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ABSTRACT

A new series of mono-, di-, and triesters of promise
for lubricant applications have been prepared from fluoro-
alkanols of the general formula, H(CF2)nCH20H, where n
is 4, 6, 8 and 10. Esters of this series as well as those of
the F(CF2)nCH2 OH series were prepared in 85 to 95 per-
cent yields by direct esterilfication procedures in a reason-
able length of time. Ether derivatives of the H(CF 2 )nCH 2OH
alcohols were prepared in 40 percent yields by aqueous al-
kylation methods, The following physical and chemical
constants were determined: boiling point, freezing point,
density, refractive index, surface ternsion, molecular re-
fraction, and where applicable, saponification number.

Esters from both fluoroalcohol series have exception-
ally good hydrolytic stabilities. The anomalously high boil-
ing points, refractive indexes, and surface tensions of
dibasic acid esters of H(CF 2 )nCH2 OH alcohol,, are mani-
festations of tiome sort of association. involving the termi-
nal hydrogen. Preference is given to the latter class of
esters for lutricant applications because of their wider
liquidus range, greater potential avilability, and lower
cost.

PROBLEM STATUS

This is an interim report; work on this problem is
continuing.

AUTHORIZATION

NRL Problems C02-04 and C02-01
Project Nos. NO 274-512 and NA 3$-0O64
Bureau No. AE-0405

Manuscript submitted August 20, 1954
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PARTIALLY FLUORINATED ESTERS AND ETHERS
AS TEMPERATURE STABLE LIQUIDS

P.ART I - SYNTHESIS AND CHARACTERIZATION

INTRODUCTION

Research on organic fluorocompounds during World War II produced new compounds
of interest ,b heat transfer fluids, lubricantb, dielectrics, and plastics. Production
methods and properties of compounds prepared in this period are given in several survey
papers(1-8). An electrochemical process developed by Simons(9-1ý, is capable of pro-
ducing not only fluorocarbons but also perfluoro acids, amines, and ethers. In turn,
fluoroalcohols may be produced by the reduction of perfluoroacids or their
derivatives(13).

Because of the chemical inertness, flammability resistance, and oxidation stability of
fluorocarbons, they attracted considerable attention as possible lubricants for high tem-
perature applications. However, their large temperature coefficients of viscosity, high
volatilities, and narrow k'quidus ranges seriously restrict their usefulness for such
applications. Research on the new fluoro esters and ethers of this report has been aimed
at overcoming some of these disadvantages.

Almost completely fluorinated esters derived from perfluorocarboxylic acids and
1,1-dihydroperfluoroalcohols and aa,w, w-tetrahydroperfluoruglycols have been prepared
and their physical and chemical properties reported(14), Fluorinated esters derived
from perfluorocarboxylic acids and unfluorinated alcohols and glycols have also been re-
ported(15). Both classes of esters derived from perfluorocarboxylic acids are hydrolyti-
cally unstable, although in general, they have better viscometric and low-temperature
properties than do the fluorocarbons. Esters derived from allphatic dicarboxylic acids
and 1,l-dihvdroperfluoroalcohols have also been prepared(16,17). These esters are much
more stable to hydrolysis than analogous esters dierived from glycols and perfluorocar-
boxylic acids.

Hecentiy filuoroalkanoib hAving the gen-eral formula H(CF2CF 2 )nCH2OH have become
available(18,1P). They may be prepared by the telomerization of methanol and tetraflu-
oroethylene in the presence of a free-radical-producing catalyst(18,19). Other telomeric
alkanots containing a terminal hydrogen atom can be prepared by the reaction of tetraflu-
oroethylene with ethanol, iaopropanol or butanol(19).

The methanol telomers differ from the 1,1-dihydroperfluoroalcohols in that they con-
tain an w hydrogen atom. This new series of alkanols is reported to be atable as well as
substantially nonflammable and noncorrosive(18). Studies at this laboratory have estab-
lished that the CHF 2 group is comparable ir surface chemical inertness to the CF 3
group(20). Preliminary studies indicate that these alkanols are nontoxic oir of a low
order of toxicity(21). It has been shown that the thermal oxidation stabilities of diesters
of aliphatic dibasic adids are governed primarily by the structure and stability of the ai-
cohol substituent(22). The introduction of stable fluoroalkyl groups into es~ters and ethers
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2 NAVAL RESEARCH LASORATORY

should result in a substantial improvement in their oxidation stability, together with '
marked increase in their flammability resistance.

The preparation of 1,1-dihydroperfluoroalcohnls hy the rdriuction of the correspond-
ing acid or its halide or ester makes these alcohols unattractive because of their high
cost and limited availab~lity. Telomers of methanol and tetrafluoroethylene may be pre-
pared in volume at substantially lower costs. The latter class of alcohols would there-
fore be preferred as starting materials for the production of synthetic fluids.

