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ABSTRACT The postulated mechanisms for this catalyzed breakdown usu-
ally involve an initial acid-base interaction between the surface
BF; was co-condensed with §8¢),0, (CF,CH,),0, and metal ions and the Iong eIe(;trqn pairs on the fluoroether oxygen
(C,F5),0 in excess argon at 15 K. Infrared spectra of the matricedtoms followed by chain scission. Kasai et al. (Refs. 7 and 10)
showed a definite Lewis acid-base interaction betweenaB# used!®F NMR and mass spectrometry to study the Lewis acid-
diethyl ether; a weak but definite interaction with bis(2,2,2,-catalyzed breakdown of several perfluoroethers of different struc-
trifluorodiethyl)ether, and no observable interaction with tures. The initial step in the mechanism they proposed, as well as
perfluorodiethyl ether. Molecular orbital (MO) calculations that of most other mechanisms advanced, is the donation of elec-
complemented the experimental observations by revealing that flugton density from oxygen atoms in the chain to one or more acidic
rine atoms on the ethers decreased electron localization about tAtetal atoms on the Lewis acid surface. Although this mechanism
oxygen atom. Thus, the experimental data and MO calculationi§ @ well-established process for hydrocarbon ethers, one expects
indicated a clear trend between strength of interaction with BFthat for perfluoroethers the oxygen atoms will exhibit a much lower
and the degree of ether F substitution. The implications of the réasicity and therefore vulnerability to attack.
sults for commercial perfluoro ether lubricant/metal oxide surface Alternate mechanisms which do not involve Lewis acid attack
interactions are discussed. on the oxygen atoms have been proposed. Zehe and Faut (Ref. 8)
studied the catalyzed breakdown of commercial fluids-5,0;
KEY WORDS: Infrared spectroscopy, chemical attack, @and proposed a mechanism involving acidic attack on the
fluorocarbons nonbonding electrons on the fluorine atoms. Basu et al. (Refs. 14
to 16) studied decomposition of hydrocarbon ethers angH5©
on planar and powdered f&,. They observed decomposition to
INTRODUCTION occur for (CEH),0 in contact with powdered 4D, even after pre-
adsorbing pyidine to block Lewis acid sites. Thegncluded that
The chemistry of perfluoroalkyl ethers has come under increasingeWis sites were not involved in the reaction, odtulated that
study recently because of their application to lubrication of comihe first step in the decomposition was a nucleophilic attack by
puter magnetic media and spacecraft devices (Refs. 1 and 2). TRerface oxygen on a carbon atom in the ether.
behavior of commercial fluids, and model compounds that mimic Infrared matrix-isolation spectroscopy has been used success-
their chemistry, has been studied both theoretically (Refs. 3 arf#llly for producing and studying reaction complexes, including
4) and experimentally for exposure to the influence of electronb€Wis acid-base adducts. This technique has been applied by Ault
(Ref. 5), Lewis acids (Refs. 6 to 9), metal oxides (Refs. 9 and 10§Refs. 17 and 18) to the study of a large number of Lewis acid-
and bare metal surfaces (Refs. 11 and 12). Much attention h&gse complexes, both strongly and weakly bound. Strong Lewis
been given to the catalytic decomposition of perfluoroalkyl ether@cids such as BFand SQ have been co-condensed at high dilu-
which occurs when they are heated in the presence of metal oxidé@n with weak Lewis bases, and complexation observed through
or halides. The effectiveness of the surfaces in catalyzing the dghifts in the measured vibrational frequencies. With a given base,
composition is a strong function of the fluoroether's structure. Aough correlations have been observed between the strength of the
number of workers have observed that the presence of an;O-CFacidity or basicity and the measured spectral shifts.
O- (acetal) linkage greatly enhances their reactivity towards cata- In this paper, an infrared matrix-isolation apparatus wastosed
lyzed breakdown by metal oxides (Refs. 8 and 13). investigate the interaction between the strong Lewis acidvh
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diethyl ether, bis(2,2,2-trifluorodiethyl)ether and perfluorodiethyl positions reported by Hunt and Ault (Ref. 18) for the antisymmet-
