROPERTIES

ASTM Slope

Compound 100°F Viscosity,cp 100°-200°F
1. Perhydrofluoroanthene .34 0.78
2. Perhydropyrene 12.15 0.78
3. n-Hexadecane 2.34 0.81

4, T,3-Dicyclopentyl-2-

dodecylcyclopentane 25.9 0.76
5. n-Hexacosane 9.12 0.67
6. Tricyclopentylmethane 5.64 0.81
7. 1,3-Dicyclopentylcyclopentane 2.68 0.71
8. n-Pentadecane 1.96 0.82

In Table 2 the viscosity characteristics and other physical
properties of a number of representative hydrocarbons are listed.
The ASTM curves of several (Compounds 42,7,16,52,25,24,56) are
plotted for illustrative purposes in Fig. 1. It is apparent
that none of the compounds has a slope as good as that of 0.50
required by the specification., Actually, this slope is probably
too high as it does not take account of the fact that the vis-
cosity-temperature curve becomes convex at temperatures above
500°F (184) as illustrated by curve M Fig. 1.

The viscosity-volatility properties of hydrocarbons have
not been considered, because a hydrocarbon of the required vis-
cosity will probably be of sufficilently high molecular weight
to have a vapor pressure less than 100 mm at 370°C. For example,
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hexatriacontane (Compound 72, Table 2) has a 100°F viscosity
of 29 cs as compared to that of 100 cs for the specified
fluid and has a vapor pressure less than 100 mm at 370°C.

Conclusions. The foregoing discussion suggests that
since no hydrocarbon with an ASTM slope as low as that re-
quired 1is known, it is unlikely that a hydrocarbon suitable
for use wilthout additives will be found. It is probable,
however, that a hydrocarbon thermally stable in the absence
of air at 370°C can be prepared, The problem then bvecomes
one of finding first, the best balance between the thermal
stabllity of the cyclic structure and the relatively good
viscosity properties of long chain paraffins; and second,
of attalning the desired liquid range by making minor alter-
ations in the structure or by mixing several similar compounds.

The data indicate that at 370°C a long chain paraffin
will be on the borderline of stability. Exact data on the
variation of stabllity with chain length at 370°C are unavaila-
ble. Such Information is essential for the design not only
of hydrocarbons but of other compounds in which a long chain
1s incorporated.

The most promising cyclic group, from the point of view
of structure, is cyclopentyl which combines good thermal
stabllity with good viscosity properties. From the synthetic
point of view, however, an aromatic ring (or its hydrogenated
naphthene ) would be easier to prepare. Two novel approaches
to a hydrocarbon hydraulic fluid are suggested by the leads
in the API report that rigld spheroid-like molecules and 1,3-
dicyclopentyl-cyclopentane have good viscosity properties.

Directions for the preparation of several types of hydro-
carbons which might be of interest as high temperature fluids
have been given by L. I. Smith (236).

Ethers

Thermal Stability. In ethers or esters the relative bond
dissoclation energies indicate that decomposition by a zimple.
fission would be more likely to occur at a C-C bond (83 keal)
than at a C-0 bond (90 kcal%. There is, however, a decomposi-
tion path of lower energy which favors cleavage at the C-0 bond.
This mode of decomposition proceeds through a "four centric™
transition state (11,229) and predicts two sets of products.

q
A RwC—?- 1
' ! — R¢—¢H 4+ 0=C~
H-C- (M)
i
O — i1 1
B R (E (|) e R-C=C- + HOC-
H~0-(- !
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The energy of activation is much less by this path than
by direct fission, because the energy required to break the
C-0 bond is furnished by the energy released in formation of
the C=0 or H-O bonds. Comparison of the energy changes using
Pauling's values for bond energies (196), shows that route A
is favored over route B by 20 kcal when M 1s formaldehyde to
30 kcal when M- is a ketone. This suggests that methyl ethers
should be more stable than n-aliphatic ethers, and that :
secondary alcohols should form the least stable and tertiary
alcohols the most stable of aliphatic ethers. Attempts to
improve the stability of ethers by blocking ‘both routes A and
B by replacing the hydrogens by alkyl groups would probably
fail because the a-C-C bonds would be weakened by excessive
steric crowding. The stability of ethers should be improved
by replacement of all a and B hydrogen atoms by fluorine.

In mixed aryl-aliphatic ethers route A is blocked, but
the tendency to route B should be. considerably increased
because of the greater resonance stabilization of phenol over
aliphatic alecohols. Thus, there should be little increase in
stablility on replacement of an alkyl group in a dialkyl ether
by an aryl group when route B 1s still open. If route B were
blocked as by the replacement of the B-hydrogen atoms by alkyl
groups, then an ether of good Thermal stablllity should result.

Diaryl ethers should have good thermal stability. There
is no obvious low energy decomposition path such as A or B
and the energy of activation for decomposition should approach
the bond dissociation energy of the C-0 bond.

In agreement with the above discussion pyrolysis of most
aliphatic ethers yields aldehydes or ketones and saturated
hydrocarbons. Decomposition occurs materially below 370°C.
Methyl ethyl ether on heating in a silica bulb at 400°C and
77 to 449 mm initial pressure shows as a result of decomposi-.
tion a 50% increase in pressure in 11-17 minutes which repre-
sents approximately 25% decomposition (104). Dimeéthyl ether
when heated in a silica bulb at 5049C and an initial pressure
between 91 and 312 mm is decomposed 25% in 11-20 minutes (121;.
Dibenzyl ether decomposes rapidly at its boiling point (295°¢
and slowly at 210°-215°C. The decomposition products are
toluene and benzaldehyde (152). Pyrolysis of ethers of the
type (C_H5) COR yields elther aldehydes or ketones depending
on the R grouping. Decomposition temperatures for such ethers
are shown in the following decreasing order in which R is methyl
(26200% ethyl (241°C), n-butyl (238°C), isocamyl, B-phenyl-
ethyl (236°C), n-propyl (230°C, isobutyl, benzyl, isopropyl and
sec-butyl. The temperature of decomposition is markedly lowered
by catalysts (191). :

The initial decomposition of some polyethyilene glycols is

shown in Table 4. The ease of decomposition of diethylene
glycol dimethyl ether was unexpected (94). '
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Table 4
DECOMPOSITION OF POLYETHYLENE GLYCOL

Temp. of

initial decomp. Rate of de comp.mm change
Compound OC of press./min.

Ethylene glycol 164.9 1.30
Diethylene glycol 164,5 0.30
Triethylene glycol 206.5 . 0.38
Tetraethylene glycol 237.9 0.89
Tetraethylene glycol ‘

mono chlorohydrin 134¢.6 0.09
Diethylene glycol di- '

methyl ether 60.0 0.22

Diphenylmethyl sulfide decomposes rapldly at 26700 while
dibenzyl ether can be distilled at 2679C (226)., Dibenzyl
sulfide decomposes when heated above 185°C (20).

Mixed aromatic-aliphatic ethers appear to undergo pyroly-
sis at somewhat more elevated temperature than do aliphatic
ethers and the products of decomposition are phenols and un-
saturated hydrocarbons. Anisole undergoes pyrolysis at 380°-
400°C into phenol and ethylene (167). The ethyl ether of
thymol pyrolyses into thymol and ethylene at 360°-400°C but
to only a small degree at 320°-330°C. Phenyl isobutyl ether
decomposes at 380°-400°C into butylene and phenol (9%.
Secondarybutyl and isobutyl phenyl ethers do not rearrange
on heating 10 hrs at reflux (196°C), At 193°C in a few hours
tertiarybutyl phenyl ether isomerizes completely to p-tertlary-
butyl phenol (237), Benzyl phenyl ether when heated for some
time at 250°C rearranges into phenol and benzyl phenol (14).
Other mixed ethers have been reported to show decomposition
or slight decomposition at the following indicated temperatures:
2-biphenyl isopropyl ether, 315%9-317°C %40); biphenyl benzyl
ether, 324°C (40); 1,3-diphenoxypropane, 340°C (15); isocamyl
a~-naphthyl ether, 317°C/742 mm (21), and iscamyl R-naphthyl
ether, 323°Cc/759 mm (22). Alithough all the mixed ethers '
cited decomposed below 370°C, there is a good theoretical
probability that mixed ethers in which the aliphatic moiety
contains no B-~hydrogen will not pyrolyze below 370°C in short
periods of time,

The aromatic ethers are remarkably more thermally stable
than are the aliphatic or mixed aromatic-aliphatic ethers.
The initial decomposition temperature of diphenyl ether is
440°¢ (243). Diphenyl ether, when heated for 8-1/3 hours in its own
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atmosphere at coastant pressure 1n contact with a molten
ailoy ('"Cerrcbend") of bismuth, lead, tin and cadmium,
decomposes approximately 3% at 455°C, 8% at 479°C and 22%

at U4CHROC: in 100 hours it is decomposed 0.0084% at 343°C,
0.075% at 371°C, 0.59% at 399°C and 1.49% at 4139C (10)

If the diphenyl ether 1s vpassed through a red hot glass tube,
it decomposes into diphenylene oxide, benzene and phenol
(10¢). R,n'-Dinaphthyl ether decomposes at 320°C and the

a, o -dinaphthyl ether will distill undecomposed (21,22).

Viscosity. The following excerpt from an article by
Murphy and Zisman (186) is a good discussion of the viscosity
characteristics of aliphatic ethers. The di-n-alkyl ethers
because of their structural similarity to the n-alkanes would
be expected to differ only slightly in viscometric properties,
the differences decreasing as the alkyl groups increase in
length., For purposes of this discussion, the hydrocarbon
analozous to the ether is considered formed by replacing the
ether oxygen with a methylene group. The viscositles and
slopes of some di-n-alkyl ethers are given in Table 5 where
they are compared with the analogous alkanes. It is seen
that the ethers are less viscous and have larger slopes than
the analogous hydrocarbons. This is not unreasonable, as the
addition of an ether oxygen causes an increase in chain length
comparable to that of a methylene group, but its cross-sectlonal
areaz is less. As the ether oxysen 1ls smaller in diameter and
has no side chains attached, there is even more .freedom of rota-
tion about the bond between the ether oxygen and the adjacent
carbon atoms than about the aliphatic carbon-carbon bonds.

Table 5
VISCOMETRIC CHARACTERISTICS OF DI-n-ALKYL ETHERS AND n-ALKANES

Viscosiiy, cs8 A.S.T.M.

Identification 100°F.  210CF Slope
Di-n-butyl ether 0.735 0.430 0.964
n-Nonane 0.807 0.465 0.825
ﬁi—gfamyl ether 1.089 0.580 0.897
n-Undecane _ 1.22¢9 0,645 0.868
Di-n-heptyl ether 2.22 0.8g2 0.856
n-Pentadecane 2,88 . 1,119 0,814
Di-n-octyl ether 3.006 1.08¢ 0.720
Di-n-octyl thloether 3,84 1.500 0.768
n-Heptadecane 3.5¢ 1.417 0.787
Di-n-decyl ether 5.26 1.862 0.737
Di-n-decyl thiocether 6°67UJ 2.23? 0.703
n-Henelcosane 5.90% 2,100 o.73k
Di-n-dodecyl ether 8.18 2.58 0.699
n-Pentacosane 10.4 (1) 3.0 @ 0.680

(1) Extrapolated
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As the slopes of n-alkanes vary inversely as the vis-
coslity at a reference temperature, the ethers would be expected
to have larger slopes than the analogous hydrocarbons, for
they are less viscous. When the slopes of the ethers are
plotted agalnst the viscoslty at 100°F, the two ethers of
lower molecular weight, dl-n-butyl and di-n~amyl ether, are
above the plot for the n-alkanes, while all the higher molecular
weight ethers are below this line. The di-n-alkyl ethers have
lower freezing and btoiling points and higher densities than
the analogous hydrocarbons. Even greater reduction in freezing
points would be expected of the unsymmetrical ethers, though
they would probably be slightly more viscous than their sym-
metrical isomers. A further reduction in freezing points (or
pour points) can be obtained by sultably placed side chains,
though this would be obtained at the expense of the good vis-
cometric properties.

A variety of polyglycol ethers have been studied. These
may be consldered as condensation polymers of ethylene and iso-
propylere zlycol. The polymers containing two unreacted terminal
hydroxy groups are associated liquids and their viscometric
properties are abnormal, especially at extreme temperature.
Those which are chain-stoppered at one end with an alkyl group
behave more normally. The polyisopropylene glycols have greater
slopes than do the copolymers containing both isopropylene and
ethylene oxide units. This is in accord with the generaliza-
tions as to the effect of the number of branched chains on vis-
cosity and slope or viscosity index. Both types of polymers
have larger slopes than the comparable n-alkanes but have much
lower pour points. -

The polyethers which are chain-stoppered at both ends
have lower ASTM slopes than the n-alkanes of the same viscosity.
In these condensation polymers of isopropylene glycol the effect
of the ether linkages more than counteracts the adverse action
of the methyl branches on the slope.

The thioethers are more viscous than the analogous hydro-
carbons and have smaller slopes. When the slopes are plotted
agalnst their 100°F viscosities it is seen that they are smaller
than those of the alkanes of the same viscosity. Their boiling
points are higher than the analogous n-alkanes and their freez-
Ing points are much lower. These changes in properties would
be expected because of the larger diameter of the sulfur atom,
resulting in an unsymmetrical long-chain molecule with a larger
cross section (186).