SYNTHESIS OF COMPOUNDS

Starting Materials

The various fluoro alcohols and acids used as starting materials are given in Table
1. These compounds are named according to the nomenclature rules(23) recommendedby
the A.C.S. Since these names are long and cumbersome, abbreviated names similar to
those used by Grosse and Cady(4) are adopted to facilitate discussion. The abbreviations
adopted are as follows:

F(CF 2 )n.ICOOH -------------------- 0-alkanoic acid
H(CF2)n. ICOOH -------------------- ýP-alkanoic acid
F(CF2)n..CH2OH ---------------- ' -alcohol
H(CF 2 )n..ICH2OH ------------------ -lcohol[

The compounds of Table 1 are named by both methods to familiarize the reader with the
abbreviations.

All starting materials were shown to be of acceptable purity before use, The
4d'-alcohois, where n equal, 5, 7, 9, and Iwere supplied by E. I. du Pont de Nemoursand
Co. and were purified at NRL by distillation through a 100-plate Podbielniak Hyper-Cal
distillation column. As the characterization of these alcohols was incomplete(18), assay
data are included in Table 1. The iP-heptanoic acid was obtained by hydrolyzing its am-
monium salt(18). The 0-butyrlc and 0-octanolc acids together with the 0! -butyl and
o'-hexyl alcohols were obtained from the Minnesota Mining and Manufacturing Co. and
were found to be suitable for use without further purificatlon.

g'-Octyl Alcohol. - Conventional procedures(24) were employed for thiF reaction, ex-
cept thimportant cooling precautions were observed. To a well-stirred ,uspension of
37.94 g (1.00 mole) of lithium aluminum hydride in 2 liters of reagent ether, 518.0 g
(1.10 moles) of butyl ý-octanoate were added dropwise over a 1-hour period. Strong
external cooling (0CC) was required during this addition to prevent excessive reflux of the
ether. Stirring was continued an additional 4 hours without cooling. The reaction mix-
ture was then cooled and maintained at 0"C while 7r ml of water (32.4 ml theory) was
cautiously added with stirring to destroy the excess hydride. Cooling and Stirring were
continued during neutralization with I liter of 4.5 N sulfuric acid. Reduction of duplicate
batches of the butyl 0-octanoate and preliminary distillation of the ether extract gave 820 g
of crude product (93.2% yield; bp 140-164'/760 mm Hg). Redistillation through a 100-
plate Podbielniak Hyper-Cal column gave 595,3 g of o'-octyl alcohol (bp 163.8-164.3°/760
mm Hg) yielding the elemental assays given in Table 1. The boiling point of 141-142°/760
mm Hg previously reported(16) is believed to be in error because of the small amount of
alcohol distilled.

1,2,3-Trimethylolpropane. - Modifications of the convention.l reduction procedures(24)
were required to obtain good yields of this new polyhydric alcohol. A mixture of 205.5 g
(0,79 mole) of triethyl tricarballylate and 300 ml of reagent ether was added dropwise
over a 2-hour period to a stirred suspension of 67.0 g (1.76 moles) of lithium aluminum
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4 NAVAL RISIARCH LABORATORY

hydride in 2 liters of reagent ether. Fxternal cooling was required to maintain a gentle
reflux of the ether. Stirring was continued an additional hour without external cooling.
Then the reaction mixture was cooled to 0°C while 80 ml of water (41.0 ml theory) was
added cautiously with stirring to destroy the excess hydride. With continued stirring and
cooling the reaction mixture was neutralized by the addition of I liter of 7.9 N sulfuric
acid. The ether layer was separated, concentrated and found to contain 20 g of crude
polyhydric alcohol. In order to obtain the main portion of the product, the water layer
was carefully neutralized with a 50% aqueous sodium hydroxide solution to a pink color
with phenolphthalein. Aluminum hydroxide and lithium sulfate were precipitated in a fil-
terable state by the addition of 2 liters of acetone and were separated by filtration. Addi-
tional product was recovered by washing the precipitate with acetone. Then the acetone
and ether extracts were combined, concentrated and distilled to give 136.1 g of 1,2,3-
trimethylolpropane (64.2% yield; bp 160 -i7U' •2" mm Hg). Two additional distillations
through a 12-in. Vigreaux column gave 113 g of viscc,,s, water-white product (bp 1620/0.5
mm Hg; nEO 1.4900; dju 1.114; percent C, caic. 53.71, fowd 53.45; perrent H, calc. 10.52,
found 10.70).

