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Abstract: Perfluorinated polyethers are a class of substances which are extremely inert and have both extraordinary
high temperature stability and low temperature properties. The synthesis of perfluorinated polyformaldehydes with
the highest oxygen content was designed to give the maximum liquid range and low temperature properties. Novel
low molecular weight perfluorinated polyformaldehydes with stable and unreactive perfluoro-r-butyl end groups
were prepared by liquid-phase direct fluorination. The boiling point of these compounds increases by approximately
20 °C with the addition of each difluoromethylene oxide unit. This trend does not continue for longer chain lengths
(n > 4) where the increase in boiling point per CF,0 unit diminishes. The average increase of melting temperature
is ~1—2 °C as the perfluorinated polyformaldehyde chain increases one difluoromethylene oxide unit. The new
perfluoropolyether fluids produced have melting points ranging from —145 to —152 °C.

Introduction

Perfluorinated ethers are a class of nonflammable substances
which exhibit excellent thermal and oxidative stability, low
melting point, good viscosity-temperature characteristics, and
good boundary lubricating properties.!= Perfluorinated ethers
may be prepared by direct fluorination,* electrochemical fluo-
rination,® photooxidation of perfluoroolefins,® or ring-opening
addition reactions of perfluoroepoxides.” Among the synthetic
methods, direct fluorination is the most widely applicable
because many kinds of perfluorinated ethers may be prepared
in very high yield and high purity. LaMar direct fluorination
has been successfully used to prepare perfluorinated crown
ethers,3~1¢ perfluoropoly(ethylene glycol) ethers,>!!~!3 highly
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branched perfluorinated ethers,'*~!7 perfluoro(polypropylene
oxide) ethers,'® perfluorinated cryptand,'® and perfluoropoly-
ethers, 2023

The properties of perfluorinated polyethers with high oxygen
content are interesting.!2* The perfluorinated polyethers with
the highest oxygen content are perfluorinated poly(methylene
oxide)s. However, very few reports of perfluorinated poly-
(methylene oxide)s appear in the literature. Oxidation of
difluorocarbenes produces perfluorinated poly(methylene oxide)s
terminated with acid fluoride end groups.”’ Perfluoro acid
fluorides are easy to hydrolyze, and this process is often
accompanied by decarboxylation and degradation. Furthermore,
the acid fluoride functional group may significantly influence
the physical properties of perfluorinated poly(methylene oxide)
through dipole moments, intermolecular interactions, and asym-
metric effects. Direct fluorination of paraformaldehyde in the
solid state gave perfluorinated poly(methylene oxide)s2® with a
range of molecular weights. The polymer provided only the
physical properties of a high-molecular-weight mixture. -Single
compound fluids are much more satisfactory models for
investigating the properties of this class of materials.

This work was undertaken to synthesize novel low molecular
weight single compound perfluorinated poly(methylene oxide)s
capped with stable, unreactive and straight-chain perfluorobutyl
end groups. Thus, among the known perfluorinated poly-
(methylene oxide)s, the physical properties of single compounds
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capped with perfluoro(n-butyl) groups should be more repre-
sentative of the entire class of compounds.

Results and Discussion

Using a literature method,?’ dibutoxylmethane (1) was treated
with paraformaldehyde in the presence of sulfuric acid to give
a mixture of 1-butanol and the compounds 1—5, along with
polymeric material (Scheme 1). Each of the polyformaldehydes
(1—35) can be purified simply by distillation at reduced pressure.

Scheme 1

H,S0,
C,H,0CH,0C,H, + (CH,0), —

C,Hy(OCH,),0C H, + C,H,0H

After liquid-phase direct fluorination of the polyformaldehyde
(1-5), 1 produces 6 (75%); 2 produces 6 (6%) and 7 (64%); 3
produces 6 (32%), 7 (14%), and 8 (23%); 4 produces 6 (27%),
7 (14%), 8 (11%), and 9 (12%); and 5 produces 6 (14%), 7
(T%), 8 2%), 9 (12%), and 10 (15%) (Scheme 2). Perfluoro

Scheme 2°

NaF/CF,CICFCl,

C,H;0CH,0C,H, + F,/He 6 (75%)
1

NaF/CF,CICFCl,

C,H,(OCH,),0C,H, + F,/He
2

6(6%) + 7(64%)

NaF/CF,CICFCl,

C,H,(OCH,),0C H, + F,/He
3

6(32%) + 7(14%) + 8(23%)

NaF/CF,CICFCI,

C,H,(OCH,),0C,H, + F,/He
4

6(27%) + 7(14%) + 8(11%) + 9(12%)

NaF/CF,CICFCl,

C,H,(OCH,),;0C H, + F,/He
5
6(14%) + 7(7%) + 8(2%) + 9(12%) + 10(15%)

“C4F9(OCF2)HOC4F9: 6,n=17n=2,8n=3;
9n=4;10,n=25.

poly(methylene oxide) oligomers are very sensitive to hydrogen
fluoride during direct fluorination. When any such degradation
occurs, carbonyl fluoride is released, resulting in lower molec-
ular weight byproducts.

