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Bomb calorimetri c measurements a re reported for the co mbustion in flu orine of polytetrafluoro· 
e t.hylene (Teflon) and graphite·polyte traflu oroethylene mixtures. Mass spectrometri c examination 
of the product gases showed C F" to be the only major produc t with C"F6(g) present in only very s mall 
amount s . The co mplete ness of co mbu stion of the graphit e was determined by che mical analysis of 
co mbustion res idues and found to range from 97 to bette r than 99 percent. From the combustion data, 
the hea ts of formation ~H;l>I8 [CF4(g)] and ~H;,,,~[C"F4 (solid polymer)] we re dete rmined to be - 222.87 
± 0.38 kcal mol - I and -197.82 ± 0.39 kcal (gfw C 2F.) - I , respectively. The uncertainties are estimates 
of the overaU experimental errors . 

A previously re port.ed value for the heat of formation of AlF3(c) is adjusted to be cons istent. with 
t.h e present work. An e valuation of other data on CF 4 is presented. The heat of formation of CF.(g) 
is combined with other work to de rive the heats of formation of HF solutions at three specific con· 
centrations. 

Key Words : Aluminum fluorid e, c arbon te trafluoride . flu orine, fluorin e bomb calorime try, graphite , 
heat of co mbustion, heat of form ation, hydrogen fluoride aqueous, Teflon. 

1. Introduction 

The desirability of obtaining an accurate value for 
the he at of formation of carbon tetrafluoride is sug
gested by the number of efforts that have been directed 
toward obtaining this datum over the past thirty years, 
and the difficulty in obtaining it is indicated by the 
wide variation of the data. Von Wartenberg and 
Schiitte [1] I reacted fluorine with carbon (Norite) in 
a flow calorimeter and calculated the heat of formation 
of carbon tetrafluoride to be -162 ± 2 kcal mol - I. 
Ruff and Bretschneider [2] later showed that the 
presence of fluorocarbons in the product gases neces
sitated a correction which changed thi s value for 
CF4(g) to -183.5 kcal mol- I. Scott, Good, and Wad
dington [3, 4] determined the heat of co mbustion of 
polyte trafluoroethylene (Teflon) in an oxygen bomb, and 
calculated the heat of formation of CF4(g) to be - 218.3 
kcal mol- I. Jessup , McCoskey, and Nelson [5] re
acted methane with fluorin e in a flow calorimeter at 
constant pressure and calculated the heat of formation 
of CF 4(g) to be - 220.4 kcal mol- I. Kirkbride and 
Davidson [6], and von Waltenberg [7 , 8] measured the 
heat of reaction of carbon tetrafluoride with potassium 
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L Figures in brackets indicate the literature references at the end of this paper. 

and from their measure me nts, respectively, calcu
lated the heat of formation of CF 4(g) to be - 218 and 
- 231 kcal mol - I. Von Warte nberg and Schiefer [9] 
the n made an adjustme nt to the work of Kirkbride 
and Davidson, and suggest an average value, - 225 
kcal mol- I. Vorob 'ev and Skuratov [10] calculated 
for CF4(g), LlHJm=-219.2 kcal mol- I from a similar 
reaction except that sodium was used instead of 
potassium. Duus [11] calculated LlHJm =- 212.7 
kcal mol- I for carbon tetrafluoride from measurements 
on the explosive decomposition, explosive hydrogena
tion and oxygen combustion of C 2F4(g). Neugebauer 
and Margrave [12] studied the decomposition and the 
hydrogenation of C 2F 4(g) and calculated for LlHJl98 
[CF4(g)], -217.1 kcal mol- I. Work by Baibuz [13] on 
the explosion of CF4 , H2 , O 2, and CO mixtures led him 
to calculate for the heat of formation of CF 4(g), - 220.1 
± 1.4 kcal mol - I. Corrections for certain heat losses 
were later made for this study by Baibuz and Medvedev 
[14], and upon recalculation they found LlHJ2!J8 [CF4(g)] 
= - 220.6 kcal mol - I. 

Rece nt work by Cox, Gundry, and Head [15] on 
the heats of combustion of docosafluorobiscyclohexyl 
and docosafluorobiscyclohexyl-be nzoic acid mixtures 
in oxygen led to CO2 and CF4 in the combustion prod
ucts. They calc ulated the heat of formation of CF4(g) 
to be -218.56 kcal mol - lor -225.63 kcal mol-I, 
depending upon whether they used the value for the 

105 
244- 1420- 67 - 2 



heats of formation of HF(aq) as recommended in NBS 
Circular 500 [16], or as determined by Cox and Harrop 
[17] , respectively. Past work in thi s laboratory [18] 
on the com bustion of Teflon in fluorin e led to a value 
of - 221.8 kcal mol- I for the heat of formation of 
CF4(g). There are also many review articles and 
compilations in the literature which attempt to select 
a "best value" for the heat of formation of carbon 
te trafluoride [16,19,20,21]. 

The above work is discussed further in a later sec
tion of this paper. For the present, it is sufficient to 
note that all determinations so far reported, save that 
by von Wartenberg and Schutte [1], require values for 
the heat of formation of HF(g), HF(aq), KF(c) or NaF(c). 
In deriving values from the relationship to KF or NaF, 
the tendency also has been to draw upon values of the 
heats of formation of these two salts derived from 
reactions involving HF. The recently developed 
uncertainty in the heat of formation of HF has rendered 
all of these values questionable until the heat of 
formation of HF is more firmly established. In under
taking the study reported in this paper we have taken 
advantage of improved combustion techniques to 
attempt a redetermination of the heat of formation of 
CF4(g) by direct combination of the elements, and thus 
to avoid reliance upon auxiliary heats of formation. 

2. Materials 

2.1. Graphite 

The sample used was spectroscopic grade graphite 
powder, having a particle size which passed 35 but 
was retained on 100 mesh screen; the total ash content 
stated by the manufacturer did not exceed 10 ppm. 
Analysis by the NBS Analysis and Purification Sec
tion showed that no significant metallic impurities 
were present in the sample. A neutron activation 
analysis showed oxygen and nitrogen in the sample to 
be < 86 ppm and < 204 ppm, respectively. The NBS 
Crystallography Section made an x-ray diffraction 
pattern, and calculated a=2.460 A and c=6.721 A 
fO.r the l~ttice parameters, 'in reasonable agreemenl 
wIth the lIterature values a = 2.464 A and c = 6.736 1\ 

[22]. 