Esters

The fallacy of analogies between the reactions of ordinary organic compounds and
polyfluoro compounds is evident in the preparation of various types of fluorinated esters
and ethers. Differences in the acidity of the hydroxylic hydrogen of alkanols and polyflu-
oroalkanols are striking. For example, polyfluoroqikanols of the general formula
F(CF 2)nCHIOH and H(CF2)nCH 2OH are at least 10' times as acidic as ethanol(25-27).
Henne(2b) showed that the bulk of the inductive effect in polyfluoroalkanols was due to the
a fluorinated group. As would be expected the perfluoroalkanoic acids are strong elec-
trolytes(29) and related acids of the series H(CF2)nCOOH are almost as strong.

Since phenols and fluoroalcohols have comparable acidities they would be expectedto
esterify in a similar manner. Phenyl esters may be prepared by reacting a phenol andan
organic acid (such as adipic acid) in the presence of acetic anhydride(30), and refluxing to
remove esterification water as acetic acid. This method fails with fluoroalcohols, giving
high yields of the acetate and extremely low yields of the desired product. Notwithstand-
ing the high acidities of these fluoroalcohols their esters were successfully prepared by
direct esterification using a conventional acid catalyst. Heretofore, this has been con-
sidered an impractical procedure(16). Trifluoroacetic anhydride has been used as a cat-
alyst in the preparation of $'-butyl acrylates(31), but this catalyst was not used here
because of its high cost and the difficulty of removing trace quantities of the trifluoro-
acetic acid from the product-

For the types of esters presented here the direct esterification method is preferred
and was employed in all instances. To assure complete esterification an excess of the
fluoroalcohol was used in reactions with aliphatic acids while an excess of the fluoroacids
was reacted with aliphatic alcohols.

As shown in Table 2, the esterification of the fluoroalcohols with aliphatic acids pro-
ceeds at a reasonable rate, with few exceptions, provided a judicious choice of solvent is
made. The exceptions were esters derived from hindered acids, i.e., acios having large
branches in the a or 0 positions, buch as phthalic, tricarballylic, 2-ethylhexanoic, and
3-t-butyladlpic acids. In general the time required for the direct esterification of the
fluoroalcohol was from 24 to 48 hours and is comparable with that required for the reac-
tion of the fluoroalcohol with the acid halide(16). Besides giving better yields, the direct
esterification method eliminates the preparation and purification of the unstable acid
halide intermediate and greatly simplifies purification of the resulting ebter.
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Esters of the polyfluorocarboxylic acids were purified by two distillations through a
12-in. Vigreaux column at reduced pressure and several percolations through Florisil
and alumina. The final products were water-white liquids and odorless except for those
of low molecular weight. It was impossible to determine the neutralization numbers of
these esters, as they hydrolyzed so rapidly that end points could not be obtained. The
corrosiveness of the polyfluoroacid generated by hydrolysis is a serious if not prohibi-
tive limitation to the use of such esters.

To facilitate purification, crude esters of the fluoroalcohols were diluted with suffi-
cient ether to reduce the specific gravity of the solution to about 0.9. The resulting ether
solution was washed three times with 1 N aqueous potasesum hydroxide, and then with
water. Two distillations through a 12-in. Vigreaux column and percolation through
Florisil and alumina yielded water-white esters with neutralization numbers less than
0.03. Caustic washings were required for the complete removal of the p-toluenesulfonate
eater formed as a by-product in the preparation of the fluoroalcohol esters. Although
effective in removing sulfonate esters from conventional esters, washing thq ethereal
solution of the eater with 3% aqueous potassium carbonate or distillation over dry potas-
sium carbonate gave incomplete removal of the sulfonate ester. The excellent hydrolytic
stability of the fluoroalcohol esters is evidenced by their stability to alkali washes and
the permanence of the neutralization number end points. The hydrolytic stability of these
compounds will be discussed in detail in a forthcoming report(32) dealing with their,
properties as lubricants and hydraulic fluids.

Ethers

The fluoroethers of Table 2 were prepared by an aqueous alkylation reaction with the
appropriate alkyl p-toluenesullonate. This reaction has been used for the alkylation of
phenols(33) but is unsuitable for the alkylation of alkanols. Although fluoroalcohols and
phenols alkylate similarly in aqueous solution, no general analogies may be drawn, since
it has been previously shown that they do not esterify in the same manner.

le -Heyl Methyl Ether. - A charge of 250 ml of water, 9.19 g of sodium hydroxtde
and 53.14 g (0.16 mole) of k' -heptyl alcohol was stirred while 27.93 g (0.15 mole) methyl
p-toluenesulfonate was added over a 15-minute period. The mixture was refluxed and
stirred for 16 hours. Then the lower layer was isolated, diluted with ether to a specific
gravity of 0.9, and washed with 100 ml of 8 N potassium hydroxide. Two stillations
gave 22.7 g of i'-heptyl methyl ether (43.7% yield bp 118.50/203 mm Hg; n4 1.3164).
The ether with a viscosity of 2.5 centistokes is easily differentiated from tie parentalco-
hol with a viscosity of 8.04 centistokes (both at 1000F).