The perfluoro methylene oxide polyethers were purified by
distillation and preparative GLC separation. In Table 1, 9F
NMR spectra support the reported structures of the perfluor-
inated polyformaldehydes based on chemical shifts and integra-
tion data. The IR spectra of the perfluorinated polyformalde-
hydes are similar and show strong absorption between 1317
and 1060 cm™! representing C—F and C—O stretching vibra-
tions. Mass spectra of the perfluorinated polyformaldehydes
do not show parent peaks and only the CI mass spectrum of 6
has the peak (M — F + H)*. These compounds fragment
readily under EI and CI conditions. All EI mass spectra of the

(27) Imperial Chemical Industries Ltd. U.S. Patent 2,449,469, 1948,
Chem. Abstr. 1949, 43, 1051h.
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Table 1. '°F NMR Data of the Perfluorinated Polyformaldehydes
compd chemical shift/ppm

6 —53.6(s, 2F, OCF,0), —84.1 (s, 6F, CF3), —87.4 (s, 4F, CF,0),
—128.8 (s, 8F, CFy)

7 —554 (s, 4F, OCF,;0), —84.1 (s, 6F, CF3), —87.4 (s, 4F, CF,0),
—128.8 (s, 8F, CFy)

8 —55.5(s, 4F, OCF,0), —57.4 (s, 2F, OCF;0), —84.1 (s, 6F, CF3),
—87.4 (s, 4F, CF;0), —128.8 (s, 8F, CFy)

9 —55.2(s,4F, OCF,0), —57.2 (s, 4F, OCF,0), —83.7 (s, 6F, CF3),
—87.1 (s, 4F, CF,0), —128.5 (s, 8F, CF,)

10 —55.2 (s, 4F, OCF;0), —57.2 (s, 6F, OCF,0), —83.7 (s, 6F, CF3),

—87.1 (s, 4F, CF;0), —128.5 (s, 8F, CFy)

Table 2. Physical Properties of the Perfluorinated
Polyformaldehydes (C4Fs(OCF,),0C4Fs)

compd n bp (°C) mp (°C)
6 1 125 -152
7 2 146 —-151
8 3 166 —149
9 4 186 —147
10 5 200 —145

perfluorinated polyformaldehydes have the same base peak at
219 representing C4Fy cation.

Table 2 lists the boiling and melting temperatures of the
perfluorinated polyformaldehydes. Initially, the boiling point
of these compounds increases by approximately 20 °C with the
addition of each difluoromethylene oxide unit. This trend does
not continue for a longer chain length (n = 5), and the increase
in boiling point per unit decreases. Melting points of the
perfluorinated polyformaldehydes increase slowly as their
molecular weights increase. The average increase of the melting
temperature is ~1—2 °C as the perfluorinated polyformaldehyde
chain increases one difluoromethylene oxide unit. Pacansky
and co-workers investigated the structure of perfluorinated ethers
using ab initio methods and reconfirmed internal rotation of
perfluoroalkyl groups about the C—O bonds, stating that
repulsive interactions between lone pairs of electrons on the
oxygen and fluorine atoms and/or lone pairs of electrons on
the adjacent fluorine atoms on each perfluoroalkyl group
promote lower temperature rotation.?* Rotation at very low
temperature around ether linkages is not observed for their
hydrocarbon analogues.?* Internal rotation does increase asym-
metry about fluorocarbon ether linkages and contributes to
decreases in the melting point.

Decomposition tests were performed with a DSC using a
liquid sample in a stainless steel capsule sealed with a Viton
O-ring. As the temperature increased, the liquid sample boiled,
causing high pressure inside the capsule, and a broad endo-
thermic peak appeared. If the sample decomposes, an exother-
mic peak should come out. However, no exothermic peak was
observed up to 300 °C for the perfluoropolyether compounds
(6—10).