2.2. Polytetrafluoroethylene 

Two batches of polytetrafluoroethylene were used 
in the combustion experiments . These were desig
nated by the manufacturer as TFE Fluorocarbon 
Resins "Teflon 5" and "Teflon 7". Both batches of 
powder were composed of irregularly shaped particles 
which adhered to one another. "Teflon 5" powder 
ranged in size from 50 to 800 p., while those of "Teflon 
7" ranged from 10 to 500 p.,. A thermo sealable poly
tetrafluoroethylene film designated as FEP Fluoro
carbon film, type A, was also used in preparing 
combustion samples. It had a thickness of 0.0025 
cm. Neither the powders nor the film were modified 
or treated in any special way prior to use. In the 
remainder of this paper, the polytetrafluoroethylene 
materials will be referred to simply as Teflon except 

when a more precise terminology is important to the 
meaning. 

2.3. Fluorine 

The fluorine used in the heat measurements was a 
specially prepared high-purity commercial material. 
By our assay it was 99.79 mole percent F 2. The 
analytical technique involved absorbing the fluorine 
in mercury and observing the pressure of the residual 
gases [23]. The volatile residue was examined in a 
mass spectrometer.2 Typical results for the composi
tion of the residue normalized to 0.21 percent total 
residue are shown in table 1. 

TABLE 1. Analysis of fluorine 

Constituent 

F, 
0, 
N, 
CO, 
CF, 
Ar 
SO,F, 
SiF" 
C2F6 

sr, 
C"FII c,r, 
C2F4 or cycl ic C"FII 

Total 

Mole percent 

99.79 
0.1277 

.0584 

.0106 

.0\03 

.0003 

.0009 

.0003 

.0007 

.0001 

.0005 

.0001 

.0001 

100.0000 

3. Preparation of Graphite-Teflon Pellets 

The development of the technique for mixing a 
powdered sample with Teflon powder and pressing 
the mixture into pellet form has been described earlier 
[18]. This technique has been improved by using a 
Teflon bag to weigh and mix the constituent powders,3 
giving not only better homogeneity but, more impor
tant, reducing sample losses during preparation by 
approximately an order of magnitude. In similar 
heat measurements on boron and metallic borides to 
be described in subsequent publications, an additional 
Teflon coating over the prepared pellet was required 
to prevent either spontaneous combustion or premature 
reaction prior to the desired ignition. The need for 
this Teflon coating was not absolutely certain in the 
case of graphite, as can be seen by comparing the 
combustion experiments (table 6, experiments 1, 2, 
3, 6, and 7), in which a coated pellet was used, to those 
(table 6, experiments 4 and 5) in which the extra coating 
was absent. The procedure followed in preparing a 
pellet using the bag technique is described below as 
Method A, while the procedure for providing an addi
tional Teflon coating is described under Method B. 

Method A. A thermoplastic Teflon bag was pre
pared from a 6.5 cm x 8.0 cm piece of FEP film by 
folding it over once and sealing two sides. Figure 
l(a) illustrates the sealing of a piece of film. The 
ends to be sealed were folded over about three mm and 
the exposed folded edge was allowed to protrude from 

2 Analyses were performed by the NBS Analysis and Purifica tion Section. 
3 The Teflon bag technique was developed by K. L. Churney in our laboratory, 
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FIGURE 1. Procedures used in preparing the graphite-Teflon pellets for combustion. 

(a). {Upper left] A piece of Teflon film , held between two aluminum plates, is sealed along two sides forming the bag which is to hold the graphite and Teflon powder s. 
(b) {Upper right] A Teflon bag (in a beaker) is shown fi ll ed with graphit e whic h was introduced through the narrow-necked funnel , and is ready for introduction orthe Teflon powder. 

Adjacent 10 it is a sealed bag containing graphite and Teflon powders. not ye t mixed. In the foregro und are the graphite sample container, wide-necked funnel used to introduce Teflon 
powder into the bag, a scoop containing Teflon powder, and a stainless stee l spatu la. . 

(c) ILower le ft] An int e rmediat e s tage of fabrication of a Teflon-coa ted pell e t s hows the die piece in the background containing the 5/8 in diam uncoated pe lie t wh ich is being provided 
with an outer coating of Teflon. In the foreground are a stainless stee l spatula. a tamper used to pack Tefl on powder for the top and bottom coating for the pelle t , a stainless steel tube used 
to pack Teflon powder around the s ides of the pe llet and a scoop containing Te flon powder. 

(d) [Lowe r rig ht] FOllr pe llets arc s how n in the cent er of the photo on th e procela in p late . in the rear-center a 5/8 in diam uncoat ed peli et and a 3/4 in dia m T eflon-coate d pellet. in the front 
cent er a 3/4 in Te fl on pe lle t a nd a 3/4 in diam uncoated pelle t. The background shows the various die pieces used to press the pellets, whi le the foreground illustrates the calcium fluoride 
plate and. nickel pla te used to s upport the pellets during combus tion. 

be tween two aluminum plates (10 cm x 13 cm x 0.16 cm) 
about one mm as it was passed through a flame. The 
bag was placed in a 20 cm 3 beaker, and the graphite 
powder and Teflon powder were weighed consecutively 
inside the bag. The remaining open end of the bag 
was sealed, and the graphite and Teflon were mixed. 
Care was taken not to exclude air from inside the bag 
before the final seal was made since it facilitated the 

mlxmg operation. By wearing a pair of polyethylene 
gloves, the operator could manipulate the sealed bag 
without contaminating it and adequately mix the two 
powders. A Teflon bag filled with graphite powder 
is shown in figure l(b) along with a filled bag that has 
been sealed, but whose contents have not been mixed. 
After the contents had been mixed, the bag was placed 
m the pellet die, pierced with a needle to allow the air 
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to escape, and the pellet was pressed. Losses ob
served in the sealing operation were assumed to be 
Teflon exclusively. In the pelleting of the bagged 
mixture, we assumed the losses to take place in pro
portion to the amounts of each constituent in the pellet. 