,6-Bis(Ea'-Heto )Hexane. - A mixture of 500 ml of water, 56.0 g (1.40 moles) of
sditum hydroxide and 414.9 g (1.40 moles) of V -heptyl alcohol was stirred under reflux
for I hour. After cooling, 290.0 g (0.68 mole) of 1,6-hexanediol bis(p-toluenesulfonate)
having a freezing point(34) of 71-72C and prepared by published procedures(35,36) was
added. The resulting mixture was stirred and refluxed for an additional 16 hours. The
product wvAs separated, diluted to a specific gravity of 0.9 with ether, washed with I N
sodium hydroxide, and distilled to give 200 g of 1,6-bis(k'-hepto.x-y)hexane (39% yield; bp
142-145-/0.3 mm Hg) together with 78 g of crude 1,20-bis(lk'-heptoxy)7414-dioxaeicosane
(bp 190-203°/0.4 mm Hg). Identification of this latter product was based on molecular
refraction and elemental assays. These crude products were then redistilled and perco-
lated to give products having the properties given in Table 3. Alkylation of the fluoroal-
cohols in aqueous solution at atmospheric pressure appears to be preferable to the reac-
tion of sodium fluornalcoholates with alkyl halides in anhydrous dioxane using a nickel
bomb and a reaction period of 70 to 125 hours(37).



8 NAVAL RESEARCH LAHORATORY

ANALYTICAL DATA

The boiling points, freezing points, elemental assays and, where applicable, saponi-
fication numbers of the various fluoro esters and ethers are summarized in Table 3. The
elemental assays are in good agreement with those required by the empirical formulae of
the various compounds.

Saponification Number

Saponification numbers were obtained by refluxing duplicate 1-g samples of the
esters in 200% excess of 0.1 N alcoholic potassium hydroxide in alkali-resistant flasks.
A reflux period of 4 hours was sufficient for the complete saponification of all esters ex-
cept those of the hindered acids; 2-ethylhexanoic, pinto, 3-t-butyladipic and tricarballylic
acids. Together with phthalic acid, these were the same acids that required long reflux
times for esterification. Complete saponification of the esters of 3-t-butyladipic and tri-
carballylic acids was obtained with 24 hours reflux. After about 24 hours the pinic and
2-ethylhexanoic acid esters were only 94 and 64 percent saponified. Resistance of the
dialkyl pinates to saponification has been observed prevlously(38). The excellent agree-
ment between the observed and theoretical saponification numbers is additional evidence
for the purity of the compounds.

Freezing Point

The freezing points of the fluoroesters of Table 3 reveal that they follow the same
general rules as do the conventional unfluorinated esters. For example, increasing the
chain length raises the freezing point while branching lowers the freezing point(39).
Esters of fluoroacids and glycols have lower freezing points than do the analogous esters
of fluoroualcohols and dibasic acids. These esters, like their unfluorinated analogues,
readily supercooland crystallize with difficulty. In general the freezing point of the
esters made from V-alcohols are lower than those made from 0'-alcohols and the same
organic acids. Thus the esters made from %'-alcohols have a wider liquidus range than
do those of the W'-alcohols. This is an important consideration in lubricant applications.

Boiling Point

Because of the wide range in molecular weight, a corresponding spread in boiling
points of the esters was observed. Boiling points varied from 74°/20 mm Hg for hexyl
*-butyrate to 18r/0.5 mm Hg for bis(#'-nonvl) 3-t-butyladipate. As would be expected
1,6-bis(Q$.heptoxy) hexane had a lower boiling point than its comparable ester bis(A'-
heptyl) adipate. A comparison of the boiling points of the corresponding esters of dibasic
acids, and those made from glycols reveals that the former have the higher boiling points
as shown by the following pairs of esters:

Ester bp ('C at 0.5 mm Hg)

A Bis(#'-butyl) sebacate 133
B 1,10-Decanediol bie(#-butyrate) 109

C Bis(#-octyl) adipate 148
D 1,6-Hexanediol bis(*-octanoate) 145

E Bis(If'-heptyl) adipate 157
F 1,6-Hexanediol bls(Q$-heptanoate) 151.
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A comparison of C with E and of D with F reveals that the esters containing w) hydro-
gens, although of shorter chain lengths and lower molecular weight, have higher boiling
points. Additional evidence of the higher boiling points of the 4'-alcohol esters is shown
by comparing the 3-methylglutarates of Table 4. Boiling points of the various alcohols
listed in Table 5 show that the 4'-alcohols, like their esters, are higher boiling than the
0'-alcohols of corresponding chain length. As n becomes increasingly large, the boiling
points of the two series of alcohols would be expected to approach the same values. The
boiling point increases observed here are similar to those observed with fluorocar-
bons(45), where the presence of one or more hydrogens causes a significant increase in
the boiling point and also in the polar nature of the compound.