Conclusion

The perfluorinated poly(methylene oxide)s (6—10) were
successfully prepared by liquid-phase direct fluorination with
elemental fluorine. The boiling point of these compounds
increases by approximately 20 °C with the addition of each
difluoromethylene oxide unit. This trend does not continue for
longer chain lengths (n > 4) where the increase in boiling point
per CF,O unit diminishes. The average increase of melting
temperature is ~1—2 °C as the perfluorinated polyformaldehyde
chain increases one difluoromethylene oxide unit. The per-
fluoropolyether backbones of these compounds are very flexible,
and, as a result, these materials have a very long liquid range.
At low temperatures the ether linkages store vibrational energy,
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while at even lower temperatures free rotation around the ether
linkage provides extremely low temperature fluid properties.
In fact, they are the lowest temperature properties for any known
carbon containing compounds of comparable molecular weight.
We note that the melting point of the five compounds we have
prepared range from —145 to —152 °C. No decomposition of
the compounds were found up to 300 °C by means of DSC.

Experimental Section

General Methods. All reagents and solvents were obtained from
Aldrich Chemical Co. and used as received. Di(n-butoxyl)methane
was prepared according to the literature method.”® The "F NMR
analysis was done on Nicolet NT-360 and Varian EM-390 spectrometers
with CFCl; as an internal standard. The 'H NMR and *C NMR spectra
were taken on a Bruker AC250 with CDCI; as an internal standard.
Elemental analysis were performed by Schwarzkopf Microanalytical
Laboratory, Woodsidé, NY. High resolution mass spectra were taken
on a VG analytical ZAB2-E, chemical ionization mass spectra on a
Finnigan MAT TSQ-70, and electron impact mass spectra with a Bell
and Howell 21-491 mass spectrometer operating at 70 eV. Infrared
analysis was taken with a Biorad FTS-40 fourier transform infrared
spectrometer. Samples were prepared for infrared analysis by adding
one drop of samples between two KBr windows. . Gas chromatography
separations were done by using a HP 5880A gas chromatograph
equipped with thermal conductivity detector. The column used for
separation of the perfluorinated compounds was a 10 ft x 0.25 in.
stainless steel column containing 25% OV-210 Chromosorb A (60/80
mesh). The helium flow rate was 60 cm? min~!. Temperature for
injector, column, and detector were 250, 80, and 250 °C. DSC was
carried out under nitrogen on Perkin-Elmer DSC 7.

Synthesis of n-Butyl Capped Poly(methylene oxide). Sulfuric acid
(1 mL) was added to a 500-mL flask containing di(n-butoxyl)methane
(170 g) and paraformaldehyde (10 g). The mixture was stirred at 80
°C for 12 h. The cool solution was added to 300 mL of ether, and the
solution was washed with saturated sodium bicarbonate aqueous
solution several times to remove sulfuric acid. The solution was dried
with anhydrous magnesium sulfate. After removal of ether using a
rotatory evaporator, the rest of the liquid was distilled at 0.2 mmHg.
Butanol and di(butoxyl)methane came out before 35 °C. Then 95 g of
2 at 54—58 °C (lit.,” bp: 103 °C/13 mmHg), 15 g of 3 at 77—82 °C,
5 gof 4at98-102 °C, and 2 g of 5 at 123—127 °C came out in
sequence. 2: 'H NMR (CDCl3) 6 1.3 (t, 7.2 Hz, 6H), 1.8 (m, 4H), 1.9
(m, 4H), 3.9 (t, 6.2 Hz, 4H), 5.1 (s, 4H); '*C NMR (CDCl;) 8 13.7,
19.6, 32.1 (CH3CH,CH,), 67.8 (CH;0), 91.4 (OCH,0); HRMS (CI)
for (CioH,30;) found 191.163330, caled 191.164720. 3: 'H NMR
(CDCls) 6 1.3 (t, 7.2 Hz, 6H), 1.8 (m, 4H), 1.9 (m, 4H), 3.9 (t, 6.2 Hz,
4H), 5.1 (s, 4H), 5.2 (s, 2H); 1°C NMR (CDCl3) 6 13.7, 19.6, 32.1
(CH;CH:CHy), 67.8 (CH;0), 91.4 (OCH-0), 87.4 (OCH,0); HRMS
(CT) for (C1H2504) found 221.174520, caled 221.175285. 4: 'HNMR
(CDCl) 6 1.3 (t, 7.2 Hz, 6H), 1.8 (m, 4H), 1.9 (m, 4H), 3.9 (t, 6.2 Hz,
4H), 5.1 (s, 4H), 5.2 (s, 4H); C NMR (CDCl3) & 13.7, 19.6, 32.1
(CH;CH,CHy), 67.8 (CH;0), 91.4 (OCH;0), 88.0 (OCH,0); HRMS
(CI) for (C12H270s) found 251.185086, caled 251.185849. 5: 'H NMR
(CDCly) 6 1.3 (t, 7.2 Hz, 6H), 1.8 (m, 4H), 1.9 (m, 4H), 3.9 (t, 6.2 Hz,
4H), 5.1 (s, 4H), 5.2 (s, 4H), 5.23 (s, 2H); ’C NMR (CDCls) 6 13.7,
19.5, 32.0 (CH3CH,CH>), 68.0 (CH0), 92.0 (OCH;0), 88.0 (OCH,0),
88.5 (OCH;0); HRMS (CI) for (C13H20¢) found 281.196117, caled
281.196414.

