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A modern diclectric f£luid must posscses a unique combination of
electrical characteristicys and physical properties while wini-
mizing toxicity paramsters and adverse envirxonmental effccts.
Existing comnercial liguids fulfill these requircments wilh
varying degrees of success. A notable deficiency is the en-
vironmental persistence and toxicity characteristics of prouducts
derived from chlorinated biphenyl. In addition to electrical

and physical properties, our studies have considered the en-
vironmental behavior of various types of common organic compounds.
This evaluation has shown that certain types of relatively simple
organic compounds are biodegradable and possess electrical

and physical characteristics essential to their functioning

as diclectric fluids in transformers and capacitors.
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INDUSTRIAL ORGZNIC CHLEMICALE AS ANLTERKATIVE DIELECIRIC FLUIDG

A modern diclectric fluid must possess a unique and complex
combination of electrical and physical propertiecs. 1In
addition Lo the performance requirements imposced on existing
products and new diclectric liquids, today's situation makcs
it. imperative that consideration be given to a variety of
other paramcters, such as .envirommental persistence and
toxicity. Information of this kind has becowr~ increasingly
important to electrical equipment manufacturers in determining
methods for safe handling, use, and disposal of dielectric
fluids and equipment.

The étudy described in this paper was conceived to explore
types of orcanic chemicals that could function as dielectric
liquids giving consideration to both the performance require-
ments and the ecological characteristics that are an integral
part of the dielectric fluid market of the 1970's. The phrase
“industrial organic chemical" is used in this work to indicate
organic compounds that are accessible by means of coswhon
chemical processing in contrast to those bascd on exctic raw
‘materials or requiring complex multi-step processing. A
treatment of fluid characteristics is presented with parti-
cular emphasis on capacitor impregnants and transformar
applications. Lo -
our dielectric fluid resvcarch program can be represanted in
four phases as shown in Figure 1. Specifically, our efforts
in Phases I and 1I leading to the selection of new dielectric
fluid candidates are the subject of this paper. 1In Phase I,
our assessment of dielectric fluid requirements is given and

[4d
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a brief survey of pertinent literature is included. The
thrust of our synthetic studies was to explore the relati
ship betwecen chemical structure and diclectric constant i

several sevies of related compounds and to attain a match

main
on-
n

of

physical and clectrical properties in promising cowpounds.

A critical fcalure of our program is the incorporation of
toxicity and environmental evaluation at an carly stage i
the rescarch. It is essential that any candidate selectoe
for development work in Phase III have acceptable toxicit
and environmental characteristics, in addition to mecting
diclectric fluid performance requirements., Conclusions

concerning the most promising compounds identified and th

relative advantages of each type are discussed.
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Figure 1

NEW DILLECTRIC FLUID RESEARCH I’RO(.}IU\M
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-l Dielectric Fluid Characteristics
General

A. DPhysical Properties
(1)

The fluid must have a wide liquid range. Boiling
points should be above 300°C to reduce vapor losses

during processing under reduced pressurc at clevated
temperatures and to minimize vapor losses in operating
equipment, In the case of flammable liquids, a high
boiling point will also contribute to higher flash and
fire points. The fluid should have a pour point in the
~30 to -40°C range to insure.functioning of the fluid
under winter conditions. The viscosity of the liquid
should be relatively low through the equipment operating
temperature range with 5 - 10 cps at 30 - 60°C being
desirable values. The low temperature viscosity of

the liquid is indicated by its pour point. The viscosity
will usually reach 5,000 -~ 10,000 cps at temperatures near
the liquid's pour point. The flash point of the fluid
should be sufficiently high so that processing at elevated
temperatures does not lead to a fire hazard. In a practical
sense, this means that a flash point of 300 - 350°F

(150 - 180°C) should be adequate. The specific role of
fluig flammability will be discussed in more detail later.

B. sStability

The fluid should be chemicallf'inert, stable at elevated
temperatures (up to 200°C) for extended periods of time
and stable when subjected to electrical stress. It
should be noncorrosive:. These stability parametecrs favor
aromatic compounds over aliphatic and favor unreactive
groups such as alkyl, halogens, or the ether linkage
over functional groups that have a readily available
degradation route, i.e., ester h;drolysis or oxidation of
activated methylene groups. The fluid should alsoc be
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compatible with common construction materials used in

electrical equipment components.

Biodegradubility and Toxicity

The modern dielectric liquid should biodegrade in a

short period of time. A major factor in the search for
new biodcgradable dielectric fluids derives from the
environmmental shortcomings of the polychlorinated
biphenyls (PCB). A short fluid life in the environment
largely climinales the potential for the problcums
associated with bioconcentration of chemicals. Fluid
biodegradability has the effect of minimizing the
possibility of probiems associated with long term chronic
toxicity and reducing the likelihood of fluid cr equipment
disposal restrictions. 1In addition, toxicity evaluation
of such areas as fluid ingestion, vapor inhalation, and
skin absorption must show the material can be handled

safely.

Ultimately, it may be desirable to use radiocactively
labeled compounds to establish the fate of products of
this type in the environmznt.

Processing Characteristics

In many electrical applications highly puriried liquids
are required to attain the desired levels of equipment
reliability and performance. Standard purification
techniques, particularly distillation and clay trest-
ment should-be applicable to new materials. Contaminants
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such as acid, water, and ilonic species need to be con-
trolled and removed by whatever fluid purification scheme

is sclected.

Electrical Properties

The electrical properties desired in a dielectric fluid
are usually sclected to give the best combination of
high diclectric constant and low dielectric losscs.(z)
Generally, the djelectxic_gonstant will be <6, with 4 - 6
being the most useful range when alternatives to chlorinated
biphenyl are beirg explored. Values below six are more

of a practical limit than a theoretical one in that the
electrical losses often-become prohibitive at dielectric
constants greater than six. High dielectric constant
liquids are more difficult to purify to low electrical
losses and their purity is.more difficult to maintain

since they tend to leach ionic species from materials

the fluid comes in contact with.

The electrical losses, expressed as dissipation factor

or power factor (%), must be low to minimize energy

losses in operating electrical equipment and particularly
to avoid the generation of excessive heat that results

in reduced equipment life. Typically, when measuring the
electrical losses of a liquid sample, (60 - 100 Hz at

25°C) values of <0.0l dissipation factor (<1.0% power
factor) should be easily attainable. Similarly, the
resistivity of a candidate flﬁid should be >109 ohm

to merit serious consideration. Guidelines on desired
dielectric strength Valﬁe can be drawn from existing
commercial products. Common dielectric strengths are

in the range of 30 - 40 KV minimum (25°C, 0.1 inch gap).
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Capacitor Fluid Requircments

A, Flammability - Flash and fire point

Al though much of the experience with capacitor f]ujds is

dc11V(d 110m the use of polychlorinated biphenyl,

hydrocarbons, esters and cthérs are identified as capacitor
fluids in the patent literature (see literature roview
section). Presumably, all of these fluids have flash

and fire points. Fxom a practical standpoint, the
flammability of a capacitor fluid is of concern mainly
during manufacturc of the capacitor when the liquid is
handled at elevated temperatures under vacuum. The risk,
of fire from the fluid in an operating capacitor seemns

a remote porsibility even when the unit is ruptured.