The data in Table 5 reveal that the o'-alcohols are much lower boiling than normal
aliphatic alcohols of the same chain length. On the other hand, the %P '-alcohols do not
show any regular boiling point relationships with their aliphatic analogues. For example,
V'-propyl alcohol is higher boiling than n-propyl alcohol; the 4"'-amyl and n-amyl alcohol
have approximately the same boiling points, while the 4 -alcohols, where n is above 5,
have the lower boiling points. Fluoroesters and fluoroethers show the same boiling point
relationships with their unfluorinated analogues as do the fluoroalcohols.

Density and Refractive Index

The densities and refractive indexes of the fluoroalcohols are given in Table 5. As
expected the densities of both the 0'- and P' -alcohol series increase with increasing
chain length or number of CF 2 groups. Densities of corresponding members of either
series.are not greatly different. Refractive indexes of the o'-alcohols are lower than
those at the 4'-series. Changes in refractive indexes with increasing CF 2 groups are much
smaller than those observed with the aliphatic alcohol series for additional CH2 groups.

Densities of the various fluoroesters of Table 6 vary greatly, depending generally on
the fluorine content, but any direct relationship between density and fluorine content is
valid only for a given homologous series. Adipic acid esters of the iP'-amyl and
iP'-heptyl alcohols have greater densities than do their isomeric 3-methyl glutarate
esters. Diestera of dibasic acids and fluoroalcohols of either the 0'- or 4,,- series are
more dense than the corresponding isomers derived from glycols and fluoroacids. As
expected, the ether 1 ,6-bis(q/'-heptoxy) hexane is less dense than the corresponding dies-
ter bis(4.'-heptyl) adipate.

Table 4 listh the densities of 3- methylglutarate diesters derived from both s'- and
4/-alcohols. A plot of the density vs chain length of these esters results in a single
smooth curve showing that corresponding esters of both series have comparable densi-
ties. As the corresponding esters have different fluorine contents, this is surprising.
An examination of Table 4 reveals that bis(*'-hexyl) and bis(4P'-heptyl) 3-methylglutarates
have almost identical fluorine contents, while the former eater has a density of 1.6101 as
compared with 1.6484 for the latter ester. An explanation for the greater density of the
bis(QP -heptyl) ester is that it is a more highly associated liquid. This is additional evi-
dence that the intermolecular forces are significantly greater in the 4?'-alcohols and
derivatives than in the V'-series.

The refractive indexes of the various esters and ethers are given in Table 6. Esters
of dibasic acids and fluoroalcohols are more refractive than analogous esters of glycols
and fluoroacids, as illustrated by the following pairs:
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Ester n20

Bisi.&-butyl) sebacate 1.36,2
1,10-Decanediol bis(O-butyrate) 1.3588

Bis(W-heptyl) adipate 1.3510
1,6-Hexanediol bis(4' -heptanoate) 1.3474

To facilitate compariFons, the refractive indexes of the 3-methylglutarates o. both •,-
and tV-alcohols are shown in Table 4. These data reveal that diesters of the W'-alcohols
are the more refractive. The difference in refractive indexes of the two series is
greater than would be expected, particularly as a single smooth curve may be drawn
through a plot of density vs chain length for these diesters. As would be predicted
because of its lower oxygen content, 1,6-bis(V-heptoxy) hexane is less refractive than
the ester bis(4/'-heptyl) adipate.

Molecular, Atomic, and Bond Refraction

Molecular refractions of various polyfluoro compounds, together with the atomic ard
bond refractions of fluorine, are also given in Table 6. Refractivity values of fluorine
were obtained by subtracting the customary increments from the observed Lorentz-
Lorenz molecular refr:,ction and dividing by the number of fluorine atoms. The resulting
atomic refractivities vary, depending on the type of compound and the extent of the fluor-
ine substitution, The Eisenlohr atomic refractivity of fluorine varies from 0.95 in mono-
fluoroheptane to i.24 in perfluoroheptane(3,4). In the straight-chain compounds studied
here, it varied from 1.18 to 1.29. These values are based on the assumption that the
polarizabilities of both carbon and hydrogen atoms remain constant regardless of the ex-
tent of the fluorine substitution. However, such an assumption is open to question since it
appears that bond distances vary with bond environment(49). Measurements of C-F bond
distances in simple fluoromethanes by electron diffraction and by both miciowave and
tn..rared spectroscopy(26) indicate that the C-F distances decrease as one replaces H
atoms by F in the series CH 3 F, CH 2 F 2 , and CHF 3 . The C-C bond distances vary from
1.54 * 0.04A in the acetic acid dimer to 1.47 *: .O•S in the perfluoroacetic acid dimer(50).
It is possible, therefore, that a part of the observed exaltation of the atomic and bond re-
fractivity may be due to altered C-C bond refractivity.