Method B. The graphite powder was prepared in 
pelle t form by mixing with Teflon in a Teflon bag as in 
Method A, except that the die pieces used to press 
the pellet were smaller (0.625 in diam) than those 
used in the previous pelleting operations (0.75 in diam). 
The smaller pellet was then placed inside the larger 
pellet die on a thin layer of packed Teflon powder. 
By tamping with a stainless steel tube of appropriate 
wall thickness, additional Teflon powder was packed 
into the space between the pelle t and the wall of the 
die piece. Figure l(c) shows that particular stage 
in the preparation of a coated pellet just prior to intro
ducing the top layer of Teflon powder. After the latter 
layer was introduced, the contents of the die were 
pressed, giving a coating of Teflon around the smaller 
pelle ted mixture . Figure l(d) shows the die pieces 
used in pressing the pellets, several types of prepared 
pellets, and the support plates upon which the pellets 
were burned. 

In table 2, a brief summary is given of the typical 
quantities of Teflon and graphite which made up pellets 
prepared by Methods A and B. 

Samples were weighed to the nearest 0.01 mg. The 
densities of the Teflon film and the two powders were 
determined as part of this investigation. The Teflon 
film had a density of 2.15 g cm- 3 and the pelleted pow
ders "Teflon 5" and "Teflon 7" had densities of 2.23 
g cm- 3 and 2.16 g cm- 3, respectively. The density 
of graphite was taken as 2.26 g cm- 3 [24]. 

TABLE 2. Typical quantities of graphite and Teflon used in com
bustion sample preparation 

1. Method of preparation ..... 
2. No. of experiments using the method 
3. Mass, Tt;flon bag....... . ........................ grams .. . 
4. Mass , graphite in mixture... . ... .. ... grams .. 
5. Mass, T efton in mixture ... ............ . grams .. . 
6. Mass, Teflon coating ... ........ ... .. grams .. . 
7. Loss of Tefton in sealing bag ............ . ... .. . . ... mg .. 

8. Loss of mixture in pelleling .......................... mg .. . 
9. Total loss ... ..... m g ... 

4. Calorimetric Apparatus 

A 
2 
0.3 
0.26 
2.24 

0.20 
0.08 
0.28 

B 
5 
0.3 
0.26 
1.30 
0.8 
0.13 
0.22 
0.35 

An isothermal-jacket, stirred-water calorimeter was 
used for the heat measurements as described earlier 
[18]. The jacket was maintained isothermal within a 
range of ± 0.002 °C near 30°C by an electronic thermo
regulator using a nickel resistance thermometer as a 
sensing element. Temperature differences were 
measured to 0.0001 °C with a G-2 Mueller Bridge in 
conjunction with a 25 n platinum resistance thermom
eter. A heater was used in both calibration and com
bustion experiments in order to bring the calorimeter 
to the desired starting temperature. 

The "A" nickel combustion bomb, fluorine manifold , 
and procedures for loading and emptying the com
bustion bomb with fluorine have been previously 

described [18]. A ballast tank was added to the mani
fold so that the emptying and purging of large amounts 
of fluorine (0.3 mole) could be done more safely at 
low pressures (2-3 atm). In the fluorine combustion 
experiments tungsten fuses of about 5 cm length, of 
either 0.005 cm or 0.0075 c m diam, were used, which 
contributed about 20 J or 40 J , respectively, to the 
combustion energy if burned completely. 

5. Products of Combustion 

Our previous work [18] has established that Teflon 
burns in 15 to 20 atm of fluorine to form carbon 
tetrafluoride as the only major product. In the prod
ucts of Teflon combustion in that work the content of 
higher fluorocarbons was estimated to be not more than 
0.02 mole percent. 

TABLE 3. Typical mass spectrometric analyses of combustion 
prodacts (excluding fluorine) 

"Tefl on 5" "Teflon 7" Graphit e> Graph it e- Graphite-
Combus- combustion combustion ;'Teflon 7" ;'Teflon 7" " Teflon 7" 

tion table 4. table 5, exp_ 7 com bu stion combustion combu stion 
products exp_ 10 table 6, ex p_ 2 table 6, exp_ 3 table 6. ex po 6 

N, 0.41 0.34 0.47 0.33 0.45 
0, 1.23 .32 .78 .51 .66 
CO, 0.48 .087 .35 .21 .24 
CF, 97.8 99.2 98.4 98.9 98.6 
SO,F, 0.022 0.007 0.006 0.008 0.011 
SiF4 .OOS .005 .01H 
C,F, 0.033 .044 .024 .018 
SF, .005 .006 .006 

(Com posit ion given in mole percenl.) 

Table 3 gives typical mass spectrometer analyses 
(see footnote 2) of the reaction products of Teflon and 
graphite-Teflon combustion experiments. After a 
combustion experiment, the gas mixture in the bomb 
was expanded into the ballast tank attached to the 
fluorine manifold to reduce the operating pressure to 
about 3 atm abs. A sample of gas was then taken from 
the manifold into an evacuated glass bulb (250 cm3) 

contammg some mercury. The fluorine was reacted 
with the mercury and the residual gases were examined 
in a mass spectrometer. The compositions are shown 
in table 3 and represent about 25 mole percent of the 
final gas in the bomb as a result of removing the fluorine 
prior to analysis. The observed quantities of O 2, 

N2 , CO2, C2F6, SiF4 , S02F2, and SF6 are larger than 
are expected in the final bomb product gases on the 
basis of the original composition of the fluorine by as 
much as an order of magnitude. After considering 
sev.eral side reactions which might have served as 
sources of the impurities , when we applied corrections 
to the combustion data for the reactions , we obtained 
an extremely high spread of the combustion values. 
We felt that the good precision obtained from the un· 
corrected values was more indicative of the reaction 
taking place during the heat measurements and suggest 
that the anomalously high amounts of bomb gases 
other than CF4 were introduced during sampling or 
analysis procedures. The amounts of C2F 6(g) ob
served in the graphite-Teflon experiments were com-
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parable to those observed in the combustion of Te flon 
alone. Although higher fluorocarbons could be present 
at levels below the limit of detection of the mass 
spectrometer (approximately 0.01 mole percent), 
we assumed them to be absent. 