Perfluoro straight chain ethers have lower viscosities
and temperature coefficients of viscosity than fluoro hydro-
carbons of the same molecular weight. This was explained on
the basis of freer rotation about the carbon-oxygen bond than
about a carbon-carbon bond which gives more Tlexibility to the
ether molecule and requires less energy of activation (41).
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Viscosity data on aromatic ethers are scarce. Although
the mixed ethers shown in Table 6 are not considered stable
at TOOOE,they are included for possible future comparative
use (35).

Fig., 2 compares the viscosity of di-n-dodecyl ether,
diphenyl ether, and a-naphthyl cetyl ether. Of these three
ethers di-n-dodecyl ether has much the best 1000-210°9F ASTM
siope (0.70). Diphengl ether has a slope of 1.076 and a
melting point of 26.8°C. Alkylation should materially de-
crease this slope and lower the melting point.

Spontaneous ignition temperatures are gilven for some
ethers (88) and a second article reports on the comparative
ease of oxidation of ethers in the gaseous state (74).

Table 7 contains some literature references to a few
typical ethers and indicates the reported bolling point and/
or melting points. It is apparent that the unsubstituted
aromatic ethers are reasonably high melting solids. Well
chosen substitution offers a possibility of lowering the
melting point.

Conclusions. The theoretical and literature data
indicate that aliphatic ethers and mixed aliphatic aromatic
ethers other than the neopentyl aryl type will be unstable at
370°9C. The diaryl ethers should be stable at this temperature.
The stability of substituted diaryl ethers needs experimental
verification although certain alkylated or halogenated aryl
ethers should be thermally stable at 370°C and possibly sub-
stitution will effect a lowering of the melting point. The
effect of alkyl chain length on thermal stability remains to
be determined.

Esters of Carboxylic Acids

Thermal Stabllity. The formation of olerins by the
pyrolysis of esters having a P-hydrogen atom has long been a
method for the preparation of olefins (193). The observations
that the pyrolysis of 3,3-dimethyl-2-butyl acetate gives only
3,3-dimethyl-1-butene (60) and that 2,2-dimethyl-3-pentyl
acetate gave only 2,2-dimethyl-3-pentene (270) show that the
pyrolysis does not proceed by a free radical or ionic mechanism.
Recent work (1,6) demonstrating that the elimination of the
acid proceeds preferentially cis points to a decomposition
path involving an intramolecular cyclic transition state. It 1s
generally assumed that a quasi - six-membered ring is involved.
This transition state will be stabilized by

0. 0

SR N ~
_C \C—R C ~C —R
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hydrogen bonding between a B-hydrogen atom of the alcohol
moiety and the carbonyl oxygen and by substituents on the

a or B carbon atoms which can resonate with the incipilent
carbon~-carbon double bond. Since weaker acids form the
stronger hydrogen bonds, it would be expected that with the
same alcohol the weakest acids should form the least thermally
stable esters. This conclusion is the reverse of the predic-
tion that would be made assuming the decomposition proceeded
by direct fission of the alkyl carbon-oxygen bond., In this
case the weakest acid would have the least tendency to be
eliminated and should form the most stable esters.

There 18 no evidence excluding the possibility of a
"pour-centric! transition state similar to that postulated
for ethers. In decomposition by this path the entropy should
be lower than for decomposition by the six-membered ring, but
the energy of activation should be higher because presumably
a hydrogen bond to a carbonyl oxygen 1s stronger than one to
an ether oxygen.

Both modes of decomposition could be prevented by replac-
ing the B-hydrogen atom with alkyl groups or possibly fluorine
atoms. Another approach would be to inhibit formation of the
carbon-carbon double bond by placing either the a or B carbon
atoms of the alcohol at the bridgehead of a cage compound.

The thermal stability of an ester should be conslderably im-
proved by application of one of these two devices.

Decomposition via a cyclic transition state is not the
only route followed by esters wlth pg-hydrogen atoms. Careful
analysis of the products of the thermal decompositlon of ethyl
acetate at 550°C showed the following ylelds: 82% acetlc acid,
83% ethylene, 9% acetaldehyde, 6% formaldehyde, 5% acetlc
anhydride, 8% methane, 4% hydrogen, 1% CO and a trace of ketone.
Similarly, isopropyl acetate at 430°-460°C gave, in addition to
acetic acid and propylene, 3% acetone, U% acetaldehyde, 12% CO
and traces of isobutyraldehyde, CO and methane. A free radical
mechanism was proposed to account for the products other than
the acid and olefin (127).

R+ + CH3COOCH20H3——¢--CHQCOOCH20H3 + CH3COOQHCH3 + CH3COOCH2gH2 + RH

9
CHoCOOCH,CHy "3 CH3CO+ + CHp=CHp — CHg* + COp

CH2COOH (CH3CO)2O
r >
CHpCOOCH,CHy — CHp=C=0 + OCHpCH3 - CHpO + CHge

CHBCOOCHCH3 — CH38" + CH3CHO --—--—i—CH3° + CO
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In general the pyrolysis of esters is carried out by
passing the ester rapidly through a hot tube at 400° - 500°¢,
The initial decomposition temperature, however, 1s conslder-
ablg lower, and 2-ethylhexyl adipate begins to decompose at
280°C (162). Although ethyl acetate is unchanged after 10
hrs at 290°C (80), t-amyl acetate undergoes 4% decomposition
into acetic acid and amylene at 155°C in 20 hrs (165). Ethyl
stearate decomposes slowly in a sealed tube at 300°C into
stearic acid and ethylene (54), and ethyl formate starts to
decompose at 300°C giving hydrogen, COp, CO and ethylene (79).

Esters having no f-hydrogen atoms have 2 higher stabillity
than those that do. While most B-hydrogen esters begin to de-
compose near 330YC, methyl benzoate undergoes no pyrolysis in
8 hra at 400°C (805, but at this temperature it has been shown
that a rearrangement, as glven in the following equation, occurs,

| 018
CeHsC '0\23 ———>  cghcbock;
3

The amount of rearrang ment after 3 hrs at 360°C 1s 5% and
after 3 hrs at 4000 -"L059C 1s 664 (272). This high thermal
stability 1s related to the acid 88 well as the aleohol parts
of the ester, because methyl phenylacetate at 360°C yields
toluene and methanol along with CO2, CO and methane (80),
Benzyl benzoate after 2 hrs at 3400 - 350°C was 504 decomposed
Yielding toluene, benzaldehyde, benzoic acid and tar (126?.

Esters in which cis-elimination of an acld is blocked are
much more stable than esters in which this decomposition path
is open. On passage through a hot tube at 450°¢C, cla-2-methyl-
1-tetralyl acetate underwent only 8% pyrolysis giving 2-methyl-
naphthalene while the trans isomer underwent 55% pyrolysis giv-
ing 2-methyl-3,4-dihydronaphthalene (1).

CH3C CH3
By 3 B mcﬂa
8% 5?2"
cis trans

Phenyl esters do not seem to be much more stable than
esters having B-hydrogen atoms. While diphenyl succinate dia-
tills undecomposed at 3300C (267), it ia decomposed by slow
heating, forming, among other products, CO_ and dibenzyl (3).
Several examples of the thermal decompoait?on of other phenyl
esters decomposing near 300°C on heating in a sealed tube for
several hours are given in Table 8.
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Table 8
THERMAL DECOMPOSITION OF PHENYL ESTERS

Ester Temp . °C Products Ref,
Phenyl marzarinate 328 margarenic acid, 234
phenol, tetradecane
Phenyl palmitate 200-315 phenol, tridecane, 233
others
Phenyl stearate  280-315 stearic acid, formic 233

acid, pentadecane,
phenol, acetylene,

€O,
Phenyl oleate _ 290-300 phenol, others 232
Phenyl erucate 200-300 phencl, product of 232
mp 21

Most of the results for decomposition of esters without
8-hydrogen atoms can be explained by free radical mechanisms.
The decomposition of phenyl esters, .for example, 1s postulated
to proceed in the following way (126).

0 0
It e A
R+ + RCH,CHyCOCGH5 ——— RH + RCH20f000635
0
I
HCZCH + H§006H5 «———— CHp=CHCOCgHg + R

HOCgHg + CO

The preceding discussions have eliminated from conslder-
ations as high temperature fluids all esters contalning B-
hydrogen atoms, phenyl esters of aliphatic acids and benzyl
esters of aromatic acids. There remains to be considered
ortho esters, esters of t-alkylcarbinols and 2,2-difluoro-
alkanols and esters of carbonic and aromatic aclds with
alcohols having no B-hydrogen atoms.

It might be expected that if hydrogen bonding.of a B-
hydrogen atom to the carbonyl group in an ester is an important
factor in decomposition by a guasi - six-membered ring, then
ortho esters, which have no carbonyl group, should have good
thermal stability. Unfortunately, this 1s not bormeout by
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experiment. Staudinger showed that vacuum distillation

(12 mm) of triethyl orthophenylacetate gave phenylketene
acetal while distillation at 760 mm gave, in addition,
ethyl phenylacetate (244). A series of alkyl orthoacetates
pyrolyzed at 200°C in twenty hours by elimination of an
alcohol according to the following equations (163):

RCHoC (OR)3 ——— RCH=C(OR), + HOR

RCH,COOR + CH, =CHR' .

Ortho esters can also decompose by elimination of an ether
molecule. Ethyl orthobenzoate was 60% decomposed at 220°-
225°C arfter 6 hours to ethyl benzoate and ethyl ether, and
phenyl dlalkyl orthoacetates pyrolyze by elimination of an
alkyl aryl ether, These data show ortho esters are not
thermally stable enough for use as a high temperature
hydraulic fluid.

Carbonates might be expected to have exceptional thermal
stablllity since the acid moiety cannot decompose into a
ketene, and, in fact, carbonates of glycols have been used
as heat transfer media (187). while methyl carbonate decom-
poses above 500°C and benzyl carbonate above 350°C, benz-
hydryl carbonate decomposesat 260°C (38). Methyl carbonate
is 28% decomposed after passage through a hot tube at 500°C
and diethyl carbonate 1s 66% decomposed (211). Phenyl
carbonate is more stable than alkyl carbonates and is not
?omp%etely decomposed by passage through a tube at 640°-670°¢

211).

Examples of thermal instability have now been cited
from all classes of esters except methyl, benzyl and t-alkyl-
carbinyl esters of aliphatic acids and phenyl and EfaTkyl—
carbinyl esters of aromatic and carbonic acids. Polybasic
aliphatic esters have been assumed to be about as stable as
the monobasic analogs, and there were insufficient data to
compare stabilities of polybasic aromatic acids,

Viscosity. The viscosities and slopes of monoesters are
nearly the same as the analogous alkanes up to a chain length
of 37; above this the esters appear to have lower glopes. For
esters of the same chain length the esters of lower viscosity
are the ones with the ester group in the center of the chain
(186). For chain type dibaslec acid esters an increase in
the size of the dibasic acid while holding the chailn length
constant improves the ASTM slope at 100°F. Branched chain
alcohols give lower melting esters than straight chains but
have larger ASTM slopes (199). Phthalate esters are more
viscous and have larger slope than aliphatic diesters of
approximately the same chain length (186), Hydrogenation of
the phthalates lowers the 100°C viscosity, decreases the ASTM
slope except for the orthophthalates, does not decrease the
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poiling point and tends to lower the melting point (199).
Tri-and tetraesters are more viscous and have higher slcpes
than diesters of corresponding chain length (136). The
replacement of a carbon atom by an oxygen in an ester
havingz several ester Zroups per molecule generally increases
the ASTM slope while decreasing the 100°F viscosity (4).
Since ethers are less viscous than alkanes, and esters have
nearly the same viscoslty as alkanes, 1t appears that the

O group is responslble for the higher viscosity of esters.
Examples of some of these relations may be seen by reference
to Table C; compounds 33 and 42 in Table @ are plotted for
illustrative purposes in Fig. 2.

Hydrolysis., One of the important disadvantages of esters
as hydraulic rluids is theilr susceptibility to hydrolysis.
The structures of the acid and alcohol moietles of esters
affect tne ease of hydrolysis by both steric and electronic
influences. In general, steric factors are more important
in chanzing the rate of hydrolysis than polar effects in
those hydrolyses which proceed by a bimolecular mechanism.

Substituents on the alcohol have a greater effect in re-
tarding alkaline hydrolysis of an ester than substituents on
the acid. For example, while the ratio of the rate of alkaline
hydrolysis in 85% alcohol at 250C of ethyl acetate to that of
ethyl trimethyl acetate i1s about 260, the ratio of the rate
of alkaline hydrolysis in 56% by weight aqueous acectone at
250¢ of methyl benzoate to that of t-butyl benzoate is about
680. Tt also appears that substituents six atoms removed
in the chain from the carbonyl' oxygen are more effective in
retarding hydrolysis than those five carbons removed (188).