Although the C-F bond refractivity is known to vary in different classes of polyfluoro
compounds, it was of interest to determine whether the variability extends to homologues
containing fixed fluorine structures. In the n-alkyl *-butyrates of Table 7 the variability
of the atomic and bond refractivity of fluorine is evident in going from methyl
0-butyrate to octadecyl O-butyrate, where the C-F bond refractivity increases from
1.855 to 1.938. The molecular refraction increments for the CH2 groups, obtained by
comparing closest homologues, rise from 4.65 to 4.72. For n-paraffins the increments
for the CH2 group differ from, an average value of 4.64 (for the D line of sodium) by only
a few hundredths of a cm3 except for the first few members of the series(51,52). The in-
creasing atomic and bond refractivities resulting from the increasing alkylation must be
due either to an increasing atomic refractivity or to some other factor which increases
the molecular refraction. It is possible that the observed exaltations in the polarizability
of the CH2 group in its new electrostatic environment is a manifestation of induutomeric
effects(53). Variations in the refractivity of the CH2 group in 0-butyrate esters make
suspect the assumed constancy in the bond refractivities that comprise the CH2 group,
Similar inczeases in molecular refraction have also been observed here with n-alkyl flu-
orides and with ethers of the general formula, HCF 2C F 2OR. The continuing variability in
the molecular refraction of the CH2 increments in these series casts considerable doubt
on the justification of assigning all the variabilities in molecular refraction to the C-F
bond.
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TABLE 6
Atomic and Bond Refraction of Fluorine in Poiyfluoro Esters and Ethers

CoLmdic Refraction of Fluorine*
Co p u dd efr,,c, on •

4 ný Using Using of r: IncreaseEisenlohr's VogeI's C-F ond Obsered r CH
Increments increments

"ia(,;'-butyl) 3-methylglutarate 1.4Q68 1.3448 1.274 1.167 1,823 72.365 -
His(T'-butyl) sebacate 1.3837 1.3632 1.290 1.188 1.829 91.050 4.67
Bia(p'-hexyl) 3-rnethylglutarate 1.6101 1.3386 1.269 1.178 1,822 92.123
Bia(cP'-octyl) 3-methylglutarate 1.6894 1.3363 1.266 1.176 1.821 111.833
Bia('-aiel) glutarate 1,5980 1.3560 1.229 1.136 1.779 76.602
Bin(#'-amyl) 3-methylglutarate 1.5570 1.3595 1.233 1.140 1.783 81,299 4,70
Bia(*'-amyl) adipate 1,5606 1.3605 1.235 1.141 1.783 81.314 4.71
Bia(•'-amy1) phthalate 1.6237 1.3990 1.333 1.239 1.876 8P.529
Bia(V'-Amyl) sebacate 1.4385 1.3740 1.253 1.151 1.793 100.076 4.68
T

ris(zW-amyl) tricarballylate 1.6800 1,3588 1.241 1.148 1.790 107.180

Bis(*9
-heptyl) 3-.ethylglutarate 1.6484 1.3505 1.249 1.157 1.801 101.204

Bis(V'-heptyl) adipate 1.6516 1.3510 1.246 1.155 1.803 101.138
Bis(V'-heptyl) pinate 1.6009 1.3646 --- 1.163 1.806 113.555
*'-Nonyl butyrate 1.5780 1.3368 1.248 1.161 1.805 66.141 4.64
V'-Nonyl 2-ethylbexanoate 1.4384 1.3555 1.254 1.159 1.803 84.701 4.64
Bis(Vg'-nonyl) 3-methylglutarate 1.714 1.3452 1.247 1.160 1.801 120.80
Bis(y'-aonyl) 3-t-butyladipate 1.6238 1.3577 1.246 1.149 1.797 139.250
Hexyl ;-butyrate 1.2315 1.3452 1.320 1.225 1.866 51.46 --
Octadecyl T-butyrate 1.0560 1.4027 1.443 1.298 1.938 107.74 4.69
1,6-Hexanediol bis(T-butyrate) 1.4696 1.3413 1.322 1.229 1.870 73.03 -
1,10-Decanediol bis(P-butyrate) 1.3594 1.3588 1.337 1.236 1.877 91.72 4.67
1,2,3-Trimethylolpropane 1,6137 1.3425 1.315 1.222 1.864 94.44

tris(P-butyrate)

1,6-Hexasnediol bis(¢-heptanoste) 1.6263 1.3474 1.272 1.180 1.824 101.761

Butyl P-octanoate 1.5328 1.3246 1.266 1.180 1.824 61.649

1,6-Hexanediol bia(P-octanoate) 1.6687 1.3341 1.289 1.200 1.844 112.549

ETHERS

#'-Heptyl methyl ether 1.6294 1.3164 1.176 1.087 1.733 '1.707
1,6-Bia(*'-hepLoxy) hexane 1.5776 1.3467 1.229 1.128 I 1.774 100.930
1,20-Bio(xa-heptoxy 1.4464 1.4070 1.290 1.165 1.808 161.111