6. Calibration Experiments 

Twenty calibration experiments were made with 
benzoic acid over a three year period. Benzoic acid 
standard sample 39i was burned in a platinum crucible 
in the presence of 30 atm of oxygen and 1 ml of di s
tilled water in the nickel combu stion bomb. The 
experiments were performed in three se ries, an initial 
series of six experiments, a second series of ten and a 
final series of four experiments. All twenty experi· 
me nts were found to be statis tically equivalent and 
when averaged gave an e nergy equivale nt of 14,803.27 
± 0.99 J deg- I • The uncertainty cited is the sta ndard 
deviation of the mean. The energy equivale nt give n 
is that for the s tandard calorimeter, whic h consisted 
of the nickel combustion bomb with 30 atm of oxyge n, 
a platinum cruci ble and fuse support wires, platinum 
fuse (2 e m in le ngth, 0.01 c m diam), a type 304 stainless· 
steel lin er, mon e l pellet holder, no sa mple, a heate r, 
ignition leads faste ne d to the bomb, the calorime ter 
vessel with lid and stirrer , and wate r. The mass of 
the calorimeter vessel with water and s tirre r was 
3750.0 g. 

Us ing the appropriate heat capacity data , the e nergy 
equivalent of the standard calorimete r to be used in 
the flu orine co mbustion experime nts was calc ulated 
to be 14,805.17 J deg- 1• This involved subtracting 
the heat capacities of 30 atm of oxygen, one ml of 
di still ed water and th e platinum ware an.d addin~ the 
heat capaci ti es for 21 atm of fluorine and two alumInum 
electrodes. 

7. Fluorine Combustion Experiments 

Ten calorime tric experime nts were performed in 
whi ch "Te fl on 5" was burned in fluorin e . Like the 
benzoic acid calibration experime nts, they were done 
over a three year period in series of four, three and 
three, and show excellent agreement ove r thi s length 
of time. Seven calorimetric experi me nts were per· 
formed in which " Te flon 7" was burned in fluorine , 

followed by seven calorimetric experiments of graph· 
ite-" Te flon 7" pellets in fluorin e . 

A fluorine pressure of 21 to 22 atm was used in all 
experiments except two " Teflon 5" combustions for 
which the fluorine pressure was 16 to 17 atm. In 
each experiment the sample pellet was placed in the 
recess of the monel holder or nickel plate, the bomb 
attached to the fluorine manifold and filled with fluorine 
to the desired pressure. All bomb parts (bomb base, 
bomb head assembly and electrodes, liner, and sample 
plate) were weighed before the first experiment and 
after each experiment. The bomb parts were washed . 
with water and dried before the weighings were made. 
Although changes in weight of the bomb parts were . 
almost imperceptible from experiment to experiment, 
a definite decrement in weight was observed over an 
extended period of time which we attributed to cor· 
rosion by fluorine. 

T ables 4, 5, and 6 give the data for individual experi· 
ments on " Te fl on 5", " Tefl on 7", and graphite·"Te flon 
7" mixtures, respectively. 

The numbered e ntries in the tables are as follows: 
(la) Mass of the graphite sample mixed with Te flon 

in the pelle t, corrected for weight loss in preparation 
and for recovery of unburned sample. 

(lb) Mass of Te fl on mixed with graphite sample 
in the pellet, corrected for weight loss. 

(2) Pressure of flu orine introduced into the bomb 
prior to combus tion , corrected to 30 °e. 

(3) Energy equivale nt of the calorimeter for a given 
experime nt. This includes adjustments for excess 
fluorin e, the nic kel support, and the calcium fluoride 
support when used. 

(4) Temperature change of the calorimeter the r· 
mome te r correc ted for heat of stirring and heat 
transfe r. 

(5) Total e ne rgy cha nge in the bomb process. 
(6) Energy liberated by the tungs te n fuse assuming 

the fuse burns according to th e reaction: W(c) + 3F2(g) 
= WF,;(g). From the heat of formation of WF6 [25], 
we calcula te 9.44 J mg- I for the energy of combustion 
of the fuse. 

(7) Net e ne rgy correction for the hypothetical com· 
pression and decompress ion of bomb gases. 

]
PHgaS) JO 

!1E gas = !1Ei (gas) +!1£f (gas) PI 
o (gas) 

TABLE 4. " Teflon 5" combustion experiments 

E xperiment No. 

( I b) m(l'cflon ). g .. ... 4.l294% 4.3 19060 
12) PIF:.!1 <JIm . . 21.7 21.8 
131 <. J de~- ' .. 14.809.37 14.809.26 
14) Afr • deg .. . 2.9661 7 3.02828 
15) 1<)1- III ,). J .. . - 43.927.1 - 44.846.6 
(6) liE Ifu se). J.. 36.9 37.6 
I7J liE Igas) . .I .. 19.7 20.3 
(lJ) 6f;~o:I' .I :;- 1 .. . ... ... - 10.372.5 - 10.370.0 

no) .6.t.~n:l (Tefiun )=- 10.37 1.7 J j! - l 

III ) S tandard d evia tion ur the rncan = O.lJ3 J j! - I 

( I 31 .6.E~1IH- ~E~IO:I = 3 .4 .J j!- l 

4.286609 
21.8 

14.808.68 
3.00590 

- 44.5 13.4 
32.3 
19.7 

- 10.372.2 

4 10 

4.285883 4.358344 4.354427 4.362010 4.477871 4.367548 4.359840 
16. 7 16.6 21.8 21.3 21.4 22.0 22. 1 

14.806.'19 14.802.7 1 14.805.08 14.804.39 14.80 1.45 14.801.91 14.801 .94 
3.00367 3.05546 3.05400 3.059 16 3. 14084 3.06293 3.057 10 

- 44.475.3 - 45.229.1 - 45.214.7 - 45.289.0 - 46.489.0 - 45.337.2 - 45.25 1.0 
35. 1 14.9 13. 7 15.5 15.6 15.8 16.0 
16. 1 16. 1 20.4 l O.O 20.7 20.6 20.6 

- 10.365.2 - 10.370.5 - 10.375.8 - 10.374.5 - 10.373.8 - )0.372. 1 - 10.370.7 

114) IIE;,.ITefiun)=- 10.368.3 J g o , 
11 5) II"I<T = O 
116) IIH;"ITeflon)=- 10.368.3 j ~ - ' 
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TABLE 5. "Teflon 7" combustion experiments 

Experiment No. 3 

Ii 11 ) mIT e Run). g... 4.446597 4.367727 
12) PIF,) atm ...... ...... ••• .. 22. 1 22. 1 
13) E • .I deg" .. 14.80 1.56 14.801.93 
14) t;.tc • deg..... 3. 11 882 3.06456 
15) IEli- t;.tc ) . J ............... - 46. 163.4 ' -45.361.4 
16) t;.E Ifuse). J.. 18.9 19.4 
17) t;.E Igas). J.. ........ .... 21. 1 21.0 
19) t;.E~" . .1 g- ' .............. - 10.372.7 1 - 10.376.3 

