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Figure 2. Homopolymerizations of NBE (0) and COD (A) and 
polymerization of COD to which 0.5 equiv of NBE was added at 
t = 10 min (0). [NBE]O(homopolymerization) = 0.17 M, [COD], 
= 0.35 M, T = 35 “C. 
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Figure 3. Homopolymerizations of COE (0) and COD (0) and 
copolymerization of COE (m) and COD (0): [monomer], = 0.4 
M. T = 80 “C. 

side-by-side homopolymerizations, COE reacts 2.7 times 
as fast as COD, but in a copolymerization the relative 
reactivity switches: COD then reacts 1.8 times as fast as 
COE, presumably because it contains two double bonds. 
We conclude that 5 is more reactive than 6. That 6 should 

6 - 
be a particularly unreactive olefin-carbene complex is 
shown by the fact that 7 has recently been isolated and 
its structure determined.6v6 These authors also point out 
that 8 is less stable than 7. 
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Surface Modification of Poly(tetrafluoroethy1ene) 
with Benzoin Dianion 

Poly(tetrafluoroethy1ene) (PTFE) is a highly chemically 
resistant polymer, inert to a wide variety of reagents.lV2 In 
contrast to its behavior with most chemicals, PTFE reacts 
readily with strong reducing agents,3-11 particularly alkali 
metals, to produce black-colored materials which have been 
described as carbonaceo~s,3’~ containing carbon and oxygen 
in a ratio of -1:0.3,516 containing carbon radicals and 
carbon-carbon double bonds,6 amorphous carbon inter- 
spersed with alkali metal f l~or ide ,~  intercalated carbon,s 
polymeric carbon and alkali fluoride: polymeric anion 
radicals,1° and alkali fluoride doped poly(fluoroacetylene).” 
In this communication we report a new and significantly 
different reduction of PTFE which does not involve alkali 
metals as the reducing agent. The reduced polymer is 
likewise different from the alkali-reduced materials: the 
surface exhibits a reflective metallic lustre instead of the 
black color which is characteristic of reduced Teflon. 

Experimental Section. Virgin PTFE film (Commercial 
Plastics/Du Pont Teflon) (5  mils) was extracted with 
tetrahydrofuran for 24 h in a Soxhlet extractor and dried 
under vacuum at 60 “C to constant weight. Benzoin was 
purchased from Aldrich and recrystallized twice from 
ethanol to a constant melting point of 96 OC and stored 
in a vacuum desiccator. Potassium tert-butoxide was 
purchased from Aldrich and used without further purifi- 
cation. Doubly distilled water (Gilmont still) was degassed 
by purging with nitrogen; THF was distilled from sodium 
benzophenone dianion; M e 8 0  was distilled from CaHz at 
reduced pressure. 

Gravimetric analyses were performed with a Cahn 29 
electrobalance. Scanning electron micrographs of gold 
sputter-coated samples were obtained with a JEOL 100 
CX. ESCA spectra were recorded using a Mg KLY source 
with a Kratos XSAM 800 spectrometer. UV-vis spectra 
were obtained directly from films using a Perkin-Elmer 
lOOA with a virgin PTFE sample in the reference beam. 

Reduction. Potassium tert-butoxide (4.0 g, 35 mmol) 
was dissolved in 35 mL of Me2S0 and added to a 5-mL 
Me2S0 solution of 0.27 g (1.3 mmol) of benzoin under 
nitrogen. A dark purple color (indicative of the radical 
anion of benzoin) forms, and this solution is transferred 
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metallic gold. Shorter reaction times produce silver-co- 
lored films. Larger reaction times render more highly 
converted samples, but the color remains gold. This an well 
aa the morphology of the product (see below) indicatea that 
the color is due to absorbance/reflectance and not inter- 
ference. Figure 1 shows the W-via spectrum of a sample 
readed for 6 h. The speetrum exhibits an absorbance with 
A,,,,, = 540 nm and little fine structure. Infrared spectra 
(transmieaion; ATRGe, -5) are lucid only in their lack 
of non-PTFE absorbances. This points out that any re- 
action incorporating bend  or benzoin is minimal and not 
important. The films are air-sensitive and gradually lose 
their color (turn white) over 1-2 days. Oxidation can be 
accomplished more rapidly with stronger oxidants the 
color is eliminated ovemight by 5% sodium hypochlorite 
solution or in several hours by KCIOa/sulfuric acid solu- 
tion. 

The reduction is not surface-selective and is corrosive 
in nature. Figure 2 exhibits scanning electron micrograph 
of PTFE, reduced PTFE, and reduced and then oxidized 
(KC103/H2S0,) F'TFE samples aa well aa a graphic rep- 
resentation of these data. Small unreacted PTFE 'islands" 
are visible in the washed solutions of oxidized samples. 

ESCA and gravimetric analysis attest to the stoichiom- 
etry of eq 1. Figure 3 shows the lucid regions of ESCA 
spectra for the reduction and oxidation (KC103/HzS04) 
renctiona The reduced sample contains very little fluorine 
within the ESCA sampling depth. Gravimetric analysis'3 
indicates the loss of ca. 3.8 fluorine8 per monomer, h a d  
on the percentage of the total weight loss (after oxidation) 
attributed to the reduction step. The unreacted PTFE 
"islands" depicted in Figure 2 would be expected to biaa 
the fluorine loas low. The average depth of reaction after 
6 h is ca. 2500 A; longer reaction times yield more exten- 
sively reduced materials: a sample reduced for 6 days had 
an average depth of reaction of 1.7 pm. 