7 ,14 -d ioxaeicos ane III1-

'C.lcun eted by subtracting the required .t-ic and structurel iacrnaeats of sither Eisae lohr(46) or Voge!(47) fr. the observed *olecular
refraction.

fCalculated by aubtracting the required b.nd refractiona of Vogel(# ) froa the observed Nolecular refraction.
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Some of the more serious difficulties in the accurate calculations of dipole moments
from "bond moments" were overcome by recognizing that bond moments are greatly
altered by intramolecular envirornment(54). Remick(54) obtained results in good agree-
L.ant with the experimental values for carbon-halogen bonds by introducing empirical
corrections. Corrected bond refractivities for the n-alkyl (P-butyrates were obtained
empirically in this investigation by solving the following equations:

n F nnx+ay

n F' n x + a'y

where n is the number of C-F bonds in the molecule, F and F' are the observed C-F bond
refractivities, a and a' are the number of C-C bonds, x is the corrected C-F bond refrac-
tivity for a given homologous series, and y is the correction to be added to the Vogel C-C
bond refractivity (1.298) to obtain the corrected C-C bond refractivity for the homologous
series. These corrections are necessary to compensate for the polarizability of the
unshared electrons of fluorine. Substitution of the required values for the ethyl and octa-
decyl 0-butyrates in the above equations gives 1.835 and 1.332 for the corrected C-F and
C-C bond refractivities. It can be seen from Table 7 that these corrected values give
more consistent results for the various 0-butyrates esters than do average values of the
C-F bond. The deviation from the observed molecular refraction was *0.15 when aver-
age C-F bond values were used and *0.05 when corrected C-C and C-F bond values were
used.

The atomic and bond refractivities of fluorine in the various esters and ethers are
given in Table 6. The variability of the C-F bond refractivity with different fluorinated
structures is evidence of the changing polarizability of different fluorinated radicals.
Similar changes in polarizability were observed in the 4/'-alcohol series, where C-Fbond
refractivities of 1.717, 1.761, and 1.778 were found for the ;P'-propyl, -amyl, and -heptyl
alcohols, respectively. In going from the lower to the higher members of the #'-alcohol
series, the C-F bond refractivity increased in a comparable manner. Corrected C-F
bond refractivities were calculated for the diesters of the iP'-amyl alcohol. In the short
series available (from glutarate to sebacate) the molecular refractions calculated from
the corrected C-C and C-F bond refractivities were in excellent agreement with the
observed molecular refraction. However, in such a short series, the corrected values
offer little advantage over the use of the average C-F bond refractivities. Even in this
short series, there is a noticeable but small increase in the observed C-F refractivity
with increasing alkylation. This difference in refractivity would become significant in an
expanded series.

Surface Tension

Surface tensions of the fluorocompounds are given in Table 8. These data were
obtained in connection with another investigation(40) which reports the experimental dif-
ficulties, methods,and results of surface tension studies. From Table 8 it is seen that
the fluorocompounds have low surface tensions and that the surface tension decreases
with increasing fluorine content in a homologous series. No significant differences in
the surface tensions of the isomeric esters of glycols and dibasic acids were observed;
compare bis(#'-butyl) sebacate with 1,10-decanediol bigs(O-butyrate) and bis(4'-heptyl)
adipate with 1,6-hexanediol bis(4-heptanoate). Large differences in the surface tensloua
a'e shown between analogous diesters of aliphatic dibasic acids derived from 4/'- and 0' -
alcohols. Although a direct comparison is lacking, Interpolation of the data in Table 4,
reveals that the surface tensions of the 3-rmethylglutarates of ,'-alcohols are about 5
dynes/cm lower than those of the corresponding esters of i/'-alcohols. These dilferences
are greater than would be expected from differences in fluorine content. Similar differ-
ences are observed between analogous glycol diesters of 6- and 4i-acids. In the glycol
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series, 1,6-hexanediol bis(O-octnoate) has a surface tension of 20.6 dynes/cm, whereas
1,6-hexanediol bis(;P-hep~anoate) has a surface tension of 25.9 dynes/crn (Table 8).