H'?O)n@if"c‘h

flash point off§§ —f)shoulq be adequate for a new

capacitor fluid and compares closely with existing

capacitor fluid products (Arocior* 1016 polychlorinated
polyphenyls - flash point 338°F, minimum). 'In a flammable
fluid, the fire point will lie somewhat above the flash point;
for example, a fluid with a éZS_E_‘laRI point might exﬁxblt a
&Yt point in thecisnasnahﬁmrangé7 As noted above, these
temperatures are not likely to be encountered in capacitor

*Aroclor is a trademark of Monsanto Chemical Co., St. Louis  Mo.

m
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operations so the fire hazard associated with such a
fluid will be slight.

B. Impregnotion

An important characteristic of a capacitor  fluid relates
to the case with which capacitor diclectric haLerials
such o5 paper or an organic film can be impregnated with
the fluid. This property is difficult to guantify in
simple laboratory tests and often can only he evaluated
by the success or failuré cxgerienccd in building and

testing capacitor test units.

Transformer Fluid Reggireménts

A. Fluid Flammability ‘

There are two areas for consideration of fluid flammability
in transformers. One relates to mineral oil usage while
the other pertains to the fire resistant polychlorinated
biphenyl bascd fluids. Since mineral oil can burn at

high temperatures, new ligquids in this area need to have

a flash point at least as high as mineral oil (typically
300 - 400°F). When considering alternatives to transforwer
fluids derived from polychlorinated biphenyls or blends

of polychlorinated biphenyl with chlorinated benzene, a
complex dilemna is encountered. These fluids are .
essentially nonflammable which 'means they are stable to
chemical oxidation even at elevated temperatures, i.e.,

no fire point below the boiling point. Unfortunately,
stability to chcmicalloxidation is often accompanied

by comparable stability to biological oxidation.(

Although a variety of nonflammable liquids can be
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B.

D orare ingt

considered for use in Uransformers, onl) }

dncoed

arc_these matevials biodeyrudable, One notable exception

is 1,2,4-trichlorobenzenc which biodegrades after a period
of time during which the microorganisms hecome acclimated
to jts presence.  However, trichlorobenzene itself is

not a suvitable transformer fluid because of its narrow
liguid range (freczing point 16°C, boiling point 214°C).(4)
A potential nonflammable biodegradable transformur fluid

will be described in a later section of this paper.

produclts of bPecomposition in an Arc

In addition to the apparent‘contrndiction belween bio-
degradability and nonflamnability in a transformer fluid,
the situation is further complicated by consideration of
the decomposition products formed when the fluid is sub-
jected to arcing. Historically, chlorinated fluids

were selected because they gave a noncombustible mixture

of products, mainly HC1l, from arcing.(*'S)

The original
intont of attaining the noncombustible gas mixture was
to minimize the explosion hazard in transformers filled
with fire resistant fluids. In this context "Askarel
fluids" are defined as nonflammable synthetic liguids
which when dzcomposed in an electric arc evolve only
nonflammable gases. This definition is vsed in safety
s:andards and codes, especially the National Electrical
Code and for product listing by Underwriters' Laboratories.
structurally, noacombustible arc-formed gases require
that the fluid molecule contain ~1/1 mole ratio of -

hydrogen to chlorina.

The events which occur during arcing and subsequent rupture
of a transformer are difficult to describe quantitatively;
however, it appears that three situations might occur.

144
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Situation I - Arcing occurs in a transfoiwer tilled with
either mineral oil or a firc resistant fluid. No air is
present in the transformer. The arcing produces hot
gascs faster than available pressure relicl devices can
dissipate the pressure, the pressure cxcceds the pres-
surized capability of the transformer housing, and cxplosive

ruptwre occurs with discharge of liquid to the surroundings.

Situation 1I - Simidar to Situation I except air is pre-
sent in the transformer and rupture can result from ei-
ther pressure as in Situation 1 or combustion of arc-formed

gases.

Situation III - A secondary event from combustible arc-
formed gases mixing with air after the transformex
rupture. Explosive combustion of arc-formed gases in

the air outslde of the transformer requires an explosive
mixture in a confined space in the presence of an ignition

source.

-

Situation I appears to be predominate over II and III. It
should be noted that arcing leading to a transformer
explosion is a rare but scrious occurence.(6) Although
data is largely lacking, it appears that explosions have
occurred both in mineral oil and Askarel filled units.
Air should not be present in the transformer housing,
however, leakage can occur during the years a unit may
be in service. The relative likelihood of occurence
between Situation I and Situation II is not clear. Most
transformers operate under positive pressure at elevated
temperatures and may even show a slight vacuum at
ambient temperatures. If the transformer body is

intact and air is absent, then Situation I will prevail.
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Situation IX can take place-but in many cases may be
indistinguishable from the primary event.

The ambiguity of the emphasis on noncoibustible arc-formed
gases {rom nonflammable transformer liquids is magnified
if today's comnercial fluids are examined. The blends of
pentachlorobiphenyld (Aroclor 1254 brand) with tri- and
tetrachlorobenzéne arec still available but are under
severe attack due to the environmental persistence of

the polychleorinated biphenyls. These £luias form HCL

in an arc and fit the definition of an Askarel fluid.
other current products range from tri- and tetrachloro-
biphenyl (Aroclor 1242 brand) blended with chlorinated
benzenes to trichlorobiphenyl alone. These products

Jhave a H/Cl ratio as high as 7/3 and must form substantial
quantities of corbustible gasas when decomposed in an

arc. Also, Aroclor 1016 brand of trichlorobiphenyl is
listed by Underwriters' Laboratories(7) without comment
concerning the combustibility of arc-formad gases., 1In

the present studies} we have concluded that nonf{lammability
is an essential property 61 an Askarzl-like transformer
fluid. However, the role of the combustibility of the °*
arc-formed gases is unclear in the face of existing
commercial products, the uvse of the Askarel definition

in codes and standards,; and the seguence of even:s pre-
sumed to occur during a transformer rupture. The
possibility exists that gas. combustibilitcy plays a minor
role in the already disastrous conditions of a transformer
explosion, if a nonflammable liquid is involved.

i
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Alternative Diclectric Liquids - What Type?