Several mechanisms for hydrolysis have been postulated
(130). Alkaline hydrolysis proceeds with few exceptions Dby
o bimolecular mechanism involving acyl-oxygen flsslon. This
mechanism can be retarded by increasing the size of substitu-
ents. In neutral or weakly basic solution a unimolecular
mechanism involving alkyl-oxygen fission has been observed.
The tendency toward this mechanism corresponds to the stabili-
ties of the resulting carbonium ilons and is of importance
only in the cases of esters of such alcohols as t-butanol and
triphenyl carbinol, -

A similar situation exists in acid hydrolysis. Most
esters are hydrolyzed by a bimolecular mechanism involving
acyl-oxygen fission, but those in which the alcohol radical
can form a stable carbonium ion may procec. 0¥y a unimolecular
mechanism involving alkyl-oxygen fission.

These considerations suggest that while substituents on

the @ carbon of the alcohol moiety would be most effective 1n
retarding hydrolysis by the bimolecular mechanism, too many
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substituents would favor hydrolysis by the unimolecular mechan-
ism, Substituents on the B carbon would also decrease the prate
of hydrolysis and should not Increase the tendency toward
hydrelysis by the unimolecular mechanism, Substituents on the
acid moiety of aliphatic esters, while less effective in retard-
ing hydrolysis than those on the alcohol, should not influence
greatly the mechanism of hydrolysis. _

Conelusions. The advantages of esters for application as
a hydraulic uid are ease of preparation, good viscosity
properties and a wide 1liquid renge. The chief disadvantage for
the particular application of this contract, where hydrolytic
and oxidative stability may be relatively unimportant, is lack
of thermal stabllity. All esters which have been used as
hydraulic fluilds or subjected to thermal stability tests have
been susceptible to decomposition by elimination of a stable
molecule, It is therefore possible that an ester designed to
inhibit all obvious modes of decomposition would have the
requisite thermal stability for a high temperature hydraulic
fluid, Such esters might be made from the following alcohols
and aclds: t-alkyl carbinols, T-norbornanols (or other alcohol
with & or B-hydrogen atoms at the bridgehead of a cage compound),
2,2-d1flucrocalksnols, tere- and isophthalic acids, carbonic acid
and dibasic aliphatic acids.

Ketones

Thermal Stability. Pyrogenic decomposition of acetone
yvields methane and ketens ; of dlethyl ketone ylelds ketene,
methyl ketene, ethane and eth lene; of acetophenone yilelds
dypnone, CgH COCH=C§CH }(CsH » 1,3,5~triphenylbenzene and
a, B8'=diphenylfuran (12 Tge last compound is in disagreement
wilth the results of reference (132).

Acetone decomposes in 2 hrs at 400°C in a chrome -vanadium
steel autoclave (119). No catalysts have been found for ketene
production but some metals catalyze the decomposition of acetone.
At 270°C over nickel, acetone 1s rapidly decomposed into methane,
carbon monoxide, hydrogen and carbon; below 400°C copper has no
effect on ketones; iron at 600°C catalyzes t{he decomposition
of acetone (or ketene) into carbon and hydrogen (125), At
3509-400°C the decomposition of acetone 1s via dehydration (125).
Decomposition of acetone by heat 1s not through acetylacetone
but exclusively into simpler compounds {129).

Pinacolin, (CHz) C~COCH3, is remarkably stable. On passing
through a Pyrex comgugtion tube at 3 cc/min no significant
decomposition took place at 605°C and 665°C; at 1 cc/min and
705°C decomposition was nearly complete but only 1.5 to 2,04 o
ketene was produced (129).
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Acetophenone on heating at 270°-300°C decomposed into tri-
phenylbenzene, 3,4-diphenylfuran and a resin (132); on heating
1n a sealed glass tube at 330°C for 10 hrs it was 70% decomposed
into dypnone, triphenylbenzene and a solld melting at 10 oc;
it wasygoﬁ decomposed after refluxing for 16 days at 200°C to
produce dypnone, 1,3,5-trlphenylbenzene and a,p'~-diphenylfuran
(78). -Methoxyacetophenone has a decomposition temperature
of 360°T (125). -Methoxyisobutyrophenone is 20% decomposed
in 18 hrs at 3609-380°C, This is a higher decomposition tem-
perature than for the corresponding hydrocarbon 125). Dibenzyl
ketone ylelded carbon monoxide, toluene and carbon on heating
in a tube for 14 hrs at 2009-360°C (78).

Methyl B~tetralyl ketone showed little change on passing
through a tinned iron tube at a rate of 10 g/30 min and a
temperature of 600°-6200C; at 680°-T00°C approximately a 30%
yield of pure methyl f-naphthyl ketone was produced with some
naphthalene (39).

Benzophenone is much more steble to heat than the allphatic
or mixed aliphatic aromatic ketones. On heating for 2 hrs at
4L00®C in a chrome-vanadium steel autoclave it showed no decompo-
sition (119); on heating to 430°C it remailned intact, but was
completely decomposed at 2000-55000 (132). 2,5~Dimethylbenzo-~
phenone on refluxing (303 C) several days was converted Into
methylanthracene (77). Substituted benzophenones such as
g,g}—dimethylaminobenzophenone and 0,0'-dihydroxybenzophenone

i1sti11l without decomposition at 36 and 330°C respectively
(125). Among the decomposition products of benzophenone are
benzene and benzaldehyde (125).

Although the 3,4'-dimethyl-, 4,4!'-dimethyl- and 4,4'-
ditertiary-butylbenzophenones are solids, alkylatlon in numerous
other instances (Table 10) lowers the melting point.

Viscosity. No viscosity data were found on any benzo-
phenohes. The viscosities of four ketones are shown in Table 11.
In Fig. 2 are plotted the viscoslties of palmitone and palmito-
phenone, Although these two ketones are solids at room tem-
perature (Table 11), their viscosities are extrapolated to
zero and the 100°-210°F ASTM slopes were determined for uniformity
1ndmgk%gg comparisons, They have respective ASTM slopes of 0.64
a-n L] .

Conclusions. Aliphatig ketones unsubstituted on the a
carbons are unatable at 370°C. Mixed aliphatic aromatic ketones
also without substitution on _the a carbon, such as acetophenone,
appear to be unstable at 370°C., Methyl B-tetralyl ketone may
ve an exception to this, as it 1s reported stable (39) at 600°-
620°C., This datum 1s, however, for & very short sojourn at this
high temperature; on longer exposure at a lower temperature the
compound might show greater instability.
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Thermal decomposition of aliphatic ketones without g
carbon substitution, at temperatures below the optimum for
ketene production, probably occurs by condensation at the o
carbon with the elimination of water, i.e.

Substltution of the o hydrogen should stabilize the aliphatic
and aliphatic aromatic ketones. The degree of substitution
required may also involve steric hindrance effects as exempli-
fled by plnacolin which 1s stable at 605°C on passing through
a hot tube.

Aryl ketones are stable at 370°C but substitution in the
aromatic ring will be required to produce a liquid product.

Sulfones

Thermal Stability. The high thermal 3tability of sulfones
is exemplified by a Iimited number of compounds which have been
distilled. Diphenyl sulfone distills undecomposed at 370°C (17);
di-p-tolyl sulfone distills at 404°C (19) and benzyl phenyl
sulfone is reported to distill undecomposed (144). Diisobutyl
sulfone (bp 265°C) and diisocamyl sulfone (bp 295°C) distill
without decomposition, which indicates a relatively high
thermal stabllity for the aliphatic sulfones (15a), Since
decomposition of aliphatic sulfones is probably via the elimina-
tion of an olefin to yield a sulfinic acid, the absence of a
B-hydrogen should also stabllize this molecule.

Sulfoones, both aliphatic and aromatic, are predominantly
crystalline compounds (Table 12). Symmetrical 1,2-dlalkyl-
sulfonyl ethers through hexadecyl have been prepared and all
are crystalline compounds, melting between 136° and 190°¢.
Unsymmetrical sulfones, such as ethyl dodecyl sulfone (mp 75°¢C)
and ethyl hexadecyl sulfone (mp 77°C), are reasonably high-
melting solids (2). One series of aliphatic o-tolyl sulfones
through at least hexyl are all oils, with the cetyl melting
at 65°C (18). No liquid aromatic sulfone was uncovered,

Conclusion., Aromatic sulfones should possess adequate
thermal stabillity, but without further information on the
rheological properties, and in view of the strong tendency to
erystallinity, research in this field at this stage does not
appear very fruitful.
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Nitrogen Compounds

Thermal Stability. By analogy with the modes of decompo-
sition suggested for ethers, amines might be expected to de-
compose by one or both of the routes formulated below. 1In the

|
-C-

[}
| | -Q" /7 b
A) IiI-(;- —_— NaC\ + HC-
-C-H

| - Ny
-énN-é- —_— RN S

B) b |
H

\-
LO=a

case of ethers, route A was favored over route B because the
carbon-oxygen double bond had a much higher bond energy than
the carbon-carbon double bond. In the case of amines, however,
the carbon-nitrogen double bond and the carbon-carbon double
bond have approximately the same bond energles (CaC, 100 kcal,
C=N, 94 keal) (196) so that the decomposition of amines would
be expected to proceed by both routes, Nitriles could be
formed by decomposition of the imine formed via route A or
could result from a simultaneous decomposition of an amine
into two molecules of a paraffin or hydrogen and one of a
nitrile. Since the nitrlle group has a much larger bond

|
G- )
R-C-¥ ——3p» R-C=N + 2 H?-

H-C-

l
energy (CsN, 144 kecal) (196) than an imine, the formation of
nitriles In the decomposition of amines by one of the above
routes 1s highly probable., If amines do decompose In the
manner suggested above, then their thermostabillity would not
be 1mproved by replacing elther the a or B hydrogen atoms by
such substltuents as alkyl groups or fluorine atoms,

The observed products from the thermal decomposition of
amines are in line wlth the above speculatlions. Ethylamine
pyrolyzed at 500°C over kaolin gives acetonitrile, ammonia,
ethylene, nitrogen and hydrogen; the primary reaction course
appeared to be decomposition into acetonltrile and hydrogen
(259). Dimethylamine at 800°-1000°C gives hydrogen cyanide,
methane and hydrogen (183) while trimethylamine gives hydrogen
cyanide and methane almost exclusively. Dibenzylamine and tri-
benzylamine decompose on gradual distillation (maximum 300°C)
with the formation of toluene, ammonia, dibenzyl and stilbene (44).
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Aromatic amines are more stable than aliphatic, perhaps
because nitriles cannot be formed so readily. Aniline when
heated at 500°C forms only small amounts of diphenylamine,
ammonia and resin (131); when passed at 300°C over finely
divided nickel (215) or platinum on charcoal (276), it forms
carbazole in good yield, N.Methylaniline was 97% recovered
after belng heated for 3 hrs at 330°-340°C, and N,N-dimethyl-
aniline was 88% recovered after being heated for 12 hrs at
3500-360°C. Partial decomposition occurred but no primary
amine was isolated (124). However, N,N-dimethylaniline when
passed through a glowing tube gave chiefly benzonitrile along
wlth benzene, carbazole, ammonia, hydrogen cyanide and other
products (190). B-Naphthylamine after long heating in a
sealed tube at 280°-300°C was only 3.5% decomposed into ammonia
and B,8'-dinaphthylamine (28), N-o-Tolyl-B-naphthylamine boils
undecomposed at 400°-405°C (25) and tripherylamine boils at
365°C (24). N-Methyl-N-cyclohexylaniline dves not share the
stabllity of other aromatic amines, but decomposes on distil-
lation at atmospheric pressure (280°C) (23). '

Mono- and diarylamines have a strong tendency to form
carbazoles on passage through a glowing tube. Aniline gives
carbazole along with diphenylamine (157 » aid N-phenyl-g-
naphthylamine forms benzocarbazole (108),

The thermal stabllity of resonance-stabilized heterocyclic
amines 1s similar to that of the aromatic hydrocarbons, Pyri-
dine, for example, 1s obtained by passing nitrogen bases from
petroleum distillate over a catalyst at 700°C (lg). It is for
the most part unchanged after eight hours at 490 C, only a
small amount of a,a'-dipyridyl being formed (122), while at
a bright red glow a,a's a,8'- and q, ¥'-dipyridyl are formed
(168), In the presence of FeCly or CuClp a,aldipyridyl forms
at 300°C (116).

Amides can decompose in several ways., A primary amide on
heating can dehydrate with the formation of a nitrile. Benzamide
was converted in 90% yleld to benzonitrile by rassing benzamide
vapors over alumina at 425°C (34), Primary amides of aliphatic
aclds give gimilar ylelds of nitriles when they are passed over
sand at 425°C (34). A second type of decomposition which all
classes of amldes of aliphatic acids can undergo results in
the formation of a ketene and an amine, KXetene was observed
in the vapors resulting from distillation of acetamide through
a quartz tube at 500°C (125). N-Acetylphthalimide and N-acetyl-
carbazole decomposed at the refTux temperature to diketeéne in
30 and 20% yields, respectively. N N-Diphenylacetamide, however,
was unchanged after 24 hours at 2966§'or after passage through
a tube at 500°-600°C (128). Triphenylacetamide is also very
stable, and less than 1 cc of gas is produced from 0.2 g of the
substance at 300°C (33). N-Caproyl-, N-isobutyryl- and N-diphenyl-
acetylphthalimide yield ke¥enes on hea¥ing above 200°C (128),
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Phthalimide begins to decompose at 350°C and at 480°C is
almost quantitatively converted into benzonitrile (167), which
is extremely stable towards heat., A chlorine substituent
stabilizes phthalimides: 4-chlorophthalimide pysrolyzes only
slowly to p-chlorobenzonitrile at 500°C and tetrachloroptithali-
mide is no% decomposed rapidly even at 600°C (167).