ether. The results were used to assess the Lewis acid-base hypath-B-F stretches of the BKCH,),0 complex. A broad absorp-
esis for the postulated decomposition mechanism of commerciéibn appearing at 875.8 cfhcorresponds to the symmetric C-O
perfluoroether lubricants by metal oxides. Molecular orbital (MO)stretch of the ether moiety. A new absorption at 762:¢can be
calculations were performed on the interaction betweepaBE  assigned to a symmetric B-F stretch; a very weak feature at
the three ethers to aid the analysis of the experimental data.  796.8 cni? could be thé% counterpart.
When BF, was co-condensed with (gEH,),0, new absorp-
tions appeared. These new absorptions are illustrated in Figs. 2
EXPERIMENTAL and 3. All of the new absorptions shown in Fig. 2, occurring at
1229.6, 1220.0, and 1161.1dfmppeared very close to the infra-
The matrix isolation apparatus used in this study has been preed absorptions of the parent molecules. Another absorption, not
viously described (Ref. 19). Briefly, sample vapors were coshown in the figures and occurring at 1330.0mppeared to be
condensed, inside a vacuum chamber, onto the polished surfaaeshift of a parent fluoroether absorption. Figure 3(a) shows the
of a gold-plated copper block which was kept at 15 K. Samplénfrared spectrum of BF between 740 and 600 chwhere the
vapors were introduced into the vacuum chamber via stainless stemit-of-plane bending vibration of the planarB#olecule absorbs.
tubing and were regulated with high precision needle valves. Depd“BF; absorbs at 705 cth and!'BF; at 678 cm. These absorp-
sition rates were measured manometrically. Deposition onto thbons show an approximate intensity ratio expected for naturally
gold-plated surface typically lasted 30 min to 2 hr. After deposi-occurring boron. Figure 3(c) shows the same region for the co-
tion, the Fourier transform infrared spectrum was measured bgeposited BEF(CF;CH,),0O sample and indicates two broad
reflection off the gold-plated surface through ZnSe windowsabsorptions at 694.9 and 668.0@rthat are present only upon
using a Fourier transform infrared spectrometer at 2 cesolu-  co-condensation.
tion. Five hundred scans were measured and averaged. When BF; was co-condensed with 4E5),0 in excess Ar, no
BF3 (99.5+%), (GHg),O (reagent grade), (GEH,),0 new absorptions were observed. In a subsequent tegtrigF
(97+%), (GF5),0 (97%), and Ar (99.9995%) were used without (C,F5),0 were co-condensed at 15 K without Ar. No new absorp-
further purification. CAUTION: BE is a highly toxic, moisture- tions appeared upon condensation.
sensitive gas; only small quantities should be used at a time, under
afume hood. (CfEH,),0 is a convulsant and should be used onlyCalculational
in adequate ventilation or in a fume hood.
Before computational runs were performed on the interaction
between the ether molecules and thg Biélecule, a preliminary
CALCULATIONAL test of the AM1 program was made. This test involved the analysis
of the computational results between the interaction of altti
The AM1 self-consistent field molecular orbital procedure de-BF;. NH5 is a molecule that interacts strongly with surface Lewis
veloped by Dewar and co-workers (Ref. 20) was used in this studgcid sites and is widely used as a poison to block the effect of
Computations were performed using a commercial software packhese sites. Select optimized geometries of theN&f; complex
age, utilizing the RHF option, on a Pentium based, 166 MHz, deslkare shown in Fig. 4 and total energy values are listed in Table I.
top computer. Complete geometric optimization during energy The B-N distance was 1.782 A and the net charges on the BF
minimization was performed on all single molecules and for alland NH; groups weret0.326 respectively. The calculated dihe-
interacting pairs of molecules. The convergence criterion for endral angle of the Bfgroup, -130.7, showed that this molecule
ergy minimization was selected so that the change in total energyas distorted from its normal planar trigonal geometry. The total
on successive iterations was less than 0.01 kJ/mol A. Configuranergy of the BENH; system was 51 kJ/mol lower than the added
tion interaction was not used. total energy of the isolated molecules. The HOMO orbital plot (a
two dimensional contour) for the this system is shown in Fig. 5.
A strong electron withdrawal of the nitrogen 2p orbital toward the