Literature

. .
A survey of the literaturec revecals a considerable variety of
synthetic diclectric liquids. These, as would be cxpected, arc
dominated by chlorinated aromatic compounds, especially poly-
chlorinated biphenyls. Other chlorinated compounds include
pentachlorodiphenyl ether, pentachlorodiphenyl ketone, hexa-
chlorodiphenyl methane, polychlorinated aliphatic hydrocarbons,
highly chlorinated benzenes or alkylbenzenes, pentachlorophcenyl
benzoate, chloronaphthalenes.énd tetrachlorodiphenyl sulfidc.(l's’g)
All of these matcrials are similar in that they are nonflammable,
have relatively high dielectric constants (5 - 8), and form

mainly HCl when decomposed in an arc. Presumably they are

also similar to polychlorinated biphenyl in the respect that

they are persistent in the environment. More recently, a

variation on chlorinated biphcnyl has been reported.(lo)
Biphenyl or terphenyls containing one to three chlorines are
alkylated with from 1 - 12 carbon alkyl groups and up to 2.5
alkyl groups per biphenyl or terphenyl. These ‘fluids are
identified as capacitor fluids and an improvement over
chlorinated biphenyl itself., Blends with chlorinated biphenyl
are also proposed.

Organic esters emerge as a second major class of dielectric
fluid. Abundant examples of esters, particularly as
capacitor fluids, can be found in the patent literature and..
published sources. Naturally occurring esters, such as
castor o0il, have been used commercially hut it appears that

synthetic esters have not reached major commcrcialization.(ll)

In an extensive study of organic esters, Romans and Singlcterry(lz)
have explored the relationship between dielectric constant and
chemical structure for common types of esters and have extended

their conclusion to a series of nonflammable fluorine containing
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csLuzs.‘lB) From dipole moment argunents, these authors con-

clude that the dielcctric constant of an ester can be increascd
by using the shortest pogssible alcohol chain, the lowest mole-
cular weight dibasic acid, or an aromatic acid thal falls within
the constraints of physical property requiremecnts such us
volatility. Introduction of a second ester group into a

flexible molecule will increase the dielectric constant (c).

S i Q
"
CHJCOCH3 C“3OCTC”2?COEH3
Methyl acetate : Dimethyl malonate
€ 6.8 ’ 10.4

In a.rigid molecule, introduction of a second ester group in
a structurally complimentary position will increase the
dielectric constant, i.e., methyl benzoate versus dimethyl
phthalate. In contrast, the ester groups in

COZC”3 COZCH3 COZCH3
002C53 C02CH3
Methyl Benzoate Dimethyl Phthalate Dimethyl “Tercphthal
[3 6.6 . .. 8.5 ~7

dimethyl terephthalate interact to reduce the dielectric
constant.(l4) It is also shown in studies of dissipation ¢
factor versus temperature and time that selected esters are
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leus stable thermally than polychlorinated biphenyl. 1n
patents by F. M. Clark, esters of tctrdﬁydrofur[uryl alcohol,
_in particular the oxalate, are identificd as high diclectric
constant (¢ = 10 - 12) capacitor impregnants.(JS) Jaffeo has
studiocd phthalate esters, espccially dicyanoethyl phthalate,
as high diclectric constant diclectric fluids.(lc) More
recently, Eustance has identified a capacitor impregnant
consisting of an aromatic ester, in particular dioctyl
phithalate, stablized by an epoxide additive such as the
diglycidyl cther of bisphenol A.(17) In an effort to yetard
hydrolytic degrudation of ester derived capacitor flulids,
Ross and Finkelstein have described fluids with alkyl
substituents a to the carbonyl and 8 to the cther linkage.[la)
Structures of these types effectively prevent hydrolytic

attack on the ester by water or hydroxide ion.

Aromatic and aliphatic ethers of phenol and its derivatives
appear in the patent literature as capacitor fluid. Munch
and Thompson identified alkyl phenyl ethers of the general

(19)

structure (I). In a similar example,

.

@ya - R = alkyl C, to Cj,
Cl, Br, or F

n n=1o0r 2

E
i
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NDazzi has studied ethers with the gencral stiructure (II).(ZO)
These compounds have

R, . R = alkyl €, to Ce,
4 hJ, z =0 -4
e e N t =
[O(LHZ)XOR ] n m 1l or 2
R'= alkyl Cl to C8
Cln X = 2 - 4
s n=1=-4

11

dielectric constants ranging from five to seven and are

reported to perform well in dizlectric applications.

In addition to the pentachlorodiphenyl ether mentioned earlier,
several other diphenyl ether derived compounds have been
identified as dielectric liquids. Many of the compounds
included in the general structure (IIX)

R
n
O—@

III

#

Cl or Br

=0 - 10

‘alkyl C, - C4
0 -4

85 w3 X
[0

have been ;ynthesized and characterized both individually -

and in combiﬁations.(Zl)

These compounds have good physical
properties, dielectric constants from 3.5 to 5, low power
factors, and dielectric.strengths from 16 ~ 30 KV (25°C,

0.1 inch gap). Polyphenyl ethers with two to four ether
linkages have been studied as high temperature dielectric

1iquids.(22) Their RQielectric constants range from 4.4 to 6.0
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with low clectrical losscs and d.c. resistivities of 10]0 to

1012

ohms at room temperature.

Scveral sulfones and sulfolanes of the types indicated below

have been studied as components in dielectric liquids.(23)
The sulfones are blended with
- - 1
R 502 R (CH3)n
Sulfone ‘02 n=20-2
. Sulfolane

R and R' = phenyl, tolyl, xylyl,
naphthyl, biphenylyl

polychlorinated biphenyl and various oils to form dielectric
liquids, for capacitors. Similarly, sulfolanes are blended
with sulfones and other materials to obtain liquids with
dielectric constants from 10 to 30. The electrical losses
of these fluids are high at low frequencies with a minimum

5 6
at 107 - 10 Hz.

Several references to phosphate esters as dielectric fluids

are also encountered. (24) Clark uses phosphate esters with
alkyl groups up to four carbons in combination with mineral
oil, castor oil, and chlorinated aromatics to obtain dielectric
liquids with low viscosity, low pour points, and good

5)

lubrication characteristics.
-

Finck in a German patent describes the reaction of fatty acids

with amines to give compounds of the type indicated (IV).(ZG)
f H O
1" .
{-CR
CH2 b
v
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The use of these waxy malerials in capacitors is reported.
Ross and Finkelslein describe amides as a class of compounds
useful as dielectric liquids but lacking in hydrolytic
stubility.(27) These authors present many examples of
amides that we stabilized against hydrolysis by alkyl
substituents « to the amide functional yroups. Two general

examples are given below (V and V1). The steric

R, OR, R 0 R, R
12t a2 - Wt 2
Rl Cllz - (l: -CN - ? - C“Z Rl C - N ~- (': - CHZ Rl
Ry Ry Ry
i)
C-N-C-~ CH, R
. 0} [ i 2
o0 R, Ry
v VI
Rl = alkyl Cl to C18
R, = CHjor Cyilg
Ry = CHjorH
R4 = H, alkyl Cl - ClB .

effects introduced by the substituents effectively stabilize
these compounds against acid or base catalyzed hydrolysis.
The use of a nitro compound as a capacitor impregnant was
described by Clark in 1948, (28) Dichloro-a-nitro-naphthalcge
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blended with polychloxinated bipheny)l gives fluids with
diclectric constants up to 25 and when uscd in capavitor
test units a power factor of <0.6% is attained through a

wide range of fluid compositions.