That amides are more stable than esters 1s suggested by
the fact that at SOOOC an ester of a B-amidoethanol gave a
N-vinylamide rather than a vinyl ester (59).

/(CHQ)XCFQR' //jCHz)xCFQR‘
Ri-N _J%%%ZQ* RgN\\
BN\ T
0 CHQCHzogR CH=CH,,

Viscosity. In general, the strong hydrogen bondlng present
in most amines, imines and amides is responsible for the high
melting points and high ASTM slopes of those members of this
series which have exposed functional groups. When the nitrogen
1s buried in the center of an aliphatic compound with suitably
designed chain structures, the physlcal properties of the com-

ound resemble those of equistructural esters and hydrocarbous
%153). Amides, even when hydrogen bonding 1s elimlnated by
replacing all of the N-hydrogen atoms, however, stlll have higher
?e%gingupgints than aTliphatic’'esters of the same chain length

186, 245),

Inspection of Table 13 shows that amines capable of forming
hydrogen bonds have higher 100°F viscositles and ASTM slopes than
the homomorphic hydrocarbons. Tertiary amines, in which hydrogen
bonds cannoct be formed, have lower ASTM slopes than the related
hydrocarbons. The few examples in Table 13 suggest that aliphatic
tertiary amines have lower 100CF viscositles and aromatic tertiary
amines higher 100°F viscosities than the related hydrocarbons.
This may be attributed to an increase in free rotatlon on replac-
ing an aliphatic carbon atom by a nitrogen atom and by an increase
1n intermolecular attractive forces on replacing an aromatlc
carbon atom by a nitrogen atom. Tertiary amines contalning
26-37 atoms in the chaln have lower melting points than n-paraffins
of the same chain length (245) and might, therefore, mee® the
requirements for the liquild range. The physical properties of
a number of amines are given in Table 14,
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Table 13
COMPARISON OF THE VISCOSITY PROPERTIES OF AMINES AND HYDROCARBONS

A ST™M

Viscosity  Temp, Slope
Compound cs Op 100-210%  Rer.
Di-n-butylamine 1.17 T7 1.06 32
n-Nonane 0.92 TT 0.91 70
Tributylamine 1.33 100 0.64 32
5-Butylnonane 1.54 100 0,98 219
Tri-n-amylamine 2.20 100 0.90 32
T-n~Hexyltridecane 4,55 100 0.86 219
T-n-Propyltridecane 2.69 100 0.90 219
Aniline 2.52 100 1.10 30
a-Picoline 0.70 100 0.98 89
Toluene 0.56 100 1.03 72
Isoquinoline 2.50 100 0.92 89
Naphthalene 1.90 100 1.01 T0
N,N-Diethylaniline 1.65 100 0.99 91
Pentylbenzene 1.20 100 1.00 T2

Amides, however, even when hydrogen bond formation is
prevented by replacing all the N-hydrogen atoms, have higher
melting points than aliphatic eSters of the Same chaln length
(245, 186) and appear to be unpromising with respect to the
liquid range requirement. The melting points of a number of

amides are given in Table 15,

Conclusions. Primary and secondary amines can be excluded
from conslderation on the grounds of poor viscosity because of
assoclation, Tertiary amines contalning an aliphatic group
appear to be too unstable for use at high temperatures, and
little improvement in viscosity appears to result from replace-
ment of a carbon by a nitrogen atom. Amines with one or more
aromatlc groups have a tendency to decompose to carbazoles at
high temperatures,

Only heterocyclic amines, such as pyridines or quinolines,
offer promise for application at high temperature. Because of
their good thermal stabllity and the indication that their vis-
coslty properties are better than aromatic hydrocarbons, hetero-
cyclic amines should be considered. Possible types of compounds
are alkylpyridines and alkylquinolines.
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Amides, in general, appear to have better thermal sta-
bility than most esters but not enough to hold promise as a
high temperature fluid. In addition, as the mode of decompo-
sition of amides does not seem as clear-cut as for esters, it
should prove more difficult to increase the stability of amides
than of esters. Finally, the relatively high melting points
of amides would make 1t difficult to attain the liquld range
required for a hydraulic fluid.

Aromatic nltriles have good thermal stability and a
wider liquid range than amides.
Table 15

MEITING POINTS OF SEVERAL AMIDES

BP /760mm
Calc NBP MP
Compound ¢ OF oC Ref.
1., Lauramide 15 245
2. Stearamide 49 245
3. Myristamide 103 245
4, N-Methylmyristamide 79 245
5. N-n-Dodecylstearamide 81-82 159
6. N-n-Octadecylstearamide o4-95 159
7. N,N-Dimethylheptamide 2hs  h73  £-10 Beil,,IV,60
8. N,N-Diethylheptamide 257 495 <-15 Beil.,IV,111
9. N,N-Diisoamylvaleramide 275 527 - Bell.,IV,184
10. K,N-Dimethylmyristamide 32 ol
11, Acetanilide 112 245
12, Hexanllide a2 245
13, Octanilide 55 245
14, Lauranilide - 78 245
15. Stearanilide Q4 245
16. Adipamide 224 159
17. Sebacamide 208 159
18. N,N'-Di-2-ethylhexyladip- 64 159
amide
19. N,N'-Di-n-dodecyladipamide 149 159
20. N,N'-Dihéxadecyladipamide 145 159
21. RN,N'-Di-n-octadecyladip-
amide 144 159
22, N,N'-Di-2-ethylhexyl-
sebacamide 87 159
23. N,N'-Di-n-dodecyl-
sebacamide 144
24. N,N'-Dihexadecyl- 159
Sebacamide 140 159
25. N,N'-Di-n-octadecyl-
sebacamlde 139 159
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Phosphorus Compounds

Thermal Stabllity. Only a small amount of published
physical data on viscosity and thermal stability of phos-
phorus compounds were found, except in WADC reports. State-
ments about stabllitiles in general terms can be found in the
chemical literature. Boiling points were considered a quali-
tative indication of stability. These data are shown in
Table 16, Alkyl orthophosphates and mixed alkyl aryl ortho-
phosphates with one or more hydrogen atoms on the B-carbon
atoms of the alkyl groups are considered thermally unstable
at 700°C (95,81). After 24 hrs at 150°C 2,2-dimethylpropyl
diphenyl phosphate appears as stable as tritolyl phosphate
(95). On distillation under 5 mm pressure in the absence of
alr tri-pg-methylbutyl, tri-s-methylbutyl and tri-n-hexyl
orthophosphates decompose; the tri-n-amyl ester (Bp 225°¢/50 mm)
shows distinet indications of decomposition on being distilled
under 150 mm and, similarly, on distillation at 2899C/760 mm,
tri-n-butyl phosphate shows decomposition (81).

Alkyl ditolyl phosphates are reported to be more heat-
stable than the alkyl diphenyl phosphates (95). Therma
decomposition temperatures ranging between 626° and 741°F are
given for three aryl phosphates with the most stable, namely,
di-p-tolyl l-naphthyl phosphate, decomposing at 741°F (248),
Southwest Research has reported an additional large number of
aromatic phosphates which are stable above TOOCOF %57). Nething
was found to indicate the thermal stabilities of alkyl -substi-
tuted aryl phosphates above tolyl. . '

Several literature statements indicate that phosphonic
aclds are among the most thermally stable derivatives of
phosphorus, and the neutral esters of phosphonic acid appear
to be more stable at high temperatures than the corresponding
tertiary esters of phosphoric acid (148), The stability of
the phosphonates 1s such that reactions may involve other parts
of the molecule without affecting the phosphonate grouping (86).
Dloctyl benzenephosphonate possesses a higher thermal stabllity
than trioctyl phosphate (255). Data 11lustrating these differ-
ences In thermal stabilities between phosphates and phosphonates
were not found.

Phosphines have good thermal stability (Table 16) but are
toxic, Tri-n-octylphosphine, mp 30°C, bp 291°/5 mm, 1is unaffected
when heated Tor an hour at 250°C., However, in the presence of
alr it 1s readily oxidized at ordinary temperature to the phos -
phine oxide, a white solid (133, 148). Cleavage of the consti-
tuent radicals of phosphine has not received much attention.
Triphenylphosphine 1is transformed into benzene and phosphorus
on heating in & hydrogen atmosphere only above 325°C; this is
greater stabllity than that shown by the corresponding arsenic,
bismuth or antimony compound (148).
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No liquid alkylphosphine oxides or sulfides were found
(Table 16), The tri-n-amylphosphine oxide melts at 59°C (160).
Higher allphatic homoTogs may be 1liquid and, therefore, of
interest as hydraulic fluids, However, if none are found to
be liguid, they could still be of interest as anti-wear addi-
tives if they are soluble in hydraulic fluids. Phosphine
oxides are hygroscople,

Thermal decomposition of phosphoramides from rrimary
amines takes place rapidly under vacuum at somewhat above
200°C (148). Mono-secondaryamidodiaryl esters of phosphoric
acid may not possess the required thermal stability, as di-
phenyl dlethylamidophosphate 1is reported to undergo decompo-
sitlion on distillation in a vacuum (171). Distillation data
(Table 16) on the disecondary-amidomonoesters indicate a high
degree of stability (171). This class should not be completely
overlooked.

Tetraethyl pyrophosphate pr 104-110°¢/0,08 mm) is re-
ported to decompose at 208-213°C into ethylene and metaphos-
phoric acid (112). Water vapor at 175°C hydrolyzes the
pyrophosphate instantly (112). The hydrolysls rates are much
lower for the water-insoluble tetrabutyl pyrophosphates: 15%

1s hydrolyzed in five days in water emulsion {256). The tetra-
ethyl compound is 17 times as toxic as the tetrabutyl (256).
The hydrolytic stability of the alkyl pyrophosphates should
improve wlth the proper choice of alkyl groups.

From the boiling point data (Table 16) the phosphites
appear to have falrly high thermal stabllity. They are, however,
oxidized slowly by air. The higher trialkyl phosphites are
stable at 1009C in pure water (148), Triethyl phosphite decom-
poses at 250°C in a sealed tube (135). For use in a system
where alr can be reasonably excluded, the phosphites should
not be rejected as possible hydraulic fluids.

Viscosity. The ASTM slopes of trinonyl phosphate, di-p-
tolyl I—napﬁf%yl phosphate, tritolyl phosphate, dinonyl phos-
phite and diisoctyl benzenephosphonate are compared in Fig.3.
The viscoslties of these and a few other compounds are listed
in Table 17.

It 1s interesting that the dialkyl benzenephosphonates
and the triaryl phosphates are not materially different in ASTM
slope (100°-210°F), The aromatic phosphates with a slope of
0.85 do not appear very promising as the major constituent of
a hydraulle fluld with a specified slope of 0.50., The effect
of alkylation on the viscosity of aromatic phosphates should
be determined,

The alkyl phosphates, secondary phosphites and tetraalkyl

thionopyrophosphates have better viscosity characteristics than
the aromatic phosphates and dialkoxy aromatic phosphonates.
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Conclusions. It does not seem likely that any phosphorus
compound containing a single phosphorus atom will be developed
that will answer the viscosity specifications as a single fluid.

The stabllity specifications appear to be answered by the
aromatic phosphates which, if not useful as the base material
of a fluld, may serve as thermally stable antil-wear additives.
Alkyl phosphates with hydrogen on the B-carbon atom do not
possess the desired thermal stabllity.

Data on the decomposition temperature of neopentyl-type
phosphate, phosphonate and phosphite esters should establish
the maximum thermal stabllity for these classes of aliphatic
esters.

More data on the relatlonship of structure to viscosity
are needed on phosphorus compounds.

Boron Compounds

Thermal Stability. The thermostability of borates, from
our own test data (Table 25) and as Jjudged from some boliling
point data (Table 18), is as good as that of silicates. The
boron-oxygen bond energy 1s reported as 110 5 keal/mole (51),
which 1s slightly greater than that of 106 kecal/mole reported
for the silicon-oxygen bond (98).

Triphenyl borate bolls at 360°C without decomposition (148}
Boric acid frilesters of a mixture of isomeric &-hydroxyethyl-
xylenes decompose at 250°C/10 mm (73). Tris(hydroabietyl)
borate is stable at 330°C (207).

Nothing was found on the thermal propertles of boronates.
Trisubstituted boron 1s oxldatively unstable.

Viscosity. On this project viscosity data were determined
at 1009F and at 212°F for an aliphatic and an aromatic borate;
the results are shown in Table 19 and are plotted in Fig. 3.
Based on these two examples, borates offer no improvement
visocositywise over phosphates or silicates.

Hydrolysis. Boric acld esters are generally quite sus-
ceptibTe To hydrolysis and are hygroscopic (218, 249). 1In certain
configurations, however, the esters are extremely difficult to
hydrolyze. n-Alkyl borates are rapidly hydrolyzed by water,
secondary alkyl borates more slowly; branching of the chain slows
down the rate, as shown by the unusually slow hydrolysis of tri-
(neopentyl) borate. The most hydrolysis-resistant of the borates
studied was tris(diisopropylearbinyl) borate which did not hydro-
lyze at 100°C in an alkaline solution {218),.