Liquid-Phase Direct Fluorination with Elemental Fluorine.
Liquid-phase direct fluorination of the poly(methylene oxide)s (1—5)
was carried out by slowly injecting a trichlorotrifluoroethane solution
of a hydrocarbon methylene oxide ether into a reactor containing
trichlorotrifluoroethane, sodium fluoride,’ and saturated fluorine. The
reactor design of the liquid-phase direct fluorination has been described
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Table 3. Fluorination Conditions of the Perfluorinated
Polyformaldehydes

temp (°C) time (h) He (mL/min) F; (mL/min)
—28 0.5 850 0
—-28 4-92 850 100
0 12 12 12
16 72 12 12

¢ Adding sample during this time.

previously.* The fluorination conditions are shown in Table 3. After
the fluorination, the mixture was filtered, and trichlorotrifluoroethane
was recovered by distillation of the filtrate. The rest of the solution
was purified by preparative gas chromatograph to give 6—10, respec-
tively. The 'F NMR data are in Table 2. 6: IR (neat) 1376 (w),
1316 (s), 1220 (s, br), 1144 (s), 1110 (s), 1011 (w), 960 (m), 899 (m),
870 (m), 830 (m), 746 (m) cm™!. Anal. Caled for CoF20;: C, 20.79;
F, 73.06. Found: C, 20.56; F, 72.75. 7: IR (neat) 1377 (w), 1317
(s), 1223 (s, br), 1145 (s), 1089 (s, br), 970 (w), 891 (m), 850 (w), 824
(w), 746 (m) cm™!. Anal. Caled for C\gF2,0;: C, 20.49; F, 71.32,
Found: C, 20.31; F,70.97. 8: IR (neat) 1377 (w), 1317 (s), 1223 (s,
br), 1145 (s), 1089 (s, br), 970 (w), 891 (m), 850 (w), 824 (w), 746
(m) cm™!. Anal. Calcd for C;1F2404: C, 20.26; F, 69.92. Found: C,
20.12; F, 69.68. 9: IR (neat) 1376 (w), 1369 (s), 1220 (s, br), 1144
(s), 1096 (s), 1060 (s, br), 997 (w), 958 (w), 893 (m), 823 (w), 746
(m) cm™!, Anal. Calcd for C12F50s: C, 20.07; F, 68.79. Found: C,
19.89; F, 68.41. 10: IR (neat) 1376 (w), 1369 (s), 1221 (s, br), 1144
(s), 1096 (s), 1065 (s, br), 981 (w), 951 (w), 893 (m), 823 (w), 746
(m) cm™!. Anal. Calcd for C13F20s: C, 19.91; F, 67.84. Found: C,
19.81; F, 67.69.

Measurement of Boiling and Melting Points. The boiling points
of the perfluorinated poly(methylene oxide)s (6—10) were determined
by the Siwoloboff’s method®! with uncertainty of 1 °C. For the
determination of melting point, the samples were sealed in capillaries,
solidified by liquid nitrogen, and quickly transferred to a —160 °C
cooling bath prepared by mixing liquid nitrogen and 2-methylbutane.
The melting points were determined by observing melting of the
compounds in the sealed capillaries as the temperature-homogenous
cooling bath slowly warmed up.* Trichlorofluoromethane, which was
used to test the accuracy of the method, melted at —111 °C (lit.** =111
°C).

Decompeosition Test. Decomposition tests were carried out by DSC
with 10 mg of the compounds contained in stainless steel capsules
sealed with Viton O-rings, which can be used at temperatures as high
as 300 °C. The tests were run under nitrogen from 50 to 300 °C at the
heating rate of 40 °C/min.
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