Although the use of hydrocarbons in capacitors is restricted

by low diclectric constants and limited stability, several

recent patents report improved stability and life characterislics
of hydrocarbon based fluvid particularly in metallized paper

or film and all film type capacitors. 9)

Selcction of Compound Pypes for Further Study

In addition to a survey of the literature, our initial
efforts in Phase I of this.study included scrcening a wide
range of compounds with the goal of selecting major types for
detailed evaluation. Consideration was given to such factors
as typical physical properties, accessibility in terms of a
synthetic scheme, raw material requirements, stability
characteristics, anticipated electrical properties, and the
probability of attaining biodegradability and low toxicity.
From this broad spectrum of compound types we determined

that emphasis in Phase II on selected esters, ethers, and
substituted aromatics would best facilitate the identification

of potential new dielectric fluids.

Esters -
/
Our investigation of organic esters as dielectric fluids

covered several types of esters with the goal of relating
dielectric constant to chemical structure. Variation of
both the acid anddthe alcohol portion of the ester was
explored. The first type of ester considered is the diesters
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derived from cthylene and propylene glycols of varying
molecular weights ond simple monobasic acids (Table I).

TABLE I
(o} o}
1 1
RCO (alkylene oxide)n OCR

R Alkylene Oxide n Dielectric Con-tont
4 Fithylene oxide ’ 2 9.6
7 " 3 76
" 4 15.5
" 4 T 113
; i 4 9.2
" ’ 9 10.3
} Propylene oxide 2 ' 8.3
X " 4 7.5

From this family of esters it is apparent that the dielectric
constant can be influenced by the alkylene unit chosen and by
the molecular weight of the glycol ana the ecid. Tvwo mcles
of propylene oxide versus two moles of ethylene oxide in the
acetate diester differ in dielectric constant by 1.3 (9.6
versus 8.3); the substitution of two methyl groups on the
glycol lowers the dielectric cohstant. This fzature is )
more pronounced in the tetra glycol acetates; ethylene oxides
{11.3) versus propylene oxide -(7.5). The molecular weight
‘of the acid has a dramatic effect on the dielectric constant
of the tetraethylene glycol diesters; formate (15.5),

acetate (11.3), and propionate (9.2). The values for ethylene
glycol diacetates go through a maximum; 2 moles (9.6),

MONS 041084
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Benzyl

- 20 -~

4 moles (11.3), and 9 moles (10.3). The butyrate of tricthylon:
glycol further demonstrates the influence of acid ‘folecular
weight, The diclectric constant of triethylenc glycol dibutyrate
is similar to tetrapropylenc yglycol diacctate.

constants of the compounds in Table 1 are higher than existing

The dielectric

chlorinated capacitor fluids, however, higher molecular

weight acid could reduce the dielectric constants into a

more useful range.

The sccond type of ester studied was that derived from a

monobasic acid and a simple alcohol or an alcchol prepared

by rcaction of a simple alcohol with an alkylene oxide.

(Table II). Variation of

. TABLE II o

v 0
RO (alkylene oxide)n OCR*

Dielectric constant

(e)

Alkylene oxide n R’
Ethylene oxide 2 CH3

" 27, C,Hg

" " Phenyl

" 1 Phenyl
Propylene oxide 3 Ct—l3

- 0 CH3

- 0 Phenyl

7.1
6.9

the acid, the parent alcohol, and the amount or type of

alkylene oxide has a minor effect on the dielectric constant

of this type of ester. The use of benzyl alcohol reducés

the dielectric constant into the desired range.

MONS
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The third type of aster is that derived from an alcohol ox an
alcohol rcacted with an alkylene oxide f{ollowed by esterifica-

tion with a dibasie acid (Table III).

TABLE IXIX

Esters of Aliphatic Dibasic Acids

Acid Alcohol Alkylene Oxide (n moles) Dielcctric Constant
Oxalic n-butyl Ethylene oxide (2)
Maleic " " " 7.9
Cis~1,2,3,6~ methyl " (1) B.G
tetrahydro-phthalic
Adipic methyl " "
Adipic n~butyl " (2) 6.8

Esters of Aromatic Dibasic Acids

Phthalic n~butyl 6.5
Phthalic octyl

Phthalic decyl -
Isophthalic ethyl .

_Isophthalic n-butyl 5.8

The asters of aliphatic dibasic acids have dielectric constants
somewhat higher than desired and appear to be particularly
unstable to water or base. A higher molecular weight alcohol
would probably reduce the adipate dielectric constant below
six. For comparison, the dielectric constant of dibutyl
sebacate is 4.6.(30) The esters of aromatic dibasic acids

give good dielectric constants if a long chain alcohol is

used (Ca and clofphthalatés) or if the ester groups interact

to reduce the dielectric constant (isophthalates). The

environmental properties of long chain alcohol esters will
(" i
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be discussed in a later scétion of this paper. In n-butyl
phthalate the ortho groups produce a diclectric constant of
6.5 compared to meta esler functionality which giveés n-butyl

isophthalate a value of 5.8.

The next type of cster considered was prepared from a phenol,
an alkylene oxide and a monobasic acid. (Table IV)

‘ TABLE 1V
7
R-%(::>—(alkylenc oxide)n OCR'
R Alkylene oxide n R’ Dielectric Constant
H - .0 cu, 5.2(5)

H " Ethylenc axide 1 cH, 5.5
H " 2 " 7.9
H Ry C2H5 ' 5.3
H " 1 Phenyl 5.7
B Propylene oxide 3 CH 6.7
C8N17 - 0 . CH3 3.6

" Ethylene oxide 1 CHy 4.3

" " 2

" 5.1

All of the acetates can be considered derivatives of phenyl
acetate. Alkylation causes a sharp drop in dielectric -
constant (5.2 versus 3.6). Introduction of one mole of
ethylene oxide into phenyl acetate causes an increase in
dielectric constant from 5.2 to 5.5 while two moles causes

a sharp increase from 5.2 to 7.9. The acetate from phenol
and three moles of propylene oxide has a dielectric constant
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higher than phenyl acetate (6.7 versus 5.2), but lower than
that formed from phenol and two moles of ethylene oxide. In
these cases, the relationship between ethylenc oxide and
propylenc oxide is similar to that observed in the polyglycol
esters. Acclates prepared by introduction of ethylence

oxide into the alkylphenol show increasing dielectric con-
stants (0 moles, 3.6; 1 mole, 4.3; 2 woles, 5.1). Comparvd
to the acctate derived from phenol and one mole of ethylene
oxide, incrcasing the molecular weight of the acid by one
carbon, propionic acid, causes a small decrcase in dielectric
constant (5.5 versus 5.3) while an aromatic acid, benzoic,

enhances the value slightly (5.5 versus 5.7).