RESULTS boron atom was observed. These MO calculations on th&/BE
system confirmed that the AM1 method was able to reproduce

Experimental computationally the formation of a well-known Lewis acid-base
adduct.

When BF; was co-condensed with diethyl ether in excess Ar at  The optimized structure and total energy for thg-BEC,H;),0
15 K, new absorptions were measured in the infrared spectrursystem are shown in Fig. 6 and Table I. The B—O distance was
Figure 1(a) shows the wavelength region 1300 to 600 ¢on 1.908 A. The net charges on Plnd the ether were).119. The
BF;in Ar, illustrating the BE bending mode (Ref. 21) (splitinto BF; molecule had a dihedral angle of —158The total energy of
two absorptions following the natural 20%/8098/11B isotopic  the BR—(C,H;),0 system was 19 kJ/mol lower than the added
abundance of boron). Several new absorptions appeared, indicatiedal energy of the isolated molecules. The HOMO orbital plot
by the features in Fig. 1(c) marked with an asterisk. The absorgFig. 7) showed substantial withdrawal of the orbital, around the
tions appearing at 1241.1 and 1207.6'trare very close to the oxygen atom, toward the boron atom.
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The optimized structure and total energy for theof BF;with (CF;),0 also failed to yield any new absorptions: the
BF;—(CF;CH,),0 system are shown in Fig. 8 and Table I. Theinfrared spectrum was simply the sum of the two neat compo-
B—O distance was 2.007 A, and net charges on th@B& ether  nents.
molecules were:0.057. The BEdihedral angle was —167.0The MO calculations supported the experimental observation that a
total energy of the B—(CF;CH,),0 system was 8 kJ/mol lower true Lewis acid-base adduct was formed betweghl{50 and
than the added total energy of the isolated molecules. The HOMBF,. The orbital displacement toward the BRolecule was very
orbital plot (Fig. 9) showed a slight withdrawal of the orbital, aroundsimilar to the NH orbital displacement toward BFMO calcula-
the oxygen atom, toward the Bfolecule. tions for the (CECH,),0—BF; system, like the experimental re-

The optimized structure and total energy for thg-BEC,Fg),0 sults, revealed a slight interaction but not a true Lewis acid-base
system are shown in Fig. 10 and Table I. The B—O distance wammplexation. The calculations for the,fg),0—BF; showed no
5.182 A, and the net charges on the, Bfelecule and ether mol- interaction between the two molecules, in accord with the experi-
ecule were both zero. The BHihedral angle was —180.0The mental results. Acomparison of all three HOMO plots revealed
total energy of this system equaled the added total energy of tlileat fluorine substitution resulted in decreased electron localiza-
isolated molecules. The HOMO orbital plot (Fig. 11) showed nation about the oxygen atom.
orbital withdrawal toward the Bfmolecule.

CONCLUSIONS
DISCUSSION
The catalytic degradation of commercial fluororether lubricants

New absorptions found when diethyl ether was co-by metal halides and metal oxides is of continuing interest to tri-
condensed with BFindicated a Lewis acid-base complex was bologists and engineers in the development of advanced lubrica-
formed. Several of the new absorptions appeared in spectral réen systems. With very few exceptions, the proposed catalysis
gions that were similar to new vibrations in methyl ether ~ mechanisms involve an initial acidic attack of the ether’s oxygen
samples reported by Hunt and Ault (Ref. 18). The new absorptiorlsne-pair electrons by surface acid sites. The results reported in
at 1241.1 and 1207.6 cthare assigned to the antisymmetric B-F this study confirmed the greatly lowered reactivity of highly flu-
stretching vibration of the BFmoiety. The 875.8 cmt peak ap-  orinated ethers towards Lewis acid-base complexation. They sug-
pears in the expected region for the symmetric C-O stretching vigest that initiation of the catalyzed degradation by metal oxides
bration, and the absorptions at 796.8 and 762:8 caincide with  involves a more complicated process than mere electron transfer
the symmetric B-F stretch. These two absorptions have the correftbm ether oxygen to surface sites. The experiments and MO cal-
approximate 1:3 intensity ratio, suggesting assignment to a vibraulations conducted in this study indicated that classic complex
tion involving a boron atom. No boron isotopic splitting was seerformation between the Lewis acid B&nd fluoroether's oxygen
for either the 1241.7 or the 1207.6 Enabsorption. The assign- atoms did not occur, thus suggesting that decomposition of com-
ments to BE—(C,H5),0 are similar to those of the BEimethy| mercial poly(perfluroroether) lubricants by metal oxide surfaces
ether matrix spectra (Ref. 18). The absorptions gi-8fE,Hg),0 is necessarily assisted by some other process. Future studies will
and their approximate assignments are listed in Table II. focus on elucidating this process.