We are presently investigating the structure and prop 
erties of the reduced material, particularly with regard to 
the chemical nature of the carbon and how it differs from 
alkali-reduced samples, none of which'-'' have a well- 
characterized strudure. Gold-colored samples react madly 
with chlorine and bromine, turning white and exhibiting 
C-X in ATR-IR and ESCA spectra. We have prepared 
dium/naphthalene/THF, sodium/ammonia, lithium/ 
ammonia, d u m  amalgam, and eledrochemidy reduced 
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Figure 1. UV-viS of reduced PTFE. 

to a Schlenk tube containing a 1 cm X 1 cm PTFE film 
sample. The Schlenk tube is placed in a 50 'C oil bath 
and the reaction allowed to proceed for 6 h, after which 
the solution is transferred from the tube and the f i  is 
washed successively with ten 25-mL portions of water and 
five 25-mL portions of THF (all under nitrogen). 
Thii reduction procedure renders metallic, gold-wlored 

films. On exposure to air the color fades-back to white 
after 1-2 days. Oxidation (for gravimetric analysis) was 
carried out by using 5% sodium hypochlorite solution for 
12 h followed by successive washings with water and THF 
and then drying under vacuum to constant weight. 
Results and Discussion Exposure of F'TFE f h  samples 

to Me,SO solutions of the potassium salt of benzoin di- 
anion produces changes consistent with reduction of F'TFE 
to polymeric carbon (eq 1). Control experiments with 

Me$O/bemin and Meg3O/potassium tert-butoxide un- 
der identical conditions exhibit no reaction. The presence 
of Me,SO is not essential: the reaction proceeds in N- 
methylpymolidone aa well. Equation 1 describes the net 
reaction; a large excess of reducing agent is used. A sur- 
face-confined dianion may serve aa a two-electron reducing 
agent, but b e n d  would react with more dianion to form 
the radical anion product.'2 The most obvious change is 
visible to the eye: the P7'FE color changes from white to 

I - 
I um L 

Figure 2. Swning electron micrograph and graphic representation of reduction and oxidation reactions. 
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Figure 3. ESCA spectra for reduction and oxidation (KC103/ 
H2S04) reactions. 

Teflon samples and none of them turn white (all remain 
black) in air. 

Acknowledgment. We are indebted to Dr. Ralph G. 
Nuzzo and AT&T Bell Laboratories for assistance in ob- 
taining ESCA spectra. Financial support from the Center 
for University of Massachusetts-Industry Research on 
Polymers and the Office of Naval Research is acknowl- 
edged. 

References and Notes 
(1) Sperati, C. A.; Starkweather, H. W. Adu. Polym. Sci. 1961,2, 

465. 
(2) Sperati, C. A. “Polymer Handbook”, 2nd ed.; Brandrup, J., 

Immergut, E. H., Eds., Wiley: New York, 1975; pp V-29-36. 

(3) Nelson, E. R.; Kilduff, T. J.; Benderly, A. A. Ind. Eng. Chem. 

(4) Barker, D. J.; Brewis, D. M.; Dahm, R. H. J. Mater. Sci. 1979, 

(5) Dwight, D. W.; Riggs, W. M. J .  Colloid Interface Sci. 1974,47, 

1958, 50, 329. 

14, 749. 

650. 
(6) Biecht, H.; Mayer, F.; Binder, H. Angew. Makromol. Chem. 

1973, 33, 89. 
(7) Jansta, J.; Dousek, F. P.; Patzelova, V. Carbon 1974,13,377. 
(8) Barker. D. J.: Brewis. D. M.: Dahm, R. H.; Hoy, L. R. Polymer ~ - ,  

1978, is, 856. 
(9) Jansta, J.; Dousek, F. P. Electrochim. Acta 1973, 18, 673. 
(10) Jansta, J.; Dousek, F. P. Electrochim. Acta 1981, 16, 233. 
(11) Yoshino. K.: Yanagida, S.; Sakai, T.; Azuma, T.; Inuishi, Y.; . ,  

Sakurai,’ H. Jpn. 
(12) Talaty, E. R.; Russell, G. A. J. Am. Chem. SOC. 1965,87,4867. 
(13) 3.8 is the average of five experiments (6-h reduction), the re- 

sults of which were determined as follows: A PTFE sample 
weighing 15.3145 mg (Mi) weighed 15.2673 mg (M,) after re- 
duction and 15.2497 mg (M,) after oxidation. The value 0.76 
is the predicted percentage weight loss for CF2 - C (50 - 12 

Appl. Phys. 1982,21, L301. 

g / mol). 

Christine A. Costello and Thomas J. McCarthy* 
Polymer Science and Engineering Department 

University of Massachusetts 
Amherst, Massachusetts 01003 

Received August 2, 1984 

CORRECTION§ 

Frank S. Bates,* Harvey E. Bair, and Mark A. 
Hartney: Block Copolymers near the Microphase Sepa- 
ration Transition. l. Preparation and Physical Charac- 
terization of a Model System. Volume 17, Number 10, 
October 1984, p 1987. 

M,/M,, should be 1.15 for sample BB5 in Table I (p 
1988). 