Several characteristics of esters such as those described

above, make them attractive as dielectric liquids. They

can he prepared from readily available raw materials by

common chemical processing techniques. They can usually '
be distilled to give a high guality product and, as demonstrated
above, the structure of an ester can be modified to give the
desired dielectric constant. .The necessary combination of
physical and electrical properties can be attained in

selected compounds. For example, in Table IV, the acetate

from octyl phenol and two moles of ethylene oxide has the
following properties:’ )

Dielectric constant (25°C)(102Hz) 5.13
Dissipation Factor (102Hz) 0.007
Boiling Point - 390°C
Pour Point ) -29°C
Flash Point e 360°F
Fire Point Lo 375°F°
Biodegradable . Yes

P
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Ihe Wain weakngsses of esters as diclectric liguids relate

to stability, both hydrolytic and thermal, and precessing
characteristics. Since water is a product in the esterification
rcaction, esters usually contain a small amount of water.
Residual acidity is also common., Typically, our csters
contained between 100 and 1,000 ppm of water with <1.0 mg

KOli/g of ester of acidity present. Under neutral conditions

an ester and wvater will equilibrate to form the parent acid

and alcohol as shown in Equation 1.

0 [¢]
| ]

RCOR' + H,0 == RCOH + R'OH (1)

This equilibrium situation means that water present in an
ester, whether from the esterification reaction or from
atmospheric moisture, will ultimately lead to the formation
of free acid and alcohol. Thermal or oxidative degradation
of an ester can also lead to acidic products and water. The
limited hydrolytic stability and. potential for oxidative or
thermal degradation are importané in considering the electri-
cal performance of an ester. Low electrical losses can be
attained in many esters, however, the processing required is
often laborious compared to that required for polychlorinated
biphenyl or mineral oil. Once the ester is purified to a low
power factor, it is often difficult to maintain low electri-
cal losses and low acidity because of hydrolysis or degrada-
tion such as that described above. Scavengers or inhibitors
can be used to minimize these problems, but the reaction

. products from the scavenger 'and free acid or alcohol can

also contribute to increasing the power factor. In summary,
while certain esters have the physical and electrical
propertiel required for them to function as dielectric liquids,
factors such as hydrolytic stability, acidity and processing

MONS 041089



chavacteristics can significantly limit their utility. In
addition, the ability of esters to stand up under heavy
electrical stress is largely unknown. Their biodegradability

will be discussed in a later section.

Ethers

Ethers are attractive as dielectric fluids because many
opportunitics are available to explore the relationship
between dielectric constant and structure. The ether linkage
imparts good stability and proéessing characteristics to
these compounds, particularly when compared to the esters
described previously. The major preparative route used in
this study was the classical Williamson ether synthesis
(Equation 2). '

Step 1 Step 2
ROH + NaOH —————3 H,0 + RO'Na® + R'X ————3 NaX + ROR' (2)
excess

X = Cl, Bror I

Since step 1 is reversible, it is necessary to remove the
water to attain high conversion to the intermediate alcohol
sodium salt. Step 2 is not reversible but it is usually
heterogeneous. It is generally difficult to reach complete
reaction to the ether even using an excess of the alkylating
agent. Conversions of 70 ~ 95% are typical. In this
situation, it is essential that the ether purification
method remove unreacted alcohol. This can usually be
accomplished by distillation or, in cases where the alcohol
and ether have éimilar boiling points, selective adsorption
techniques can be employed. When these compounds are free
i~
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of unrcactqg alcoliol, the eleclrical losses are usually quitce
low. In this study, considcraticn was given to aliphatic
ethers, alkyl-aromatic ethers and totally aromatic compound:.
Representative aliphatic ethers are listed in order of

increasing molJecular weight in Table V.

TABLE V
Aliphatic Ethers

)}

=

0 (alkylene oxidc)n“R'

R Alkylene oxide n R' Dielectric Constant Carbon/Oxygen

C2H5 . - 0 CZHS 4.0 .

CZH5 Ethylene oxide 2 CZHS 5.8 2.7

CH,y . 2 n--C4H9 5.3

" -

CH) 2 t C4H9 4.9 3

n-C4H9 l‘ n—C4H9 3.7 5

CllJ Propylene oxide 3 n~C4H9 A 4.9 . 3.5
n-C4H9 Bthylene oxide 1 n«CSH17 v 3.2 7

n—Cdli9 Propylene oxide ~19% CH3 4.9 3.1

The dielectric constant of these compounds is determined by
the size of alkyl groups and the number of ether linkages
present. Increasing the carbon coﬁtent reduces the dielectric
constant while the value increases as ether linkages are
added. In Table V, this relationship is expressed as the
carbon/oxygen ratio for each compound. The dielectric con-
stant decreases as the carbon/oxygen ratio increases. Even
though the dielectric constants of these compounds lie in

an attractive range, significant physical property limitations
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cxist, The low molecular weight materials are too volatile
(low {lash point), while the high molecular weight members
are difficult to purify since they cannot be distilled and
their viscosity makes clay treatment laborious. The middlc
menbers of this series have good )_'ahysical propertics and can
often be obtained in high purity (Jow electrical leosses) by
distillation.

Table VI lists a series of f-chlorinated aliphatic ethers
that were prepared. -

TABLE VI _
B~CHLORINATED ALIPHATIC ETHERS

4 cl - CH2CH -0 - CH2 - CH - Cl
. { i
R C)i3
R Dielectric Constant
Phenyl . 8.4
Tolyl 5.9
t-Butylphenyl 6.6
n-CaH13 . 6.4
n-CaH17 ) . 5.5
n-CloH21 ) 5.2

The compounds, especially where R = n-CygHyp, showed promise
in early stage evaluation.  They have excellent physical
properties, are readily prepared from common raw materials,
and can be purified to exhibit low electrical losses. Addi-
tional cvaluation showed that these compounds have limited

i
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thermal stability and decomiose under clectrical stress.
Degradation of these compounds producces HCL leading to

coxrrosion problems and prohibitive electrical losses.

1n Table VIU sclected alkylaromatic ethers are presented.

TABLE VII

] ALKYLAROMATIC ETHERS

Alkylene oxide n R ___ Dielectric Constant
Ethylenc oxide 1 “CHy ' 6.4 >
Ethylene oxide 2 CHg 6.7
Fthylene oxide 1 n-C Hy 4.8
Propylenc oxide 3 n-C4H9 ) 4.2

Anisole : ©-ocH; 4.3
4-chloroanisole CI4C>-OCH3 7.1
2,4-dichloroanisole CI-QOCHS ) 1.1

' cl

4,4'-dimcthoxydiphenylmethane CH, K2} 0CH;), 4.5

methoxymethyldiphenyl ether <§>bc-<:>/CH20CH3 4.8

In the compounds incorporating ethylene oxide, the structural
effects on dielectric constant are similar to those observed
in aliphatic ethers.” The propylene oxide derivative leads

to lower values than any of the ethylene oxide based compounds.