When BF; was co-condensed with bis(2,2,2 trifluoroethyl)ether,
new absorptions were again detected. These new absorptions are
listed in Table Ill. However, instead of appearing in spectral reREFERENCES
gions characteristic of a Lewis acid-base interaction, the new ab-
sorptions appeared to be only slightly shifted from the absorptionfl) Fusaro, R.L. and Khonsari, M.M.; “Liquid Lubrication for
of the parent molecules; they are assigned as such in Table 1ll.  Space Applications,” NASA TM-105198, July (1992).
This suggests that the interaction between, &t (CECH,),0, (2) Moulder, J.F., Hammond, J.S., and Smith, K.L.; “Using
while apparent, is weak. This weak interaction is best illustrated Angle Resolved ESCA to Characterize Winchester Disks,”
by the 10 cm! shifts in the out-of-plane bending vibrations of Appl. Surf. Sci., 25, pp 446—454 (1986).
10BF, and!!BF; shown in Fig. 7. The same red shift in energy as(3)  Pacansky, J. and Liu, B.; “Structural Studies on Perfluori-
well as the proper intensity ratio of the absorptions at 694.9 and nated Ethers,” J. Phys. Chem., 89, pp. 1883-1887 (1985).
668.0 cmlsupports the idea of a mutually perturbing influence of(4)  Pacansky, J., Miller, M., Hatton, W., Liu, B., and Scheiner,
the dopant molecules, not the formation of a new bona fide A.; “Study of the Structures of Perfluoro Ethers,” J. Amer.
molecular complex. Chem. Soc., 113 (No. 1), pp 329-343 (1991).
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weak to be detected, it is more probable that there is no intera6) Carré, D.J. and Markowitz, J.; “The Reaction of
tion between BEand (GF;),O under these conditions. The in- Perfluoropolyalkylether Oil with FefAlF5, and AICL at
creased electron-withdrawing capacity of more fluorine substitu- Elevated Temperatures,” ASLE Trans., 28,

ents on the ether seems to prevent any sort of detectable interac- pp 40-46 (1985).

tion in these circumstances. This lack of reactivity is not unique(7) Kasai, P.H. and Wheeler, P.; “Degradation of
Ault (Ref. 17) reported no Lewis acid/base adducts forming be- Perfluoropolyethers Catalyzed by Aluminum Chloride,”
tween Silz and any oxygen-containing bases. Neat co-condensation  Appl. Surf. Sci., 52, pp 91-106 (1991).

NASA/TM—1998-207425 3



®

©

(10)

(11)

(12

(13)

(14)

Zehe, M.J. and Faut, O.D.; “Acidic Attack of PFPE Lubri- (15) Chen, J.G., Basu, P., Ballinger, T.H., and Yates, J.T.; “A

cant Molecules by Metal Oxide Surfaces,” NASA TM—
101962, Oct. (1989).
Sianesi, D. and Fontanelli, R.; “Perfluoro Polyethers. Their

Structure and Reaction with Aluminum Chloride,” Makrom. (16)

Chem., 102, pp 115-124 (1967).

Kasai, P., Tang, W.T., and Wheeler, P.; “Degradation of(17)

Perfluoropolyethers Catalyzed by Aluminum Oxide,” Appl.
Surf. Sci., 51 (No. 3), pp 201-211 (1991).

Walczek, M.M., Leavitt, P.K., and Thiel, P.A., “Oxygenated (18)

Fluorocarbons Adsorbed at Metal Surfaces: Chemisorption
Bond Strengths and Decomposition,” J. Amer. Chem. Soc.,
109, pp 5621-5627 (1987).
Herrera-Fierro, P., Jones, W.R., and Pepper, S.V.; “Interfacial
Chemistry of a Perfluoropolyether Lubricant Studied by XPS
and TDS,” NASA TM-105840, Oct. (1992).

Morales, W.; “Surface Catalytic Degradation Study of Two
Linear Perfluoropolyalkylethers at 345 C,” NASA TP-2774,
Nov. (1987).

Ng, L., Chen, J.G., Basu, P., and Yates, J.T.; “Electron Stimy21)

lated Decomposition of Alkyl and Fluroralkyl Ethers
Adsorbed on AJO,,” Langmuir, 3, pp 1161-1167 (1987).

(19)

(20)

Transmission Infrared Spectroscopic Investigation of the
Reaction of Dimethyl Ether with Alumina Surfaces,”
Langmuir, 5, pp 352—-356 (1989).