Dl-n-butyl n-butylboronate is fairly stable to water and
10% sodium hydroxide (136).
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Dibutyl chlorophenylboronate .improves oiliness and film
strength of a hydrocarbon lubricating oil (156). _

Conclusions: In view of the outstanding hydrolytic sta-
bllity of the Tris(diisopropylearbinyl } borate, tertiary alkyl-
carbinyl borates should have good hydrolytic stability and im-
proved thermal stability.

Aliphatic  vorates are more thermally stable than aliphatiec
phosphates and equal to or slightly better than aliphatic sili-
cates. Borates in general are no better in viscoslty than
phosphates and are not quite as good as silicates. Straight -
chain aliphatic and aromatic borates are less stable hydro-
lytically than phosphates and silicates. They possess one
posslible advantage in the ease of synthesis. '

The properties of aryl borates need further elucidation,

Table 19
VISCOSITY OF BORATES

BPF Viscosity c¢s ASTM Slope
OC/mm Hg  100°F 212°F 100°-210°F Ref.

Tris(2-ethyl-l-hexyl)borate  350/760 6,071 1.844 . 0.82° 203
Tris(m,p-cresyl) borate  179-210/01 43.4 4,109 - 0.97 203

Sllicates and Siloxanes

Thermal Stability. Data on the thermal stability of
aliphatic sillcates and siloxanes above 400CF are meager. Tetra-
(2-ethylhexyl) silicate and tetra{Cg-Cg) silicate are stable at
O00CF in glass but unstable at TO0CF; incipient decomposition
1s shown at 650°F in a stalnless steel pressure cylinder (200),

Aromatic sllicates are more stable than aliphatic silicates.
A samgle of tetraphenyl silicate, a yellowish oil, (bp 4079-408°C,
mp 48°C) was heated for six weeks in glass under a nltrogen
pressure of 1 in. Hg. The boiling point dropped and became
constant at 396° +29C, There was no evidence of decomposition
although the liquid toward the end became more viscous and
tended to resinify when cooled (140). Tetracresyl silicate
(bp 426°-430°C, mp below -659C) behaved about as the phenyl
compound after four weeks of heating, with the boiling point
stabilizing at 385° +3°C (140). : - S
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The tendency to resinify can be largely, 1f not completely,
eliminated by using mixtures of tetraaryl sillcates with other
compatible organic silicates, A mixture of 15 parts of tetra-
ethyl silicate and 85 parts of tetraphenyl sllicate was heated
at the boiling point (371° ¥ 10°C) for six weeks with no sign
of resinification or decomposition (140).

The phenyl radical is reported to exhibit higher heat
stability than substituted phenyl radicals, although the tolyl
radical is considered equivalent to the phenyl radical (66).

Mixed (n-amyl, phenyl) asilicates, in which the phenyl and
n-amyl radicals are in the proportion of 0.75 - 3.25 phenyl
Fadicals to 3.25 - 0.75 n-amyl radicals for each silicon atom,
have excellent heat stabTlity in the range 5250-600°F (66).

Ester chlorides of silicic acid increase in stability with
molecular weight and decrease from normal ester to lsoester.
Aromatic ester chlorides are more stable than aliphatic (263).

The spontaneous ignition temperature of tetraaryl silicate
was reported as 1070°F (134).

Table 20 gives some physical data indicative of stabllltiles
of some additlonal silicates,

In the absence of much data on the thermal decomposition
of silicates, it 1is useful to consider likely paths of decompo-
sition from a theoretical viewpoint, in order to point up the
most probable sites of decomposition in the molecule. Several
transition states which might provide a lower energy path for
decomposition than by direct fission of a bond can be written
for silicates.

|
0
[

~ /dg\\ I | \J ‘
-~ .
_si c 55170 -0-51-0-C- 510 -?1;9
<|3\' ((IL'/ . (rl 0 rl -C s. O\---é}':
NS H-LC- HiC~ /N | >e-
H & | -c- |
i I
A B c D E

Decomposition by routes A or E is unfavorable because a
silicon-oxygen double bond must be formed, It has been shown
that a carbon-silicon double bond is unlikely: the Si1-C bond is
longer than the ¢-C bond, and this greater bond distance makes
the overlap of #orbitals on the singly bonded atoms too small
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for double bond formation (98, 205). Similar considerations
rule out a silicon-oxygen double bond (98). Routes B and D
are unfavorable because they require breaking an Si-0 bond
which 1s 25 kcal stronger than a C-0 bond (98). Thus, route

C remains the most likely route for the decompositlon of sili-
cate esters, '

Some experimental evidence supports this mode of decompo-
gition., The silanol formed.as a decomposltion product should
form a disiloxane or polysiloxanes as the decomposition pro-
ceeds (98), and 1t 13 obgserved that sllicates resinify on
heating (140). In addition, terminal double bonds have been
detected in the volatile decomposition products by infrared
analysis (203).

It is of interest that route C 1s analogous to a possible
mode of decomposition of ethers designated as route B (see
sectlon on ethers). Since it was shown that this 1s a high
energy route for ethers, it would be expected that aliphatilec
sllicates would have a higher thermal stablilty than the cor-
responding ether., If route C does in fact require a high
activation energy, then other modes of decompositlion, such as
a free radical attack on the hydrocarbon chain, may also be
important in silicate decomposiltion.

Viscosity. A report by the California Research Corpora-
tion discusses the alkyl silicates and siloxanes extensilvely
(50). Table 21 contains viscoslty data on many silicates and
siloxanes taken largely from this report.

The tetraalkyl silicates, in general, exhiblt good vis-
cosity characteristics at low temperatures, Straight-chain
silicates are the optimum structures for the best ASTM slopes,
both at 100° to 210CF and -65° to 2109F. This is to be expected
from general consideratlions carried over from knowledge on the
viscosity characteristics of hydrocarbona. Highly branched
silicates tend to exhibilt unusual viscositles at low tempera-
tures, in that for a given compound the -65° to 210°F slope is
less than the 100° to 210°F value.

The tetra{mixed alkyl) silicates are superior both in
overall slope and in low-temperature viscosity characteristics.

The glycol silicate derivatives, the dialkyldlalkoxy
silanes and the tetra(mixed alkyl) silicates all have good
slope characteristics and may have advantages over tetraalkyl
8ilicates and silicones, ‘

The disiloxanes have higher vlscoslitles than the corres-~
ponding orthoslilicates and have higher refractive indexes and
densitles as well. Purthermore, they possess, 1in general,
better ASTM slopes than the corresponding orthosilicates but
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are more prone to have a -65° to 210°F slope which 1s greater
than the 100°-210°F slope. This is undesirable, being indica-
tive of poorer low temperature characteristics.

Certain slightly branched-chain tetraalkyl silicates and
hexaalkoxydisiloxanes, the best silicate derivatives, have
ASTM viscoslty-temperature slopes second only to the silicones,
have good stabllities and good wear properties, show low
volatilities and cost about one-third to one-eighth as much
as the silicones., The slopes decrease in the serles from
orthosllicates to dislloxanes to polysiloxanes. Compounds
with about five to six carbon atoms per alkyl group are
optimum for good viscosity properties in the -~65°F region.

The phenomenon wherein the -65° to 2109F slope is less than
the 100° to 210°F slope 1s more prevalent for silicate
derivatives containing a mlxture of long- and short-chain
alkyl groups.

Polysliloxanes are more viscous and have better slopes
than either the dislloxanes or the orthosilicates., These
polymeriec products approach closely the viscositles of the
silicone polymers, except that the viscosities of the poly-
siloxanes "hook" upward at low temperatures In the ASTM plot
of viscoslty vs. temperature,

Alkyl aryl orthosllicates are reported to have reduced
viscosities and improved pour polnts over stralght aryl sili-
?ati?. Numerous ones are reported with kinematic viscosities

204},

Plots of the data on tetra(2-ethyl-l-hexyl) silicate
(Table 21) and on a mixed silicate, n-amyl triphenyl silicate,
are shown in Fig 3. Tetra(2-ethyl-1-hexyl) silicate decreased
in slope from 0.72 to 0.68 after 10 hrs of heat treatment at
690CF %Table 21). This indicates the possible formation of
di- or polysiloxanes. The aromatic sllicates have poorer vis-
cosity characteristics than the aliphatic silicates.

It will be noted from Table 21 that tetra(2-ethyl-l-butyoxy)-
disiloxane and poly(2-methyl-l-butoxy)polysiloxane are lower in
viscoslty than the specifications but approach the slope require-
ments. With a larger alkyl group of the desired thermal proper-
ties it may be possible to obtain a dislloxane and polysilloxane
that approach the specificatlions as a single fluid.

Hydrolysis. A disadvantage of the tetraalkyl silicates
(Table ZI) 1s their instabillity to hydrolysis in the presence
of small amounts of aclidic material. Introduction of basic
groups in the molecule, such as in tetra(diethylaminoalkyl)
sllicate, did not improve the hydrolytic stability. Chain
branching at the two position in the silicates is requisite
for good hydrolytlc stabllity. In all probability the sterilc
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hindrance resulting from such branching enhances thils stability.
If this were true, it would be expected that the bulkilest

groups would prove to be the most beneficlal in promoting sta-
bility. There is certain evidence that indicates such is
actually the case: mixed ethyl, t-amyl, 2-methyl-2-pentyl
tetraalkyl silicates are stable tTo hydrolysis, ethyl silicate
and mixed tetra(ethyl and 4-methyl-2-pentyl) silicates are un-
stable., It thus appears that the highly branched groups
stabilize the ethyl groups.

To obtain hydrolytic stabllity in glycol silicates the
glycol must contain at least one carbon atom between the
carbons holding the hydroxyl groups. Ethylene glycol deriva-
tives are unstable while 2,5-hexanediol derivatives are stable.
It has not been determined whether the hydroxy groups must be
secondary groups.

Dlalkyldialkoxysilanes exhiblt good hydrolytic stablility
and an important feature 1s that they do not form silica on
hydrolysis but probably a silicone.

Polysiloxanes are much poorer 1n hydrolytic stability than
the dislloxanes. No polymers higher than trimers have been
found that are stable, even in the presence of phenyl-a-naphthyl-
amine inhibitor (50).

The tetraaryl orthosilicates when heated with water hydro-
lyze and become unfit for use,as heat transfer media. The mlxed
alLL 1 aryl silicates have better resistance to hydrolysis (65,
204 ).

Conclusions. Alkyl silicates and slloxanes with hydrogen
on the B-carbon atom are unstable at TO0CPF., The tetraaryl
silicates are stable at this temperature but possess poor
hydrolytic stability; the latter property can possibly be 1im-
proved,

It 1s possible to approach quite closely the vlscoslty
slope specifications of 0.50C with an aliphatic dlsiloxane or
polysiloxane, What is needed in this case is better thermal
stabllity, which might be obtained through tertiary alkyl-
carbinyl esters.

Silanes and Silicones

Thermal Stability. Compounds of the type SiRy, in which
all o the organic radicals (R) are alkyl or aryl hydrocarbon
groups, are the most stable substances known to organosilicon
chemistry. In comparing the chemical properties of organosilicon
and carbon compounds, it should be noted that the strength of
the C-C bond (84.9 keal/mole) is slightly greater than that of
the Si-~C bond (75.0 kcal/hole). It would be expected, 1n conse-
quence, that the Si-C bond should be slightly the more reactive.
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This is exemplified by the greater ease of thermal decomposi-
tion of the tetraalkylsllanes, compared to their carbon

analogs. The difference 1s not great, however, and does not
imply an lnstability of the Si-C bond under ordinary conditions.
Thus, such compounds as tetraphenylsilane (154) and tetraﬁhenyl-
methane can be boiled undecomposed at high temperatures (428°¢
and 431°C, respectively) and are stable at temperatures of
500°C and higher (98). It would be a mistake, however, to con-
clude that Si-C bonds impart exceptional stability to the rest
of the molecule. In molecules with very high organic content
the efﬁegt of a silicon atom is greatly diluted or is entirely
lost 9).

Diethylsilane is reported to decompose at 480°¢C 9%).
The decomposition of silicon tetraethyl is rapid at 580°C
264}, At pressures down to 10 cm of Hg, temperatures of
60°-720°C were required to give a measurable rate to the
decomposition of tetramethylsilane (117).

The thermal stability of silanes is further illustrated
by the compounds in Table 22 that boll above 400°¢C.

The thermal stability of the fluorosilanes is remarkable.
Even so complex a member as dibutyldifluorosilane can be heated
in a sealed glass tube to 300°C without evident decomposition.
Methyltrifluorosilane 1s guite stable at 400°C and decomposes
only slowly at 600°C (197).