Chlorination of anisole leads to a sharp rise in dielectric
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constant. 4,4'-dimethoxydiphenylmethane is eésentia]ly a

dimer of anisole and has a dielectric constant similay to

anisole (4.5 versus 4.3). “This compound has attractive
properties except for its 35°C freezing point. Methoxymethyl-
diphcenyl cther isomer mixture is a particularly attractive
candidate. This fluid has excellent physical and clectrical
properties and can be purified by clay trcatment alone (no
distillation is required) to exhibit low electrical losses
(dissipation factor 0.002 102Hz, 25°C).

Representative aromatic ethers are presented in Table VIII.

' TABLE VIII
AROMATIC ETHERS

Compound Structure Pielectric Coastant

*piphenyl ether @— 0_@ 3.7

bis (phenoxyphenyl) ether o _@) o 4
(isomer mixture)

bis (phenoxyphenoxy) benzene © C 4.4
(isomer mixture) @-0'@/ @ @-O-@

Biphenylylphenyl ether e o _@ 3.4
(isomer mixture) o . '

' oni .
4,4'-Diphenoxydiphenylmethane . CH, ('@'O—@ )2 4.0

.
-

| B4

Aromatic ethers, particularly polyphenyl ethers, have
excellent electrical properties and thermal stability. How-
ever, these compounds have high pour points, freezing points,
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and viscosities such that they cannot be considered in appli-
cations where exposure to winter weather would be expected.

Subslituted Aromiatic Cowmpounds

The compounds considered were derivatives of benzene and di-
phenyl ether (Table IX). Many derivatives of benzene, toluenc,
and xylene cannot be seriously considered in this study because
they have a relatively narrow liquid range (high freezing point
and/or low boiling point). A similar situation is encountered
with naphthalenc and biphenyl. In contrast, many compounds
derived from diphenyl ether have good low temperature properties
and high boiling points.
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TABLE TX

Substituted Aromatic Compounds

Name Structure Dielectric Constant

1,2,4-trichlorobenzene C

Bromedsichlorobenzene

(icomer mixture) __Cl

o)z z@é

Chlorodibromobenzene

(isomer mixture)

Dibrémoethylbenzene C Mg 5.1
(isomer mixture)

w I
o
s

w

A¥=]

Br
{oro{R
X7 R

X ‘R

H H 3.7
cl H 4.7
cl cL 5.7
Br H 4.3
cl Sec-C,Hq 4.5
cl 5ec-C6H13 4.3 .
cl Secfclznzs 3.6
cl Branched-ClZH25 3.9
CHEC— .. H 6.0
H . Sec-c4}l9 3.0
H T Cyclohexyl 3.2
H Benzyl 3.4
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Of the benzene derivatives considered, oply dibromoethyl-
benzene is not limited by its freezing point., In addition
to a low pour point (-40°C), thls compound is nonflummable,
has an attractive dielectric constant (5.1), and a relatively
high boiling puint (260°C). This combination of properties is
vory similar to those of polychlorinated bipheny) as used in
nonflammable transformer £luids. Additional comparison of
diclectric strength, resistivity, thermal stability and
corrosion characteristics reinforced this similarity. With
this background, we have used this fluid in several trans-
formers in our plant in Midl;hd. Although our experienrce is
limited, we now have up to 1.5 years of normal operation in
units using this fluid under a variety of load conditions,
Studies are continuing to determine the potential of this
compound as a nonflammable' transformer fluid. It should be
pointed out that this fluid is nonflammable but it can produce
a combustible mixture of gases when decomposed in an arc
(hydrogen/halogen = 4).

~
In the diphenyl ether derivatives, chlorination raises the
dielectric constant sharply (Clo.- 3.7, Cll =4.,7, Cl2 = 5.7),
however, as in the case of biphenyl, the level of chlorination
is critically related to biodegradability. Monochlorodiphenyl
ether biodegrades quite rapidly, while dichlorodiphenyl ether
biodegrades significantly more slowly. This distinction led us
to conclude that our studies should be limited to compounds
containing a maximum of one halogen per diphenyl ether moiégy.
Alkyl derivatives of monochlorodiphenyl ether have dielectric
constants lower than the parent compound and the dielectric
constant generally decreases with increasing molecular weight of
the alkyl substitutent, i.e,, R=H, 4.7; R = cq“g’ 4.5;
R = CleZS' 3.6. Alkyl derivatives of diphenyl ether follow a
similar pattern with dielectric constants ranging from the parent
ether's value of 3.7 downward to ~3.0. The methyl ketone
derived from diphenyl ether has a relatively high dielectric
constant (6.0} but even after extensive purification, this

coimpound cxhibits excessive electrical losses.
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Substituted aromatic compounds prepared {rom benzence and di-
phenyl ethey have ? variety of properties that make them
attractive as dielectric fluids. Like comrercial fluids,

they can be purificed by distillation and clay treatment,

They exhibit good stability, the proper combination of physical
properties and excellent electrical properties, particularly
low clectrical losses, The dielectric strengths of the com-
pounds is usually >30 KV. Even though some of these materials
have relatively low dielectric constants, they deserve scrious
consideration as alternatives to polychlorinated biphenyl.

Product Stcwardship(3l)

Persistence, Toxicity and Selection of Candidates

"Product Stewardship" as used in Dow is a program to make
sure that our products don't become environmental problems
after they are in the hands of our customers. Our goal is to
maintain our leadership in environmental affairs by protecting
man and the environment from hazards associated with chemicals
manufactured by Dow.

In research, product stewardship requires examination of Four
parameters. Stability of a chemical as measured by microbial,
photochemical, or chemical degradation. Movement of a
product in the environment is measured by examining its
relative affinity for air, water, and soil. giggpncentra%ion
of organic compounds as measureé by comparing a product’'s
relative solubility in fats or oils with its sclubility in
water. Toxicity is measured by representative species that
may come in contact with the chemical.
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As described in the Introduction, the evaluation of environ-
mental characteristics and toxicity data at an early stage
is a critical featurc of our dielectric fluid rescarch pro-
gram. The synthetic studles and subscquent screcning of
clectrical propertics, described above, demonstrate that
scveral compounds arc available that show promise as new
dielectric liquids. At this point in our rescarch, we were
mainly conccerned with microbial degradation and general
toxicity of our potential new fluids. The selection of
inexpensive, rapid, and meau?ngful test methods is the key
to using this kind of data in a screening program. This
section of the paper will describe our apprecach to the use
of this information as a selection guide and will summarize
pertinent test results. )

Certain value judgments and general statements of what is
desirable must be applied to evaluating preliminary biode-
gradation and toxicity data. Our goal is a biodegradable
nontoxic fluid. Since compounds that can be considered as
dieiectric liquids need high boiling points, are chemically
unreactive, and are largely insoluble in water, certain
conclusions can be'reached concerning their environmental
characteristics. Chemically unreactive materials usually
have low oral acute toxicity. Compounds with low water
solubility are only available to microorganisms in water

at very low concentrations. Also, microbial degradation

for these types of compounds will be relatively slow.
However, as long as a degradation route is available, a
long-term build up in the environment would not bc expected.
In addition to the biological degradation already mentioned,
chemical degradation, such. as oxidation or hydrolysis can
also play a role in remoQinq chemicals from the environment.
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TABLE X

Biodegradability by the BOD Test*

)
Oxygen Denand

Compound ' 5 day 10 day 20 dnf
Eslers ﬁ
1. Q§>~OCH2CHZOC Cll3 B A A

o]
I
2. CSH174C:}OCHZCH20CCH3 water solubility Compound not detected

3 ~1.4 ppm after 5 days
3. Di-n-butylphthalate N A A A
4, Di-octylphthalate (o4 C C
Ethers -
5. <:}.-ocu2cuzoc4n9 B B A
6. CICHZ—CI'.H -0 - ?H - CHZCl B B B

CioMy  CHy .