4.546440 
22.2 

14.80 1.94 
3.18913 

- 47.205.3 
18.6 
21.7 

- 10.:174.1 

4.443729 
22.3 

14.802.21 
3. 11615 

-46.125.9 
17.5 
21.3 

- 10.371.3 

4.472263 
22.2 

14.762.5~ 
3.14506 

-46.429.2 
19.9 
21.4 

- 10.372.4 

4.367187 
2 1. '1 

14.718.29 
3.08065 

- 45.341.9 
19.5 
20.5 

- 10.373.2 

4.395447 
22.0 

14.760.24 
3.09083 

- 45.62 1.4 
20.4 
20.8 

- 10.369.9 

110) t;.t:;;,,, IT e80n )= 10.372.8 J g- ' 
(} l) S ta nd ard dev ia tion uf the mean = 0.77 J ~- I 
(1 3) ~E~!I!! - .6.t.~().1 = 3.4 J ~- I 

114) M ::", l'I'efion) =- 10.369.4 J g" 
(15 ) /l"RT = O 
06) /l fl~!J!! (l'cAun)=- IO.361J.4 J g-I 

TABLE 6. Graphite-"Teflon 7" combustion experiments 

Experime nt No. 5 " 6" 7 " 

na) rnt sa mlJlel. )! ... 0.243088 0.255922 0.264152 0.2519 13 0.256820 0.256785 0.252724 
2.468206 

21.5 
14.760.23 

3.06065 
-45.175.9 

20.4 
8.7 

25.602.2 

(1 b) m(l'cHon ). g .. 2.4 19090 2.475588 2.468792 2.592377 2.478479 2.593593 
(2) P(F~) atm .. . 2 1.1 21.6 22. 1 21.8 21.6 2 1.4 
13) E. J de~c ' .. 14.758.06 14.757.62 14.749.66 14.749.65 14.760.77 14.785.54 
(4) t;. t, .. deg .... 2.97695 3.08524 3.12481 3. 14697 3.09070 3.1 6518 
15) IEli- t;.tc) . .I .. ............. - 43.934.0 - 45.530.8 - 46.089.9 -46.416.7 - 45.621.1 -46.798.9 
16) t;.E Ifusel . .I.. 17.2 18.9 20.4 19.5 16.0 16.0 
(7) t;.E (gas) . .I ... 8.4 8.8 9.4 9.4 8.8 9.3 
IS) t;.Eo 11'e8un ) . .I .. 25.092.7 25.678.S 25.608.3 - ~~:~~~I~ 25.70S.S 26.902.8 
(9) 6.E~o:, (sample) J g -I .. -77.402.8 -77.462.3 - 77.424.4 -77.437.5 - 77.383.0 - 77.335.7 

(10) .6.E~(l:I(gra phite sa mple) = -77 .406.3 J g- 1 

(11 ) Standard deviatiun of the m t:a ll = 15.5 J g - I = 0.04 kcal IllU] - 1 

(12) Contributiun from impurities 0.0 J g- I fur 0 .029 pe rcent impuriti es 
(1 3) 6.E~!lM- 6.~O:I= O. 8 J g:~] 
(]4 ) 6.E~!lM (graphile)=--77.428.0 J g~ 1 

11 5) t;."RT=- 206.4 J . - ' 
(16) 6.f1 ~!I~ (graphil e)= - 77.634.4 J g ~ I =- 222.87 kcal mol - 1 

"The nic ke l plat e was suppurted un a Caf 1 plate in these eX I>erime nt s. 

(8) Standard energy of combustion per gram of 
Teflon at 30°C multiplied by the corrected mass of 
Teflon in the pellet, given in (lb). 

(9) Standard energy of combustion per gram of the 
sample. 

(10) Average standard energy of combustion per 
gram of the sample. 

(11) Standard deviation of the mean of the average 
c ited in (10). 

(12) Energy contribution by impurities. 
(13) Energy correction converting the reference 

temperature to 298 OK. 
(14) Standard energy of combustion of the pure 

substance, correc ted to zero impurity. 
(15) fl.nRT term. 
(16) Standard enthalpy of combustion at 298 oK. 
The heat capacities at constant pressure , C/J , used 

in the calculation of entries (3) and (13) are as follows 
in cal deg- I gram - I: Teflon , 0.28 [4]; graphite, 0.170 
[26]; and calcium fluoride , 0.205 [16]. The heat 
capacities at constant volume , Cv , used in the calcula
tion of entries (3) and (13) for fluorine and carbon 
tetrafluoride were 5.52 [27] and 12.62 [28] cal deg - I 

mol - I , respectively. 
Washburn correc tions in entry (7) were calculated 

following the procedure outlined by Hubbard [29] for 
experiments in which fluorine is used as an oxidant. 
The coefficie nts [aE/ap]r=-T[dBjdT] were found 

in tables based on a Lennard·Jones 6-12 potential 
function as compiled by Hirschfelder, Curtiss, and Bird 
[30] using the appropriate force constants. The force 
constants for fluorine and carbon tetrafluoride were 
those determined by White, Hu, and Johnston [31], and 
by Douslin [32], respectively. Force constants ap· 
propriate to the mixtures of F2 and CF4 in the reaction 
products were calculated from those of the pure 
components. 

We assumed,that the oxygen and nitrogen impurities 
found in the graphite were present as the elements 
and underwent no reaction. As oxygen and nitrogen 
were the only significant impurities, the energy 
contributed by the impurity reactions was zero. 
However, a small mass correction was made in entry 
(12) for the masses of oxygen and nitrogen present. 

Atomic weights were taken from the 1961 table of 
atomic weights based on carbon-12 and adopted by 
the International Union of Pure and Applied Chemistry 
[33]. The unit of energy is the joule, and one calorie 
was taken as 4.1840 J. 