Basu, P., Ballinger, T. H., and Yates, J. T.; “Fluoroalkyl Ether
Chemistry on Alumina,” Langmuir, 5, pp 502-510 (1989).
Ault, B.S.; “Matrix Isolation Studies of Lewis Acid/Base
Interactions: Infrared Spectra of the 1:1 Adduct,$iH,”
Inorg. Chem., 20, pp 2817-2822 (1981).

Hunt, R.L. and Ault, B.S.; “Matrix Isolation Spectroscopic
Study of the Boron Trihalide-Dimethyl Ether 1:1 Adducts,”
Spectrosc. Int. J., 1, pp 45-61 (1982).

Worden, D. and Ball, D.W.; “Reaction of N@ith Cu At-
oms in Ar Matrices,” J. Phys. Chem., 96, pp 7167-7169
(1992).

Dewar, J.J.S., Zbesch, E.G., Healy, E.F., and Steward, J.J.P.;
“AM1: A New General Purpose Quantum Mechanical Mo-
lecular Model,” J. Am. Chem. Soc., 107, pp 3902-3909
(1985).

Nakamoto, K.; “Infrared and Raman Spectra of Inorganic
and Coordination Compounds,™4edition. Wiley
Interscience: New York, NY, p 123 (1967).

Table 1.0 Total Energy Calculations

Molecule Total energy/kJ mot System Total energy/kd mof
BF; -147,694 BF,/NH, -171,731
NH, —-23,986 BF,/(C,H;),0 —-241,395
(C,H,),0 -93,682 e
(CF4CH,),0 —366,713 BF,/(CF,CH,),0 -514,415
(C5F6),0 —548,705 BF,/(C,F5),0 -696,398

Table IO Infrared Absorptions of the B
(C,H¢),0 Complex In Ar Matrices

Frequency Approximate assignmentt
12411 antisym B-F str
1207.6 antisym B-F str

875.8 sym C-O str
796.8 sym'B-F str
762.0 sym'B-F str

Table I11.0 Infrared Absorptions of the BF
(CF;CH,),0 Complex In Ar Matrices

Frequency Approximate assignmenft
1330.0 perturb. of (CECH,),0
1229.6 perturb. of (CECH,),0
1220.1 perturb. of (CECH,),0
1116.1 perturb. of (CECH,),0
694.9 perturb. ofv ,, “°BF,
668.0 perturb. ofv,, “BF,
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Figure 1.—Infrared spectra of BF3 and diethyl ether in
excess argon at 15K. New absorptions are marked
with an *. (a) BF3:Ar = 3:1000. (b) (C2oHs)20:

Ar =8:1000. (c) BF3:(CoHs5)20:Ar = 4:7:1000.
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Figure 2.—Infrared spectra of BF3 and bis(2,2,2-
trifluorodiethyl)ether in excess argon at 15K. New
absorptions are marked with an *. (a) BF3:Ar = 3:1000.
(b) (CF3CH2)20:Ar = 2:1000. (c) BF3:(CF3CH>),0:

Ar = 3:2:1000.
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Figure 3.—Infrared spectra showing the perturbation of
the BF3 modes by (CF3CH3)20 in excess Ar at 15K.
Sample concentrations are same as in Figure 2.

Note that the new absorptions marked with * are
separated by almost the same amount as the
unperturbed 10,11BF3.

F1
H
F
N B
H
H
F3

Net atomic charge on BF3: -0.326
B-N distance: 1.782 A
% F1BF,F3: -130.7°

Figure 4.—Optimized molecular interaction between
BF3 and NH3.
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Net atomic charge on BF3: -0.119
B-O distance: 1.908 A
X F1BF,F3: -158.2°

Figure 6.—Optimized molecular
interaction between BF3 and
(C2Hs)20.

Figure 7.—HOMO orbital plot for BF3—(CoHg)20
interaction.
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Net atomic charge on BF3: -0.057
B-O distance: 2.007 A )
X F1BFoFg: -167.0° Net atpmlc charge on BF3: 0
B-O distance: 5.182 A
Figure 8.—Optimized molecular interaction % F1BFoF3: —180°

between BF3 and (CF3CH»)20. . o . .
Figure 10.—Optimized molecular interaction

between BF3 and (CoF5)20.

Figure 9.—HOMO orbital plot for BF3—(CF3CH>),0
interaction.

Figure 11.—HOMO orbital plot for BF3—(CoF5)20
interaction.
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