Surface Chemical Studies

Surface chemical studies(20) revealed that alkanes and esters wetted surfaces com-
prising oriented close-packed CF 3 &roups in accordance with the values expected from
their surface tensions. Liquid acids, alcohols,anci amines, however, had an abnormally
greater tendency to wet such surfaces. On surfaces comprising CFqH groups the
behavior of these liquids was similar except that esters wetted abnormally well. The
tendency of acids, lcohols,and amines to wet CF 3 and CF 2 H surfaces can be explained by
the ability of these polar liquids to form hydrogen bonds with such fluorinated surfaces.
Esters lack a suitable hydrogen atom for making such bonds yet they wet CF 2 H surfaces
abnormally. This can be accounted for by hydrogen bonding between the termi,,l hydro-
gen of the CF 2H group and the carbonyl group. Then in liquid esters derived from 4/-
alcohols, hydrogen bonding between the w hydrogen and the carbonyl group of adjacent
molecules would be possible. Hydrogen bonding is also possible between the w hydrogen
and a fluorine atom of an adjacent molecule. Since the esters of 0'-alcohols contain no w
hydrogen, this bonding could not exist in those esters.

Infrared Spectra

Other manifestations of differences in association between derivatives of the 0'- and
4/-alcohols (boiling points, refractive indexes,a•nd densities) have been mentioned previ-
ously. In an effort to obtain spectral evidence of association, the inf.vred spectra of two
pairs of 0'- and V/-alcohol derivatives were studled(58). The spectra of similar com-
pounds bis(4V-heptyt) adipate and bis(#'-octyl) adipate, together with 1,6-hexanediol
bts(4'-heptanoate) and 1,6-hexanediol bis(#-octanoate), revealed that the carbonyl stretch-
ing frequencies of the pure compounds were in the range expected for unassociated
esters and that there were no observable changes of the spectra on dilution with carbon
tetrachloride. On the basis of these data, it was concluded that there was no spectro-
scopic evidence of hydrogen bonding involving the carbonyl group in any of the four com-
pounds. These data did not eliminate the possibility of hydrogen bonding between w hydro-
gen and fluorine molecules.

Atomic and Bond Parachors

Atomic and bond parachors are less sensitive than the molecular refraction to minor
changes in structure. Since the parachor is a function of the fo,-urth root of the surface
tension, only large variations in the surface tension cause significant changes in the par-
achor. Values of the fluorine atomic and bond parachors of Table 8 are reasonable,being
In fair agreement with the ,vlue 25.7 by Sugden(55), 24.6 byFowler(3), and 24.9 to 25.8 by
Filler(57). It is evident from Table 8 that the atomic and bond parachors of fluorine de-
rived from Vogel's constants show less variation than those derived from Sugden's constants.

Comparison with Unfluorinated Analogues

Since these fluorinated derivatives offer promise for lubricant applications, it is of
interest to compare them with their unfluorinated analogues. An examination of the data
in Table 9 reveals that both bis("'-amyl) adipate and bis(V'-amyl) sebacate have approx-
imately the same boiling points as do their unfluorinated analogues. On the other hand,
bis(iý'-heptyl) pinaLý and 1,6-bis(4'-heptoxy) hexane are lower boiling than their unfluor-
inated analogues. A similar relationship in the boiling points of the i'-amyl and 4i'-heptyl
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alcohols and their unfluorirated analogues was pointed out earlier, Bis(O'-butyl) seba-
cate has a much lower boiling point than dibutyl sebacate. This difference would be pre-
dicted from the boiling points of the alcohols, The fluorinated compounds have much
lower refractive indexes and surface tenriohs but higher densities than do their unfluori-
nated analogues.

CONCLUSIONS

A new series of mono-, di-, and triesters of promise for lubricant applications have
been prepared from fluoroalcohols of the general formula, H(CF2)nCH 2OH, where n is 4,
6, 8, and 10. Esters of this series as well as those of the F(CF 2 )nCH 2OH series were
prepared in 85 to 95 percent yields by direct esterification procedures in a reasonable
length of time, Esters of fluoroacids were prepared by similar procedures. Ether deriv-
atives of the H(CF 2 )nCH2OH alcohols were prepared in 40 percent yields by aqueous
alkylation methods.

The following physical and chemical constants were determined: boiling point,
freezing point, density, refractive index, surface tension, molecular refraction, parachor,
and where applicable, saponification number. The usefulness of esters derived from flu-
oroacids is seriously restricted becpuse of their hydrolytic instability. The corrosive-
ness of the strong acids formed from the hydrolysis of esters of fluoroacids makes them
unsuitable for lubricant applications where there is danger of water contamination. In
contrast, esters of both fluoroalcohol series have exceptionally good hydrolytic stabilities.

A comparison of the properties of the dibasic acid esters of H(CF 2 )nCH 2OH and
F(CF 2 )nCH2OH reveal tbkt the former esters with the terminal w hydrogen have anoma-
lously high boiling points, refractive indexes, and surface tensions. These differences are
manifestations of some sort of association in the former class of esters. Preference is
given to esters of H(CF 2 )nCH 2OH alcohols for lubrt(cant applications because of their
wider liquidus range, greater potentialavntilability, and lower cost. The results of studies
on these esters for lubricant and hydraulic applications will be the subject of a forthcom-
ing report(32).
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