The low bond strength of the Si-Si bond (51 keal) indi-
cates that toward homolytic cleavage this bond would be rela-
tively unstable. However, the few known disilanes show good
thermal stabllity. Hexaphenyldisilane melts undecomposed at
355°C, and octaphenylcyclotetrasilane decomposes only slowly
above 300°C; in these cases the silicon compounds are more
stable than their carbon analogs. Disilane and trisilane
pyrolyze at 311°C and 3199C respectively, decomposition tem-
peratures which, while less than those of ethane and propane,
compare favorably with many hydrocarbons (98) ., The unexpected
stabllity of the Si-Si bond is probably related to reduced
steric factors around it as compared to a C-C bond and the
fact that the sllyl free radical cannot be resonance-stabilized
as much as a hydrocarbon free radical.

Polymethylsiloxane, a silicone, pyrolyzed in 30 to 40 min
at 550°F with gel formation. Cracking was also thought to take
place at 550°F, as shown by the viscosity decrease of 1% at
250°F. Polyethylsiloxane showed gel formation at 4500F. The
viscosity of poly{methyl, phenyl)siloxane could be measured at
700%F, which indicates increased stability over polymethyl-
slloxane {184). A branched methylpolysiloxane formed by the
cohydrolysis of dimethyldichlorosilane and methyltrichlorosilane,
undergoes thermal rearrangement under nitrogen above 350°C with
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distillation of lower molecular weight products; at 450°C
the product gels and continues to under%o rearrangement as the
temperature is raised to 6000C {228, 266),.

Dow~Cornlng 710, a silicone, can be heated in the presence
of air for over 1200 hrs at 4820F (250°C) without gelling or
decomposing to form gums, sludge or other residue. At lower
temperatures 1t can be heated indeflinitely without decomposi-
tion (71).

Poly(methyl, phenyl)siloxanes are more stable to high
temperature oxidation than polymethylsiloxanes. Oxidation
attack ruptures the methyl group and oxidizes it to formalde-
hyde. At 200°C poly{methyl, phenyl)siloxane was stable to
oxidation; at 250°C significant viscosity increases took place
in the dynamic oxidation test; and at 275°C in dry air gelation
occurred in 90-150 hrs; at 300°C, gelation occurred between 8
and 24 hrs and under helium no gelation occurred. Lead,
selenium and tellurium accelerated oxidation (62).

The oxldation stability of the polymethylsiloxanes de-
creases rapidly above 200°C, the maximum temperature at which
they can be used advantageously in an oxlidizing atmosphere.
Metals affect the oxldation (7). The upper service temperature
1imit of the silicone oils can be ralsed 1f oxygen 18 excluded,
for it 1s the oxidation of the methyl group that imposes the
limit (212). Organosiloxanes are stabilized by amines (164).

Viscosity. Insufficient viscosity data were avallable
for any firm generalizations on silanes, Based on the limited
data available, however, sllanes appear to be ilnferior to
silicones but as good as the slloxanes and sllicates, Vis-
cosity data for some silanes are plotted in Flg 1 and listed
in Table 23,

Dow-Corning 550 as a single fluild satisfies the viscosity
requirements of the specifications (Fig 3, Table 23) Dow-Corning
710 as a single fluid satisfies the slope requirements but is
too high in viscosity at 0°C (Fig 3, Table 23).

The uniquely high viscosity Index of slllicones, as com-
pared to their ether and hydrocarbon analogs, 1s due to the
size of the silicon atom which permits freedom of rotation and
gives the molecule an ability to coll not found in hydrocarbons
or molecules containing only carbon, hydrogen and oxygen (87,186).

Certain physical measurements on toluene solutions of
dimethylpolysilicone and diethylpolysilicone support the view
that macromolecules of these polymers consist of systems 1n
which many rings are Joined like links in a chain {(92).

The slope of the viscosity-temperature plot of polymethyl-
siloxane increases in going from methyl to ethyl to phenyl, which
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is analogous to the rule for hydrocarbons that the slope in-
creases wlth the ratio of the cross-sectlonal diameter of the
molecule to its length. The convexlty of the graph at high
temperatures is ascribed to the statistical uncolling of long
chain molecules as the temperature rise Increases the dis-
organizing effect of thermal aglitation. As the molecules
exhaust thelr capacity to uncoll, there 1s a rapid dropping
away from the straight line (184),

gzdrolxsis. In contrast to hydrocarbons, silanes can
be hydrolyze y acids and bases, The fact that the silicon
atom is larger, less electro-negative and capable of a greater
maximum coordination number than the carbon atom makes the
S1-C bond considerably more resactive than the C-C bond toward
& number of reagents, For example, aryltrimethylsilanes are
cleaved by acids under fairly mlld conditions to give tri-
methylsilanol and a substituted benzene, while tert-butyl-
benzenes are relatively stable towards acids. Presumably,

the partial ionic character of the Si-C bond facilitates
attack by a proton at the negative (carbon) end of the dipole.
The Si-C bond 13 also more susceptible to basic cleavage.
Thus, benzyltriphenylsilane and many related compounds are
readily .cleaved by potassium hydroxide in alcohol, acetone

or dloxane, to give triphenylsilanol and a hydrocarbon, while
benzyltriphenylmethane, 1s relatively inert towards bases.

Any subgstituent which tends to increase the polarity of
the bond has a greater effect on the reactivity of a Si-C
bond than on 1ts C-C analog. For example, in compounds of the
type X;C-AY3, where A 1s a carbon or silicon atom attacked by
base, gleav ge of the C-A rather than the X-C bond occurs in
the carbon analog only if all three X atoms are halogen and
at least two of the Y positions are occupied by oxygen. When
A is sllicon, only one X need be a halogen atom and only one
Y an oxygen atom in order to get cleavage of the C-A bond.

In the case of trichloro(trichloromethyl)silane, cold water
alone cleaves the C-Si bond readily. In hexachloroethane the
C-C bond is not cleaved even by alcoholic potassium hydroxide
at 100°C. Cleavage is probably facilitated in the case of
silicon compounds by the positive character of the silicon
atom, its greater sizec (which decreases shielding by the sur-
rounding groupa) and its ability to increase its coordination
number, all of which make nucleophilic attack easier (98).

‘ The alkylfluorosilanes are much less reactive toward
metathesls than the corresponding chlorosilanes. The trifluoro
compounds fume in molst air and are largely hydrolyzed by water.
The difluorldes do not fume in air and are not readily hydrolyzed
by dilute ammonium hydroxide, but they will react with aqueous
sodium hydroxide. The higher trialkylfluorosilanes are not
detectably hydrolyzed by aqueous base, nor do they react with
sodium in liquid ammonia. The variation of activity with the
size of the alkyl substituent 13 demonstrated by the fact that
the trimethylfluorosilane can be titrated as an acid. This
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same varliation in activity 1s evident in the reaction o¢of silicon
tetrafluoride with the Grignard reagent: tetraethylsilane and
triethylflucrosilane are formed in about equal amounts, while
the propyl, butyl and amyl Grignard reagents do not form the
tetrazlkylsilane to any appreciable extent under the same
conditions (197).

Lubrication., From an applicatlion standpoint the silicones
are covered rather comprehenslvely by a group of seven articles
(43, 63, 64, 84, 111, 185, 278).

The silicones possess many of the desirable characteristics
for a good lubricant, but they do not provide an adequate lubri-
cating film between sliding ferrous surfaces under boundary
conditions, Where one or both sliding surfaces are nonferrous
much egulpment can be adapted to use silicone fluids. Other
difficulties are the leak tendencies of sillicones where the
contact 1s metal to metal,

Silicone olls blended with 15 to 33% of a solvent such as
benzene, cyclohexane, adlpates, etc. show excellent lubricating
properties even when the solvent and the silicone separately
are extremely poor lubricants. An explanation is that in bulk
fhe silicone molecules assume a helical configuration with
1ittle adhesion while in solution the solvent causes an uncoil-
ing to a maximum energy of adhesion resulting in a closely
packed oriented film on ferrous surfaces (139).

Concluslons., Tetraalkyl- and tetraarylsilanes have suffi-
clent thermal stability to be distilled above 400°C., No data
are available to indicate the thermal stability vs. time at
high temperatures.

Dow~Corning 710, as shown by our own test 1n the absence
of air, has excellent thermal stability at 370°C. It 1is,
however, too high in viscosity at 0°C to be used as a single
fluid., Dow-Corning 550 satisfies the viscosity reguirements
as a single fluid., Data are needed on thermal stability.

Points of architectural change in the silicone molecule
to bring about improvements are two in number, namely at the
end of the molecule in the "end stoppers" which retard or
prevent further thermal polymerization and at the silicon atom
where a change in substitutlion may alter the hydrolytic or
oxidation stability.

The silicones can approach very closely the specifications
for thils contract without additives as shown by Dow-Corning 550,
On the basis of data at hand they have a much better slope than
the silanes,
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Organo Compounds of the Higher Elements of Groups III, IV and V

Most of the compounds that have shown promise as high
temperature hydraulle fluids have been based on the Group III
element boron, the Group IV elements carbon and silicon, and
the Group V elements phosphorus and nitrogen. It is of
Interest to consider the higher elements in these groups to
learn 1f any of thelr derilvatives have more desirable proper-
tles than the derivatives of the lower elements,

Group I1I. In addition to boron, the elements of Group ITII
are aluminum, the A elements, scandium, yttrium and the lan-
thanides, and the B elements, gallium, indium and tellurium,

Like the borines, the trilalkyl derivatives of aluminum
are violently attacked by air or water; towards heat alone the
aluminum compounds are fairly stable and trimethylaluminum
decomposes gradually at 300°C. The triarylaluminum compounds
are less readlly attacked by air and water than the trialkyl,
but are sufficiently reactive to react at once with iodine (230).

The aluminlc esters, A1(OR),, are analogous to the boric
esters but are higher melting ang somewhat more reactive. They
distill without decomposition at relatively high temperatures
(A1(0CoH: )5, mp, 138°C, bp, 320°C/760) and are hydrolyzed at
once by %a%er. Their reactlvity is 1llustrated by their use

as reducing agents in the Meerwein reduction (230%.

The chemistry of the organo derivatives of the III-A
elements has not been developed. With increasing atomic number
the properties of thelr trialkyl and trialkoxy derivatives
should approach the properties of the corresponding magnesium
compounds, so that derilvatives of the III-A elements would be
even less promising than the aluminum compounds. In addition,
the rarity of the III-A elements removes them from further
conslderation.

The trialkyl and triaryl derivatives of the IITI-B elements
are also unstable to air and water, Gallium trialkyls ignite
spontaneously in air and hydrolyze immediastely in water. Indium
trialkyls oxidize readily and lose methane in the presence of
moisture. Thalllum trialkyls fume in sir but do not ignite
spontanesously; thallium triethyl hydr... zes in water to diethyl-
thallium hydroxide, (EtoTi)OH, while ga’ .ium *riethyl hydrolyzes
to ethylgallium hydroxide, EtVa(OH),. Gallium triphenyl,
mp 166°C, is fairly reactive; indium triphenyl, mp, 208°C, is
readily oxidized by air; and thallium triphenyl, mp, 169°C, is
oxidized by air and reacts with water. In general, indium
alkyls and aryls are more reactive than those of gallium and
much more than those of thallium (230).
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Esters of the trihydroxides of the III-B elements have
not been reported, but they would probably have no better
hydrolytic stability or wider 1liquid range than the aluminic
esters,

Group IV. Besildes carbon and silicon, Group IV includes
the B elements germanium, tin and lead and the A elements tita-
nium, zlrconium, hafnium and thorium.

In contrast to the trialkyl boron and aluminum compounds,
the tetraalkylated derivatives of silicon, germanium, tin and
lead are stable to alr and are not easily hydrolyzed by water
(151). The tetraaryl derivatives are very thermally stable,
the degree of thermal stabillity decreasing from silicon to
lead. Table 24 shows the similarity in melting points of the
tetraaryl derlvatives and the variation in thelr decomposition
points. The tetraaryl derivatives are fairly stable to chemical
attack, and again stability decreases from silicon to lead.
While tetraphenylsilane can be nitrated or sulphonated, tetra-
phenyllead loses all of its phenyl groups on treatment with
glacial acetic acid (230).

Table 24
TETRAARYL DERIVATIVES OF GROUP IV-B ELEMENTS

Compound MP °C  Decomp. Point °C Ref.
Tetraphenylmethane 285 500 230
Tetraphenylsilane 237.5 530 230,102
Tetraphenylgermane 233.4 435 230,102
Tetraphenyltin 229,2 432 230
Tetraphenyllead 227.8 270 230,102
Tetraigftolylgtin 342 151
Tetra(m-tolyl)tin 287 151
Tetracyclohexyltin 290 151
Tetracyclohexyllead 290 107

The triarylfluorc derivatives are also thermally stable,
It was shown in Table 25 that triphenylfluorosilane was very
stable at 370°C. Triphenylfluorogermane is the most stable of
the halotriphenylgermanes, and hydrolyzes very slowly even when
bolled with alecoholic potassium hydroxide., The dihalo and tri-
halogermanes hydrolyze readily (138). Triphenylfluorostannane
i1s somewhat less stable than the silane and begins to decompose
at 350°C (151).
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Aryl substituents appear to be more readlly removed by
chemical action than alkyl, as shown by the fact that dlethyl-
diphenylgermane on treatment with bromine loses phenyl but not
ethyl groups to give dlethyldibromogermane and bromobenzene
(230). Towards heat, aryl substituents appear to impart
greater stabilitg than alkyl. While tetraphenylgermane 1is
stable above 435C, tetraalkylgermanes decompose at 420°-450°C,
This reaction 1s homogeneous and monomolecular and is thought
to proceed according to the following equation (225).