The raw data obtained in the benzoic acid calibration 
experiments were programmed for the IBM 7094 com
puter according to procedures outlined by Shomate 
[34] for the computer calculation of combustion bomb 
calorimetric data, slightly modified to allow for curva
ture of the initial and final drift periods. The fluorine 
combustion experiments were similarly programmed; 
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howe ve r, the only valid data calculated by the com
puter were the corrected temperature rises, I1tc, 
because the program used had not bp,en modified to. 
accommodate the use of fluorine as the oxidant-

8. Discussion and Results 

8.1. Analysis of Combustion Residues 

A residue assumed to be unburned Te flon and/or 
carbon was observed in heat measurements involving 
Teflon alone; it was found to. be less than 0_01 percent 
o.f the initial mass of the Teflo.n_ No correctio.n was 
applied to tables 4, 5, or 6 for thi s residue, and we 
assumed that the formation of the residue took place 
in all experiments approximately in proportion to the 
amount of Teflon initially present- The heat of com
bustion per gram of Teflon would , he nce, be constant 
and the error due to residue formation would be elimi
nated when the energy due to the combustion of T eflon 
was subtracted from the total energy released in 
the combustion_ 

Significantly larger total residues were observed 
after the graphite combustion experiments , howe ver , 
and an analys is of the residues was therefore essential 
to an accurate calculation of the amount of reaction_ 
Because of the destruc tive nature of the analysis, 
both carbon and fluorine could not be determined in 
the same res idue _ The small amounts of residues 
also made blank determinations important- The 
followin g series of analyses (see foot note 2) were 
carried out in order to arrive at a reasonabl e under
standing of the composition of the residue. 

Te n T eflon-combustion experime nts were performed 
in which the residu e re maining after th e combustion 
of a pelle t was accurately weighed, collected with 
alumina powder, and analyzed for carbon. The col
lec tion of the residue was made by spreading about 
a gram of alumina powder over the res idue on the 
support plate and working the alumina into the resi
due with a spatula. The carbon was determined 
gravimetrically as CO2 after combustion of the mixture 
of alumina powder and , the residue in a carbon
hydrogen analyzer. 

Table 7 shows the results of the carbon analyses. 
Five samples of alumina powder were subjected to 
blank carbon analysis and an average blank of 0.04 
mg was found. The average mass of T eflon-combus
tion residue was about 1.20 mg of which the average 
carbon content was found to be 0.10 mg. Two blank 
experiments were performed in which Teflon powder 
was mixed with alumina powder and analyzed for 
carbon. These two blanks showed good agreement 
between the carbon content of the Teflon sample and 
carbon found by the CO2 determination. Three 
further blank experiments were performed in which a 
weighed amount of graphite powder mixed with 
alumina powder was subjected to carbon analysis. 
The carbon analyses were systematically low by about 
0.8 mg with respec t to the original amount of graphite 
introduced. This showeJ the analytical technique 
gave good results in the analysis of carbon from the 
Teflon blank, but poor results for graphite blanks. 

TABLE 7. Masses and carbon analyses of the residues of Teflon 
combustions 

Initia l 
sa mpl p. 

.. blank .. 
............. b lank .. . 

....... blank .. . 
. blank .. . 

T ype of experime nt 

............ bl ank ... . ............ .. .. . 
' 'Teflon 5" .. . .. blank (3.77 mg cl.l rbon) 
"Teflon 7" .... .. bl ank (1.56 mg carbon). 
Crap hite . ... . ... blank (7.99 mg) ................. . ... .. . 
Graphite ........ bl ank (1.70 mg) .. . .............................. . 
Craphite . bl ank (0.92 mg) .... .... .. .................... , .. 
"Teflon 5" ... bomb combus tion, table 4. expo 8 .. . 
"Teflon 5" ...... bomb combus tion , table 4, expo 9 .. . 
"Teflon 5" ... .. bomb combust ion. table 4. expo 10 ... .. 
"Teflon 7" .... .. bomb combustion, table 5, expo l.. . 
"TeAon 7" .. ... bomb combustion , table 5. expo 2 .. . 
::Tefton 7::.. .... boplb combustion, table 5, expo 3 .. . 

TeAon 7 ...... bomb combustion. table 5. expo 4 .. . 
"Teflon 7" ...... bomb combustion, table S. expo S .. . 
"TeAon 7" .. .... homb combustion. table S. expo 6 .. . 
"Teflon 7 .. ...... bomb combustion. table 5. expo 7 ... . 

, Mass com· Mass carbon 
bustion in residue, 

residue. mg mg 

0,98 
,98 

1.22 
0,74 

,64 
,46 
,77 
,90 

1.22 
0,95 

0.U4 
,01 
,07 
,04 
,04 

3,70 
1.56 
7.12 
0.80 

,34 
,II 
,09 
,09 
, 10 
,09 
,05 
, 15 
, 10 
08 

, ]0 

A noncalorime tric combustion of a Tehon pellet in 
21 atm of fluorin e was made which gave a residue 
weighing 0.65 mg. The residue was analyzed for 
fluorine content and s howed 0.16 mg of fluorine . 
Another Teflon residue weighing 0.51 mg pre pared 
similarly and analyzed for nickel s howed 0.03 mg Ni 
prese nt. A blank experime nt to de termine the fluorine 
content of Tefl on powder gave only 90 percent of the 
expec ted value . 

Besides fluorine and nickel, tungs te n was present 
as a constituent of the residue. Tiny balls, ranging 
in diameter from 0.010 e m to 0.035 c m sprayed on top 
of the nickel plate as a result of fu se ignition were 
identified as tungs ten by means of electron probe 
microanalysis (see footnote 2). If we assume that 10 
balls of melted tungsten are formed per experime nt, 
having diameters of 0.020 cm, a mass incre ment of 
0.8 mg should be observed . The latter incre ment 
together with the fluorine analysis could account co m
pletely for the mass difference between the Teflon 
combustion residues and their carbon analyses. 

Two experime nts were performed (table 4, experi 
ment 9, table 5, experiment 7) in which a 0.3 g Teflon 
bag was filled with Teflon powder, pressed and burned 
in fluorine in order to determine whether the presence 
of the Teflon bag affects the heat of combustion of 
Teflon. Another similar experiment was performed 
(table 4, experiment 10) in which a Teflon bag filled 
with Teflon powder was pressed and coated with an 
outer layer of Teflon. Combustion of neither thi s 
Teflon pellet nor the two uncoated Teflon pelle ts 
showed any departure from the expected value for 
the heat of combustion in fluorine . Examina tion of 
combustion residues showed about the same mass of 
carbon present here as for residues with no bag. 