7. Methoxymethyldiphenyl ether B B B
Substituted Aromatics
8. 1,2,;-trichlorobenzene c A A
9, 4-bromodiphenyl ether - B B A
10, .Monochlorodiphenyl ether - B A A

*T0D = Theoretical Oxygen Demand or equivalents of oxygen
.required for complete conversion of compound to
co, and H,0.
Class A = 40-70% of TOD - most or all of compound degraded
Class B = >0-40% of TOD - compound partly or slowly oxidized
Class C = No oxygen demand detccted
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The effect of chemicals on the environment and their
ultimate fate is a complex guestion. Although many tests
have been devised, the lack of standardized methods tends

to magnify the complexity of the qncstion.(32)

To study the environmental impaét of potential new dielectric
liguids, three bio-oxidation methods were employed. The

first of these is the Biochemical Oxygen bemand (BOD) test. 33
In this procedure, sevefil dilutions of the test compound
in water are mixed with a dilute acclimated microorganism
sced in nutrient solution which is saturated with oxygen,
scaled and incubated at 20°C. The depletion of oxygen is
measured at various time increments, e.g., 5, 10, and 20
days. Typical xesults.from this test are given in Table X.
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To obtain meaningful reswvlts in the BOD test, a compound must
29“§9¥9blq in water to at least 2 mg/l (2 ppm)., In the
examples given, the oxygen demand is reported relative to
percent of the theoretical oxygen demand (TOD). In compounds

that bio-oxidize, the oxygen dcmand will usually reach about
60 - 70% of the TOD since about 30 - 40% of the compound has
nutritional value for the microorganisms and, therefore, is
not converted to C02 and water. This is consicdered to be

complete biodegradation, oL

In the compounds presented, Esters 1 and 3 bio-oxidize quite
readily in this test. Ester 2 has low water solubility and
no meaningful oxygen demand can be detected, however, the
parent compound cannot be'detected after five days indicating
bio-oxidation may have taken place. The two phthalate esters
{Compound 3 and 4) demonstrate a marked effect of the alcohol
chain length even though these compounds have similar water
solubilities. There are several possible explanations for the
lack of oxygen demand observed for di-octylphthalate. The
first is that this compound does not bio-oxidize in this
system or it is bound and is not available for degradation.
Secondly, the test may not have been run long enough to allow
the microorganisms to bécome acclimated to this compound.
Thirdly, this compound may be toxic to the microorganisms or
may inhibit their growth. Finally, degradation routes that
do not require oxygen may be occurring.

The ethers (Compound 5, 6, and 7) bio-oxidize in this test
but the rates and extent of oxygen demand are significantly
different. Molecular weight and water solubility may be
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factors in this differeance between Compound 4 and 6, in that,
the Jower molecular weight Compound 5 (M,W., = 194) is more
rcadily oxidized than the, presumably less water solubié,
higheyr wolecular weight Compound 6 (M.W. = 297},

Trichlorobeonzene (Compound 8) shows evidence for an acclima-
tion period. Mo oxygen uptake is detected after five days

of expcesure while a major percentage of the TOD is consunmed
between five and ten days. The two monohalogenated diphenyl
ether compounds both bio-oxidize in this test. The monochloro
compound appears to oxidize faster than the brominated analog
hut the extent of oxygen demand.for both compounds is similar
at the end of a twenty day test.

The second method used is the Oxygen Probe Test for Biode-
gradabi]ity.(34) In this test, a sample (500 ml) of settled
activated sludge (allow to settle for one hour prior to taking
sample) is diluted with water to make a total volume of 1000 ml.
An oxygen probe connected to a recorder is inserted in the
sludge and the system is aerated and stirred until a stable
dissolved oxygen level of 3 - 4 ppm is recorded. The material
to be tested is added at an initial loading of 1 mg/l up to

100 mg/1l and the change in dissolved oxygen level is noted.

A sample of phenol at a loading of ) mg/l is used as a reference

material., The initial slope in the oxygen curve is recorded.
Results are compared to phenol and reported as follows:

.

Fast (F) ~ slope greater than or equal to phenol
Intermediate (I) = slope >1/3 of phenol

Slow {S} = <1/3 of phenol

Not detected (N.D.)

Selected results from this procedure are reviewed in Table XI.
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TABLE XI
Biodegradability by the Oxyyen Probe Test

Compound Rogult

1. Phenol Fast

2. Diphenyl ether Intermediate
3. Biphenyl Intermediate
4. sec-Butyldiphenyl ecther Intermediate
5, 1,2,4-Trichlorobenzene Slow

6. 4-Bromodiphenyl ethgr“ Slow

7. Monochlorobiphenyl ' Slow

8. ClCH2 ?n -0 ~-CH - CH2C1 Slow

C10“21 CH3

9. Aroclor 1242 rluid ' Not detected
10. Qi~n—butylphthalaten Not detected

11. Decyldiphenyl ether Not detected

This test is less sensitive to compound water solubility

than the BOD test but low water scolubility can still con-
tribute to negative test resulks. Diphenyl ether, biphenyl,
and sec-butyldiphenyl exhibit oxidation rates in the inter-
mediate range compare to phenol. Compounds 5 - 8 are oxidized
slow compared to phenol. Compounds 5, 6, and 8 also show
bic-oxidation in the BOD test (Table X). No oxygen uptake

is detected for Compounds 9, 10 and ll. The reasons for no
oxygen uptake in this test are similar to those described. for
zero oxygen demand in the BOD téét. A combination of low
water solubility and slow bio-oxidation can lead to oxygen
uptake below the detection’ limit. This is probably the
reason for the gharp contrast between sec~butyldiphenyl ether
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] (Cumpound 4) qu decyldiphonyl ether (Compound 11). Incruasing
the alkyl chain length {rom four carbons to ten reduced the

[ water solubility and oxidation rate sufficiently to cause
negative results for Compound 11, Other causces for no oxygen
uptake include the micxoorganisms not being acclimated to the
compound and inhibition of the microorganisms by the compound.
Positive results in the above tests are a good inéicatiuu

that a compound will bilodegrade, however, negative results

do not necessarily preclude biodegradation of a compound.