Ge(02H5)4 = Ge + U C2H5‘

The tetraalkylsilanes, stannanes and plumbanes are be-
lleved to decompose in a similar manner in this temperature
range (265). Hexaalkyldistannanes are as stable as the tetra-
alkylstannanes but are slowly oxidized by air (151). Most
tetraalkyllead compounds can be distilled undecomposed below
%4003 (151), but dibenzyldiphenylplumbane turns brown at 127°C

151 . : .

Gillman, after testing the thermal stabllity of a large
number of germanes, stannanes and plumbanes, reported that for
use at high temperatures the lead compounds were not promising,
the tin compounds were better than the lead but not good enough
and, in general, the silicon compounds were better than the
germanium {102, 99). :

Few esters of acids of the type E(OH)y are known where E
is germanium, tin or lead. Tetraethoxygermane is extremely
hygroscopic and hydrolyzes readily in air with the separation
of germanium dioxide (138). The corresponding esters of tin
and lead would be expected to behave similarly. In view of
the promlsing thermal propertles of the silicates the thermal
stability of the germanates should be tested, in spite of thelr
poor hydrolytic stability.

The chemlistry of the organo derivatives of the Group IV-A
metals has not been extensively developed., In Table 25 it is
shown that tetra(2-ethylhexyl) titanate, while stable at 545°F,
suffered an 85% weight loss at 690°F in 30 min. This indlcates
that the ortho esters of titanium are less stable than the cor-
responding sillicon and horon compounds. Since 1t would be
expected that the ortho esters of the other IV-A elements would
be less thermally stable than those of titanium, this class of

compounds 1s not premising for the development of a high tempera-
ture fluid,

Group V. Besides nitrogen and phosphorus, Group V includes
the A"elements vanadium, niobium, tantalum and protoactinium and
the B elements arsenic, antimony and bismuth.
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Few organic compounds of the V-A elements have been pre-
pared. The ortho and meta esters of vanadic acid change from
one form to another almost as rapidly as the ions of ortho-
and metavanadlc acid., The ortho esters, R3V0 s are hydrolyzed
at once in water to colloidal vanadic acid- %yrovanadic esters,
RyVo0-, do not seem to exist. The metavanadic esters R V30q,
are h;drolyzed wlth great ease; they are unstable and eVen gn
a carbon dloxide atmosphere undergo internal oxidation and
reduction with the formation of aldehydes (230). With these
properties this class of compounds could not be used as high
temperature fluids, and there 1s no reason to expect that
similar esters of the other V-A elements would be any more
promising.

Although few organo derivatives of the V-A elements have
been reported, literally thousands of organo derlvatives of
the V-B elements are known, largely because of the interest
in their chemotherapeutic properties.

The trialkyl derivatives of the V-B elements are less
stable than the triaryl, but the tribenzyl are the least stable
of all. 1In general, derivatives of the type ER,, where E is
arsenic, antimony or bismuth, become less stablé as E becomes
larger z230).

Trialkylarsines oxidize readily in air (230), and decom-
pose when heated in sealed tubes at high temperatures (200°-
300°C) to give compounds of the type (RAs)), and higher ali-
phatlc hydrocarbons (67). The structure and properties of
the compounds (RAs)), do not seem to. be well-known, but they
might be interestiné a8 high temperature materials. The tri-
alkylstibines decompose in air and the trimethyl and triethyl
derivatives ignite spontaneously (52). Trimethylbismuthine
fumes 1in air %106). '

Triarylarsines distill unchanged in a carbon dioxide
atmosphere at temperatures above 360°C (208) and .tetraphenyl-
diarsine, which oxidizes in air, is stable to heat alone up to
400°¢c (230). Triarylstibines are stable to air and have fair
thermal stabllity; tri-4-biphenylstibine, mp, 177°C, decomposes
into biphenyl, antimony and other products at the boiling
point (105). Mixed arylalkylstibines are readily oxidized,
and phenyldimethylstibine fumes faintly in air and oxidizes
in solutlion {105). The triarylstibines are solids [c6H5)3Sb,
mp, 48°-500¢; (p-CH3C He )2Sb, mp, 107°C7 while the mixed
stibines are mostly 1§q3135 (2305. The triarylbismuthines are
also more stable than the trialkyl derivatives: and are not
oxidized by air (230).

The triaryl and trialkyl derivatives of the V-B elements
are falrly stable to hydrolysis; for example, trimethylbismuth-
ine 1s volatile with steam and decomposes only slowly in boiling
water (106), The trialkoxy derivatives, however, are hydrolyzed
at once by water (230).
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Other types of organocarsenlc, antlmony and blsmuth com-
pounds are known which have better resistance to chemlcal
attack than the trialkyl and trialkoxy derivatives. Most of
these are solids, however, and few display any high degree of
thermal stability.

Phenylarsonic acid, C.H=ASO(OH),, mp, 158°C with loss of
water, 1s extraordinarily s@agle to attack of hot concentrated
nitric or sulfuric acid 230;. Dialkyl or diarylarsinic acids,
such as cacodylic acid, (CHz),AsO(OH), mp, 200°C, are also
extremely stable toward oxidizing or reducing agents (230).
Esters of these aclds might be of interest as high temperafture
fiulds,

The stlbonic acids, R-SbO(OH)Q, melt with decomposition
and polymerize readily (230). The dialkyl or diarylstibinic
acids, RngO(OH), also are highly polymerized and have a vary-
ing water content (230)., The trialkyl and triarylstibine
oxides, which are formed by the oxidation of the stiblnes,
may be falrly resistant to heat; they are, however, sollds,
The distibines are oxidized by air (230).

The bismuthonilec and bismuthinic acids are not kmown and
dibismuthines have not been isolated (230).

Conclusions, This cursory review of the chemlstry of the
organic derivatlves of the Group III, IV and V elements other
than boron, carbon, silicon, nitrogen and phosphorus did not
uncover any really promising leads. The most likely classes
of compounds for use as a high temperature fluild appear to be
the germanes, esters of germanic acld, Ge(OH),, esters of arsonic
acids, RAsO(OH)p, and esters of arsinic acids  RpoAsO(OH). There
are no obvious advantages to any of these classes, however, to
compensate for the cost of the germanes, the hydrolytic 1lnsta-
bllity of the germanic esters and the toxiclty of the arsenic
compounds.,

Oxidation Inhibitors; Metal Deactivators; Anti-Wear Additives

In all three of these applications the chemical employed
will vary with the severity and specific conditions of each
requirement. An intensive search for such materials should be
made, 1if needed, when a promising base materlal 1s found.

A comprehensive survey of the literature on antlioxlidants
and corrosion inhibitors for lubricants was made by the
University of Virginia and reported in WADC Technical Report
53-353, Listing 1s made of all compounds noted in the litera-
ture which are applicable as inhibitors above 300°F.

A WADC Technical Report 53-16 (in two parts) on corrosion
preventative additives has been issued by Armour Research Founda-
tion. Two articles by Baker et al deal with the theory, proper-
ties and test methods for polar-type rust inhibitors (8a, 8b).
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IYI. PHYSICAL TESTING
Thermal Stability.

The thermail stability,of a compound is defined as the
resistance of the compound to chemieal change brought about
solely by thermal energy. The thermal instability of a compound
may, therefore, be expressed by its rate of chemical change at
a particular temperature in the absence of catalysts or other
reactive substances.

Since the determination of rates of chemical change is
unsuitable for the rapld testing or many compounds, less

thermal degradations Involve elimination of one or more volatile
fragments. The changes in the 100°F and 210°F viscosities
brought about by heating were used to indicate thermal degrada-
tions not involving welght loss. Finally, infrareqd analyses

of the decomposgition products were made where Indicated.

Experimental. The thermal stability tests are run in glass
apparatus under & blanket of nitrogen with heating periods of

10 hrs at temperatures of S5450F (refluxing lycerine) and, if
indicated, at 690°F (refluxing Aroclor 1254%. At 5450F glycer-
ine undergoes slow decomposition.

The arrangement of apparatus is shown Schematically in
Fig 4 and in the photograph Fig 5, The inset in Pig 5 shows
the sample tube with a small recelving flask attached. The
principal components and Suppliers are listed in Appendix I.

The experimental procedure is as follows:

1) Weigh the empty sample tube to * 0,001 g (wt ca 100 g)
Oon an analytical balance.

2) Fill lower bulb of sample tube 1/2-full and re-weigh
(net wt 10-25 g).

3) Assemble apparatus using Aplezon "T" grease on the
standard taper and balil Joints.

4) Evacuate Space above sample and above reflux fluild
contained in the 500 cc flask,

5) Admit No into entire system and adjust flow rate fop

slow bubbling through mercury in "N,-Bubbler" (Fig h)
to maintain about 10 mm posltive pressure in the system.
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Fig. 5 THERMAL -STABILITY APPARATUS
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6) Heat rapildly to reflux and readjust the temperature
to gentle reflux.

7) Heat 10 hrs.
8) Cool to room temperature.

9) Remove sample tube, clean exterlor and inside of sample
tube down to drain shoulder.

10) Welgh sample tube.
11) Calculate percent weight loss.

Experimental Results. Results of the thermal stability
tests on a number of compounds are given in Table 25. Duplicate
tests on di-(2-ethylhexyl) phthalate and tri-n-dodecyl borate
deviated by 50% and 10% from the mean at 5450F and 6S0°F,
respectively. Considering a temperature error of * 3°F at
545°F and I 2C°F at 690CF, and the exponential dependence of
rate on temperature“ which was estimated from the "isothermal
decomposition rates” determined for n-octacosane by the iso-
teniscope method, we arrive at approximately 90% and 60% for
the errors to be expected in single tests at these two respective
temperatures. This means that, for comparing relative stabili-
tles, differences must approach 100% to be considered significant.

The volatlle decomposition products which were condensible
in a water condenser were analyzed qualitatively in several
cases by infrared spectroscopy. The results of these analyses
are given in Table 26.

Infrared analyses of some of the starting materials were
also made. Weak absorption bands for P=0 bonds were found in
tri(iscoctyl) phosphite. This indicates that this sample was
not a pure material and these impurities may have played a part
in 1ts decomposition, The infrared spectrum of Dow-Corning
Fluid 710 showed that it contains aliphatic and aromatic C-H;
strong absorption bands for Si-0-C bonds were observed and
bands were present for Si-CH; and/or 81-CgHe.

Discussion. Five substances were found which lose less
than 1% oI thelr welght in 10 hrs at 690°F. These are: tri-p-
tolyl phosphite (0.3%); tri-cresyl phosphate (0.5%); Dow-
Corning 710 Fluid (0.2%); triphenylsilicon fluoride (0.9%) and
Aroclor 1254 (0.044). Configurations contained in these molecules
which may, therefore, be considered thermally stable are phenyl,
tolyl, methyl, phenyl-0-S1, phenyl-0-P, phenyl-Si and CH3Si.

Nine compounds were found which undergo weight loss to the

extent of 2-13% at 6909F, These are n-octacosane (4.3%); tri-
n-dodecyl borate (3.1%); tetra-2-ethyThexyl orthosilicate {9.2%);
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tri-n-octylsilicon fluoride (6.9%); triocctadecylsilicon

fluoride (7.5%); N,N-dimethyloctadecylamine (11.7%); N,N'~
di-2-naphthyl-p-phenylenediamine (2,0%); p,p'-methylenebis-
N,N-dimethylaniline) {12.6%); and U4-acetyl-o~terphenyl

3.8%). Since the first six compounds contaln between 8 and

28 carbon atoms in the hydrocarbon chain, 1t is not unreason-
able to expect the same degradation mechanism to be operating

on the hydrocarbon portlon of these compounds as prevails in

the case of n-octacosane. It may be inferred from the iso-
tenlscope studles on n-octacosane {see section on vapor pressure
measurement) that decomposition in the range 2-13% will cause

a pressure development in 10 hrs at TO00“F in excess of the

600 mm limit imposed by the specifications. Further study of
the reactions involved might lead to the development of suitable
inhibitors in case the reaction proceeds by a chain mechanism
rather than a thermal decomposition mechanism,

It will be noted that generally alkyl esters of acilds
containing double-bonded oxygen decompose extensively. The
alkyl phosphates and phosphonates decompose at 545°F, and the
carboxylic esters, which are somewhat more stable at 545°F,
decompose rapldly at 630°F. The aryl esters of phosphoric
acid are much more stable than the alkyl esters.