The masses of the residues obtained in the calori
metric experiments with graphite-Teflon pellets varied, 
depending upon the type of s upport used and particle 
size of the graphite. These experimental variations 
are shown in table 8 along with the masses and carbon 
analyses of the residues . 

The first two experiments were made with a 0.125 
in thick (45 g) nickel plate under the sample, and left 
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T ABtE 8. Completeness of combustion in graphite-Teflon experiments 

Particl e s ize 
Expe r. of graphite. Type of sample support used 

No. range in 
microns 

1 
2 
3 
4 
5 
6 
7 

150-420 45 g nickel plate ................. .. .. .. 
150-420 44 g nickel plate .. . 
150-420 25 g nickel plate .. . 
150-420 25 g nickel plate ............................. .. 
150-420 25 g nickel plate and 13 g CaF, plate .. . 
40- 150 26 g nickel plate and 13 g CaF t plate .. . 
40- 150 25 g nic kel plate and 13 g CaF, plate .. . 

Mass com· Mass car-
bust ion bon in 
residue residue 

mg 
10.3 1 
13.22 
7.78 

10.18 
3.02 
1.74 
0.80 

mg 
5. 17 
7.11 
4.17 
5.88 
1.93 
0.83 

.28 

residues of 10 to 13 mg. Reducing the thickness of 
the nickel plate to 0.0625 in (25 g) caused no significant 
improvement in the degree of completeness of reaction 
(experiments 3 and 4). However, improvement came 
as a result of placing under the nickel plate, a 0.125 in 
thick calcium fluoride plate which increased the 
comple te ness of combustion from about 97 percent to 
better than 99 percent (experiment 5). Further im
provement in the degree of completeness came as a 
result of grinding the sample to a smaller particle size 
(40-150 J.L), and brought reactions to 99.7 to 99.9 per
cent completion (experiments 6 and 7). The percent 
completion was calculated using the mass of carbon 
found in the residue as compared to the initial mass of 
graphite in the sample. However, the large difference 
in mass between the weighed residue and the carbon 
determined by analyses cannot be ignored. In order 
to resolve this disparity, two non-calorimetric combus
tion experiments were performed in which graphite
Teflon pellets were burned in 21 atm of fluorine and 
residues analyzed ff)r fluorine content. The residues 
weighed 13.77 mg and 4.20 mg and were found to con
tain 4.8 mg and 1.1 mg of fluorine, respectively. 

A reasonably good accounting for the total composi
tion of the combustion residues (table 8, column 4) 
from burning graphite-Teflon pellets in fluorine can 
now be made. Using the above data on the fluorine 
analysis of graphite-Teflon pellets and assuming a 
linear variation of the fluorine content with total mass, 
a value for the approximate fluorine content of a par
ticular residue could be chosen. From this the carbon 
found by analysis could be divided into unburned 
graphite and carbon present as unburned Teflon. A 
correction was made for systematically low results in 
the analysis of graphite on the basis of data obtained 
from graphite blanks in table 7. Finally, a correction 
for the presence of melted tungsten fuse on the sample 
plate was applied. Each correction was weighted in 
proportion to the magnitude of the combustion residue 
found for a particular experiment. The amount of 
unburned graphite with a correction for the graphite 
blank was calculated for each experiment from these 
data and found to be almost identical with the un
corrected values found for the total of carbon content 
of the combustion residues (table 8, last column), 
the average difference being 0.23 mg. Applying 
corrections for unburned Teflon and unburned tung
sten on a weighted basis tended to increase the spread 
of the data by a factor of three. This suggested that 
the distribution of unburned Teflon is not a linear 

function of the total mass of the combustion residue. 
Whether the same is true for the tungsten is not 
easily discernible since the applied correction is small. 

Since we have been able to account for the composi
tion of the combustion residue only in a semiquantita
tive manner, the uncorrected mass of carbon found in 
the residue was used as a measure of the unburned 
graphite. We felt this to be the best representation 
for our data because it produced a minimal spread, 
but have considered the uncertainties in the composi
tion of the combustion residues in our discussion of 
errors. Hence, the mass of carbon given in the last 
column of table 8 was subtracted from the original 
mass of graphite in the pelleted mixture, and the ad
justed mass appears in table 6 as entry (la). 

8.2. Mass Increments of Pellets Exposed 
to Fluorine 

Teflon pellets exposed to fluorine at pressures of 
16 to 21 atm of fluorine, gained measurably in weight 
(0.61 mg in 21 hr, in one instance, and 2.65 mg in 264 
hr in another), and after subsequent exposure to air 
or vacuum, about 30 percent of the weight gain per
sisted. Vacuum treatment of two Teflon pellets 
caused small weight losses, which depended upon the 
time of exposure. In one such pellet, subsequent 
exposure to fluorine at 21 atm pressure resulted in 
only a small weight gain, which was lost upon further 
exposure to vacuum. This experiment was not re
peated so the reproducibility of the results is not 
known. The persistence of the weight gain in pellets 
not treated by vacuum suggests that in the presence 
of moist air, fluorine absorbed in the pellet may be 
converted to HF, which remains in the pellet along 
with the adsorbed moisture. A conversion of Teflon 
to CF4 does not occur as a weight loss would then 
be observed. 

In 2.3 hr, exposure to fluorine at 21 atm pressure 
of an uncoated graphite-Teflon pellet gave a mass 
increment of about 2 mg per hour. Upon subsequent 
exposure to air and vacuum it showed a weight loss 
of about 40 percent of the increment. A weight gain 
of 2 mg per hour, if due to reaction of fluorine with 
graphite, would not lead to a perceptibly increased 
initial calorimeter drift rate. We feel that only a small 
possibility of error can be attributed to premature 
reaction. Details of the weight changes observed 
are given in table 9. 

8.3. Summary of Errors 
We have attempted to estimate the overall experi

mental error for the heats of combus tion of Teflon and 
graphite in fluorine and have summarized the results 
in table 10. As a guide toward estimating the error 
due to the loss of sample during the pelleting operation, 
we have used the data in table 2, line 8. If the loss 
of mixture was not in proportion to the masses of Teflon 
and graphite present in the pellet, a maximum error 
of 13 J or about 0.07 percent could occur. The total 
loss of pellet was not used (table 2, line 9) since part 
of the loss was due to sealing the Teflon bag. 