To study compounds with bio-oxidation rates below the
detection levels of the BOD and Oxygen Probe Tests, it is
necessary to prepare radioactively labeled compounds
_ {usually 140 is used) to attain sufficient analytical sensi-
tivity. , These labeled compounds are tested in the so-called
Activated Sludge Batch Die-Away Biodegradation Test.(32)
Degradation of the compound is usually followed by trapping
14CO2 in the system exit gases and obtaining a material
balance with the 14
system. This approach dramatical%y increases the complexity

C compound remaining in the sludge

and the cost of the experimental procedure. In our studies,
substituted aromatic compounds, such as dibromoethylbenzene
and chlorocalkyldiphenyl ether compounds require 14C labels
to evaluate environmental persistence. Studies are in
progress to establish that compounds of the above types are
biodegradable even though their water solubility is very
low. O ERER A AT T A LRI CrabT P ey e e -
I R S e L AT G0 L R R e
¥ SR BN B TSR IbT ode g radak L gny by~ any_ ot of Re AL e RS LTHELoET
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CUSEngres rherTT0R Tod iornunT abe TEEeanpyaNan

Our initial mammalian toxicity studies considered the
effects of candidate fluids on experimental animals in
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four basic areas. These are ingestion, eye contact, skin
contact, and vapor inhalation. Specifically, ingestion
refers to acule oral lethality obtained by administration of
single relatively large doses of chemical Lo test animals.
Lye irritation is evaluated by placing the compound in an
animal's eye and obsexrving both the animal and its eye for
toxic effects and irritation. Skin contact is considercd
both in relation to skin damage, such as a chemical buxrn,
and absorption of chemical through the skin leading to

toxic effects. Tn this test, it can be important to observe
contact with both covered afeas, and skin that is exposed

to the air. The toxicity of fluid vapors is usually evaluated
by subjecting test animals to the vapors gencrated by passing
air over the surface of fluid heated to 100°C. 1In addition
to inhalation toxicity,  this test may also give useful
infoimation on eye irritation caused by fluid vapors. In-
formation from the above tests provides important guidance
concerning the toxicity characteristics anticipated for a
new compound and also contributes to the safe handling of
experimental materials. The fluids selected for toxicity
evaluation in this study exhibit low oral acute toxicity

and low vapor toxicity. Minor eye irritation is observed

in some cases. Skin contact is not a serious problem for
minor exposures, however, prolonged or repeated contact,
particularly on covered skin can lead to a reddening of the
skin, swelling, and a moderate chemical burn. We have not
observed toxic effects resulting from absorption of fluid
through thé skin. From the stanépoint of our fluid develop-
.ment program, fluids which give satisfactory results, in the
above toxicity screshing.can be considered as candidates
meriting additional stydy. .

On a limited basis, we have also explored the acute fish tox-
icity of our compourds using polychlorinated biphenyls as a

\
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reference point, Our studies indicate compounds such as
tetrachlorobiphenyl are Itthal to fish {fathcad minnows)

at levels well below 1 ppm (50% kill at 0.5 ppm). In con-
trast, monochlorodiphenyl ether is not lethal to fish at
0.5 ppm in this test. Also, the alkylated diphenyl ether
compounds tested show no acute fish lethality because the
compounds have very low water solubility (probably <0.5 ppm)
and the fish are not in intimate contact with the chermical.

The test methods described above represent the initial
screening phase of our product stewardship studies. Although
these tests provide information to assess the environmental
impact of our chemicals, more extensive tests are usually
neccssary. The use of 14C labeled compounds early in this
program is very expensive, but can pay dividends in
reliability and time saviﬁqs. Most of the studies that
follow the screening phase can best be done using labeled
compounds and the case and guality of the associated analyti-
cal work is enhanced by using the labels. Situations have
developed where laborious studies using unlabeled compounds
have had to be redone using labeled materials as a result of
unresolved analytical questions in the initial work. Labora-
tory evaluation of the environmental impact of chemicals can
be part of new product research. Its benefits are measured
in terms of minimizing the effect of chemicals on the environ-
ment and assuring their safe handling and use.
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Experimenta) Frocedures

b3
The acctate osters were preparced by reacting acetié anhydride
with the appropriate alcohol. Other esters were formed Ly
reaction of acid and alcohol in toluene solution. The water
of reaction was removed by azeotropic distillation. Ethers
were prepared by the Williamson Synthesis. The alcohol was
reacted with sodium hydroxide and the water formed was removed
by azcotropic distillation. The resulting sodium alkoxide was
reacted with excess alkyl bhalide to yield the ether. Chlorina-
tion and bromination of diphenyl ether or benzene was carried
out using Lewis acid catalysts such as stannic chloride or
fexrric chloride. Alkylation reactions were catalyzed with
aluminum chloride.
The compounds reported were usually purified by distillation
and clay treatment. The clay used was 80 - 200 mesh material
from the Hilliard Corporation, Elmira, New York.

Electrical measurements were made on a General-Radio Model
1615 A capacitance bridge. Dielectric constants were run
at 102 Hz and 10  Hz. A stainless steel capacitance cell
having a liquid capacity of ~10 ml and a cell constant of
54.7 pF was employed with the bridge.

summary and Conclusions

In our dielectric fluid research program, Phase II studies on
esters, ethers and substituted aromatic compounds have identi-
fied compounds in each class that show promise as new dielectric
fluids. 1In each .type of éompound, the proper selection of a
fluid can give a combination of good physical properties,
stability, biodegradability and the desired electrical pro-
perties. The remaining quesﬁion is Eomparison of the strengths
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and weaknesses of these three'types of fluids to arrive at the

best candidates for developmental studies in Phase I1l1. The

accompanying table represents some of our conclusions:

Purif;- Diclectric Electrical
Synthesis cation Constant Losses Stability
Isters + - + + -
Ethers - * + +
Substituted * - . " +

Aromatics

Synthetic routes to esters are readily available. Purifica-

tion of esters can be difficult if water or residual acid

is present. Purity and electrical losses are related in

that low losses may not be attained if purification is a

problem. The most significant weakness of esters is their
susceptibility to hydrolysis and thermal degradation. Hydrolysis
or degradation leading to water, acidity and poor electrical
performance can significantly limit the utility of these
compounds.

The major shortcoming of ethers is the inefficiency of

synthetic routes to thesq compounds. Incomplete reaction

in ether preparations leads to difficulties in purification

if the ether and the parent alcohol are not readily separable.
The electrical properties and stability of ethers are excellent.
Substituted aromatic compounds derived from benzene and di-
phenyl ether are accessible synthetically. These compounds

can be purified to low electrical losses and are characterized
by excellent stability. In our work, these compounds are
limited to dielectric constants of ~5 or less.

.
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In conclugion, it is our position that the history of aromatic
compounds as dielectric fluids and the ixcsults of our studies
point to substituted aromatic compounds, particularly thosc
derived from diphenyl ether, as our best candidates for

rhase IIT developmental studies.
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