These results are consistent with the ideas on the mechan-
isms of thermal decompositions discussed in the section on the
literature survey. The quasi six-membered ring

/O\\ H /
-c“ -c’o Ne
|

0

‘H

| —= |}
\él:/-*C-' 0 C
provldes a facile route for the decomposition of esters contain-
ing a doubly-bonded oxygen and a B-hydrogen atom on the alcohol
moiety. This 1s in accordance with the observation that dioctyl
sebacate and tri-2-ethylhexyl phosphate decomposed rapidly at
5450F, Tricresyl phosphate, which has the B-hydrogen atoms on
an aromatic ring, decomposes only slightly at 690°F; the lower
stablillty of phenyl stearate may be due to the susceptibility
of the acld moiety to free radical attack. Esters having no
doubly-bonded oxygen, such as silicates and borates, cannot
decompose via a slx-membered ring, and the most likely route
for decomposition which requires less energy than simple bond
dissociation 1s one analogous to "route b" discussed under ethers.

e
~

i |
-.e;,i-g-'-——» -S1-OH + C=¢C

The energy of activation for this route should be greater than
for a quasi six-membered ring, because a six-membered ring
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involves less strain than a four, and a hydrogen bond to a
carbonyl group should be stronger than one to an ether oxygen.
It follows then that alkyl silicates and borates should be
more stable than the corresponding carboxylates and phosphates,
a conclusion which agrees with the data.

Conclusions., A satilsfactory test has been devlsed for
screening hydraulic fluld base stock compounds for thermal
stabllity. A number of compounds were tested with results
as given above., Tentatlve conclusions regarding several
classes of compounds are gilven in the above discussion.

Vapor Pressure Measurement

Apparatus has been set-up for direct measurement of the
equilibrium vapor pressure of base stock materials. The iso-
teniscope method of A. Smith and A. W. C. Menzles was adopted
for this work (235). This method is accurate and applicable
over a wide pressure range. It is useful to detect the threshold
temperature at which base stock materials begin to decompose
and 1is thus superlor to dynamic methods for our purposes (8).

Experimental. The lsoteniscope consists of a bulb Joined
to a manometric U-tube. Both bulb and U-tube contain the liquid
under investilgation and the assembly is either immersed in a
constant temperature bath or in a furnace having low thermal
gradlents. The second arm of the U-tube connects to an external
system for 1) producing and measuring high vacuum and 2) admitting
and measuring the pressure of an inert gas which is admitted
for balancing pressure on the two arms of the U-tube, the
pressure measured being equal to the equilibrium vapor pressure
of the substance in the sample bulb,

The apparatus is shown schematically in Fig 6. To the
right in this figure 1s a full scale sectional drawing of the
lsoteniscope bulb (B) and U-tube (M~1). The indentation in the
bulb 1s for the hot Junction of the calibrated chromel-~alumel
thermocouple used for temperature measurement. The U~tube (M-2)
is a mercury reservoir provided for ease in producing a "Torri-
cellian" vacuum on the closed side of the large manometer (M-3.
Briefly, M-3 is set~up with M-2 empty, SC-2 open, the meter par
removed, and the system evacuated to about 10-6 mm Hg. The
mercury 1s flamed to drive out dissolved and adsorbed gas.

Then SC-2 1s closed and air ia admitted to the system to force
sufficient mercury up the right arm of M-3 to halif-fill M-2,
When the mercury is lowered in M-3, 2 vacuum is left between
M-2 and M-3 which is quite permanent but which can be easily
renewed 1f the system becomes contaminated and needs to be
reflamed,

A photographic view of this experimental set-up is shown
in ¥ig 7 1in which some auxiliary apparatus may alsc be seen.
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The isotenilscope bulb 1s shown at (B) backed by a white
porcelaln plate whlch 13 attached to ald viewing the meniscuses.
The furnace (F), which 1s the same one described below in the
section on viscosity, 1s shown in lowered position with the
split copper and "Calsilite" covers (C) removed. The constant
voltage transformer ET;, variable voltage transformer (V) and
trimmer resistances (R) for the furnace are at the right
behind the two cathetometers, K-1 and XK-2. A one-meter
cathetometer (XK-1) is used to read manometer (M=3) and K-2

is used for reading M-l when precise measurements are being
made (see below for non-steady-state measurements). The spot-
light clamped to the top of K-2 illuminates the isoteniscope
through the sight window of the furnace., The precision
portable potentiometer (P) in the lower left 1s for measuring
the thermocouple emf in the temperature determination. Some
of the other components are designated with the same symbols
used in Fig 6, (Parts of the glass apparatus in Fig 7 are for
other experiments. These extra components do not affect the
vapor pressure measurements since they can be isolated from
the system). Principal components and suppliers are listed

in Appendixes IT and IV,

As made in the glass shop, the isoteniscope tube has an
open extenslon of glass tubing above the point marked "seal"
in Fig 6. The bulb 1s filled about half-full through the ex-
tension, then the extra glass 1s cut off with a glass-blowin
torch and the seal is completed. Thils leaves the U-tube {M-1
open, The system 1is then evacuated and the sample is heated
gently to drive off absorbed gas and other volatile impurities.
Stopcock SC-1 13 then closed and the isoteniscope tube is dis-
engaged from the system (by parting the 10/30 standard taper
Joint above SC-1)., It is tilted to half-fill M-1l, and is then
connected back to the system, The rest of the system down to
the hosecock on the rubber tubing connection to the nitrogen
reservoir is then evacuated, SC-5 is then closed, the furnace
is raised into position and heating 1s started.

As the temperature rises the preasure in the sample bulb
is balanced by admitting nitrogen very slowly with the screw-
type hosecock. For true equllibrium measurements the furnace
i3 held at a fixed temperature and manometers M-l and M-3 are
read with the cathetometers. At a temperature where a compound
ig stable the manometer levels should remain statlonary when
the temperature 1s constant; however, 1f the compound decom-
poses the pressure should steadlly change. Both patterns of
behavior were observed for n-octacosane (see below).

As a means for studying thermal stabllity, pressure read-
ings can be made as the temperature 1s steadlly rising with the
power applied to the furnace belng sufficient to take 1t from
room temperature to above TOO®F in about four hrs. So long as
the compound is stable the curve of log p vs. 1/T (where p =
vapor pressure and T = absolute temperature) should be very

WADC TR 54-532 88



nearly a straight line; however, if the substance begins to
undergo a chemical change the curve should pull away from the
straight line. The point of departure (point of tangency) may
be defined as the "decomposition point".

Experimental Results and Discussion. The vapor pressure
of n-cctacosane (Lastman) was measured under both equilibrium
and non-steady-state temperature conditions. The results are
shown graphically in Fig 8, along with smoothed literature
values, for comparison %2&6).

The "decomposition point" 1s seen to be about 571°K
(- 569°F). This is conslistent with the thermal stabllity
tests in which very l1little weight lo0ss occurred at S5U45CF
(0.21%) but considerably more at 690°F (4.3%).

Under equllibrium temperature conditions only three data
points were obtained below the decomposition point and one of
these, at the lowest temperature, appears to be a "sport",
1.e., Inconslstent with the other data and subject to some
accidental error, The stralght line between the twoc remaining
points gives 413°C for the normal boiling point which agrees
surprisingly well with Stull's value ofnﬁ12.5°c (246). The
straight line part of the curve for the non-steasdy-state
measurements also extrapolates to give about 4120 for the
boiling voint. Lack of agreement of the vapor pressures with
Stull's data at low temperature may be due to impuritles in the
sample,

In making the pressure measurements at steady-state tempera-
tures above the decomposition point the pressure change was
followed over & period of time in several inastances. This gave
the several serles of points falling on a vertlical straight line,
Isothermal rates of pressure increase were calculated, with
results given in Table 27.

Table 27
ISOTHERMAL RATE OF PRESSURE CHANGE OF n-OCTACOSANE

TOK 103 /TOK & {mm),
593 1,688 0.0012
609 1.641 0.0067
639 1.565 0.080
644 ( =TO0OF ) 1.554 ~ {(0.120, inter-
polated from graph)
655 1.527 0.329
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Fig. 8 VAPOR PRESSURE OF n-OCTACOSANE
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A plot of these rates in Fig 8 as log dp/dt vs. 103/T°K
gave a straight line from which the rate at 700CF (.6440K)
was found to be 0,120 mm/sec, a rate which, i1f sustained for
10 hrs in thils system, would develop a pressure of about
4320 mm or 5,7 atm.

Conclusions. The 1isoteniscope method as set~up appears
to be satisfTactory for determining vapor pressure, detecting
decomposition and measuring the rate of decomposition.

The rate of pressure increase for n-octacosane at 7000F
1s sufficlient to cause the vapor pressure to exceed 600 mm in
a brief perlod of heating. It i1s also expected that the com-
pounds in Table 25 that decomposed to the extent of about 1%
or more in 10 hrg at 690°9F would develop excessive vapor
pressures at TOO®F, just as n-octacosane does.

Klnematle Viscosity Measurements

Apparatus has been set up for kinematic viscosity measure-
ments at 100°F, 210°F and the range 210° to 700°F., Standardized
procedures for ordinary temperatures have been given in detail
1n ASTM Method D445-53T entitled "Tentative Method of Test for
Kinematic Viscosity"”. The detailled procedure described in
Appendix A of this ASTM method for Cannon-Fenske viscometers
was adopted for measurements at 100° and 2100F, and constant
temperature baths were assembled for these two temperatures,
These baths meet the ASTM requirement of temperature fluctua-
tions of less than + 0.029F, The photograph of these baths,
glven in Flg 9, and the parts list in Append ixes ITI and IV
should provide sufficlent description of this apparatus,

For measurements above 210°F a special furnace was con-
structed; it 1s shown in the sectional drawing in Fig 10 and
which was plictured as "F" in Fig 7. The furnace is constructed
of a 2-1/2 in, diameter copper tube with 1/4 in. wall thickness
covered with a layer of ashbestos paper. This asbestos-covered
tube is wound with nichrome wire with windings spaced 1/8 to
1/4 in., the closer s acing being used near the ends and at
the level of the 1-1/2 x 1 in. window. The insulated machine
screws by each side of the window hold the wire which is wound
back and forth around the tube at the level of, but not crossing,
the window. Alundum cement 13 used to hold the winding in place.
"inibestos" pipe insulation 1s used to insulate the sides and
"Calsilite" mineral insulation is used at tor and bottom,

Several taps in the winding allow external trimmer resistances
to be placed parallel to sections of the winding for adjusting
power to the several sections so that thermal gradients can be
reduced. It was found that the settings of the variable trimmer
reslstances were not very critical. The external electrical
circult 1s shown schematically in Fig 10.
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The viscometer used In the high temperature measurements
was modifled by adding a 3-in., extension to the filling tubes
of a Cannon-Fenske viscometer., This viscometer was then re-
calibrated at 100°F and 210°F according to procedures given
in ASTM D445-53T, The calilbration constant at higher tempera-
tures was obtalned by extrapolatlion from these two points.

Temperature 1is determined wilth thermocouples placed at
three points on the viscometer (A, B and C in Fig 10). The
three thermocouples are used in order to check against excessive
thermal gradients. At 693CF the thermocouples at A and C had
a difference in emf corresponding to a temperature spread of
1,5°F. This represents an error of about 0.3% of the viscosity
in the range 500°-700°F which 1s considered a sufficient accuracy
for these measurements,.

Experimental Results. The results of the viscosity measure-
ments are glven In fables and figures in the literature survey
sections as follows:

Compound Temp ©OF Table Figure
Aroclor 1254 100-618 23 3
Tri(2-ethyl-l-hexyl) borate 100-212 19 3
Tri-m,p-cresyl borate 100-212 19 3
Tetra-2-ethyl~l-hexyl silicate 100-212 21 3
after 10 hr at 690°F 100-212 21 -
Dow-Corning Fluid 710 100-6G2 23 3
after 10 hr at 545°F 100-212 23 -
after 10 hr at 600°F 100-212 23 -

The viscosities of Aroclor 1254 and Dow-Corning Fluid 710
were determined at filve temperatures between 350° and 700°F to
demonstrate the operabillity of the described technique for high-
temperature viscosity measurements, The data are plotted in
Flg 3 and data reported in Table 23 were read from thils curve.
It is of interest that the ASTM curve for Aroclor 1254 is linear
above 450°F in contrast to the concave downward curve of Dow-
Corning Fluid. The high-temperature behavior of the Dow-Corning
Fluid is typical of that shown by hydrocarbons, esters, ethers,
silicones and silicates (184).

Conclusion, The procedure described for viscosity measure-
ments above 210° and up to TOOCF is consldered practical and
satisfactory.
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TV, RECOMMENDATIONS
It is recommended that:

(1) Organic and Inorganic esters be prepared in which
thermal decomposition by the elimination of an olefin is in-
hiblted by molecular structure. Esters of tertiaryalkyl-
carbinols and 2,2-difluorc alcohols are two possibilities.

(2) Several n-alkyl-p-terphenyls be prepared in which
the length of the alkyl group is varied systematically. The
thermal stability of these compounds should be determined to
obtain information on variation of thermal stability with
chain length., This information 1s essential for the design
of other molecules in which a long chain is incorporated.

(3} Some carefully chosen examples of phosphates, phos-
phites and phosphonates be prepared with the view to improve-
ment 1n thermal stability, viscosity and hydrolytic stability,

(4) Modifications be made in aryl silicates and borates
directed toward improvements in viscosity and hydrolytic
stabllity.

(5) Modifications be made in diaryl ethers to improve
their viscosity properties.

(6) Further thermal data be obtained on phenol esters
of aromatic and carbonic acids,

(7) Alleyelic compounds and alkylated aromatic compounds
designed to have the optimum balance between thermal and vis-
cosity properties be prepared and evaluated.

In the arrangement of these recommendations, consideration
was given to priority in the numbering.
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