In es timating the error of assuming that the residue 
from a Teflon combustion was proportional to the 
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TABLE 9. Mass increlnPnts of pellets after exposure to fluorine 

Test Nu. 

Type of pe ll e t "Teflon T" " Te fl on S" 

Initial mass of pell e t 4.24234 4.47363 
fIIo. grams 

Conditiuns (1 ) and mass in bomb in bom h 
change. m 1 - 1110. mg 2 1 a ll'll F~ 16 a im F~ 

21 hI' 11 days 
+ 0.61 + 2.60 

Conditions (2) a nd mass exposed 10 ai r under vacuum 

change. "'2 - mu. rng 1.5 days J day 
+ 0.42 + 1. 92 

Conditions (3) and mass exposed lu a ir ex pused 10 air 
change, m~ - nl<l. mg 15 days 6 days 

and unde r 
vac uunl 7 hr 
O.I~ + 1.00 

Conditi ull s (4) and mass e Xl}Osed 10 air ex pused to a ir 
change. "'4 - 1110. Illg 12 days 22 d ays 

+ 0.24 + 0.80 

TABLE 10. Summary of errors 

Descrip t ion of e rror 

I. Error du e to loss of sam ple during prepara tion .. 
2. Error in weig hing pellet. . 
3. Error from re act ion prio r 10 ign ition .. 
4. Combu s tion res idue e rror. . 
5. Error in givin g: no ass ignment to unburned Tefl on .. 
6. Erro r in fu se energy ... 
7. Error fyom bomb corros ion . . 
S. Error in de te rrnining sample impurities .. 
9. Error in ca libration experiments .. 

10. Error in the energy of combu stion of Te fl on .. 
II. Error jn the energy of combu stion uf grap hi te · 

Tefl o n pelle ts .. 
12. TOlal e rror (percent ) .. 
13 . Tola l e rror (keal mol- I) .... . 

Error in percent of 6.H~91j 
for substance 

"TenonS" "Teflon 7" grap hit e 

0.01 
0.0 1 
0.005 

0.01 
0.0 1 

0.0 1 
0.02 

0.03 
0.07 

0.01 
0.01 
0.005 

0.01 
0.0 1 

0.01 
0.02 

0.03 
0.07 

0.07 
0.01 
0.01 
0.10 
0.10 
0.01 
0.01 
0.03 
0.01 
0.02 

0.05 
0.17 
0.38 

original mass of Teflon, the data in table 7 were used. 
Analysis of the Tefl on co mbustion residues showed 
an average s pread of 0.02 mg givin g an e rror of 0.005 
percent. An es timate of the error in the graphite 
co ntent of the combustion residues can be derived 
from: (1) table 7 in which graphite blank experime nts 
show an average deviation of 0_12 mg and, (2) the aver
age difference between the actual carbon conte nts 
found for the residues and the linearly weighted es ti
mate of their carbon content , i.e. , 0.23 mg_ For thi s 
source of error we estimate 0.10 perce nt. On account 
of our inability to introdu ce a suitable correc tion for 
the amount of unburned T eflon present in th e co mbu s
tion res idue without causing a signifi cant spread in 
the graphite co mbu stion data , we sugges t an error of 
0.10 perce nt. An error of abo ut 8 J co uld be attributed 
to inco mplete co mbustion of the tun gs te n fuse . This 
amounts to 0.02 perce nt for the Tefl on and graphite
T eflon ex perime nts_ However , because the applied 
correction to th e fu se e nergy would not be made in a 
random mann er, we s hall use half the s uggested error 
(4 .J , or 0.01 percent) in calculating the overall experi
me ntal error. For errors incurred as a result of weigh
ing samples, reac tion prior to ignition , and bomb 

3 4 

"Teflon 5" "Tdinn 5" I!"uphi te- 'TcfliH17" 
(no cual ill /!,) 

4.23627 4.360.1 1 2.114070 
(2Sfl Ill ~ I! ra phit e) 

under unde r in bumb 
vac uum Vlu 'uum 2 1 aIm F~ 
1.5 hr 7 days 2.3 hr 
- 0.06 - 0.44 + 5.48 

in bomb 21 aI m ex pused to air 
F,6 hr 2 1 d ays 
+ 0.003 + 4.07 

under vac uulll expused to air 
30 min 21 days 

- 0.05 + 3.50 

exposed 10 air 5 days 
under vacuum 18 hr 
+ 3.:14 

co rrosion , we estimate 0.01 pe rcent for each. From 
th e determination of impuriti es in th e graphite sa mple, 
we es timate a maximum error of 0.03 pe rcent. 

Es timates for e rrors inc urred from the benzoic acid 
calibration experime nts, Teflon combustion experi
me nts, and combu stion of the graphite -Teflon mixtures 
were made by multiplying the appropriate factor of 
the Student t di stribution at the 95 percent confidence 
level by the percent uncertainty in the scatter of the 
heat measure me nts_ This latter uncertainty was 
found by dividing the calculated standard deviation of 
the mean for a partic ular se t of measure me nt by its 
average value . 

The total percent error for a given sample was found 
by taking the square root of the sum of the squares 
of the individual e rrors cited. Th e last entry gives 
the same total e rror expressed in kcal mol- I for the 
respective heat of co mbu stion. 

9. The Heats of Formation of Teflon, CF4(g) 
and AIF3(c) 

The calculated enthalpies of combustion at 298 OK 
for "Teflon 5" and "Teflon 7" are listed in tables 4 
and 5 as -10,368_3 ±0_9 .J g- l and -10,369.4 ±0.8 
J g- I, respectively. The cited uncertainties are the 
standard deviations of the means_ These enthalpy 
values, which were not corrected for unburned res i
du es, were appropriate for use in the calculation of 
the energy of combustion of graphite (and other sub
stances to be reported later) burned as pelle ted mix
tures with T efl on_ Inas much as we have data available 
on the analyses of Teflon co mbu stion res idues, we 
have calculated a correc ted heat of co mbu stion of 
Teflon in fluorine for the case of complete combu stion. 
Using 0.10 mg for the average amount of carbon found 
in a residue for an experime nt after adjus tmerit for a 
carbon blank of 0.04 mg, we es timate 0.24 mg as the 
amount of unburned Teflon. Applying this figure 
to the average of all the experiments in tables 4 and 
5, we find for the corrected enthalpy of combustion 
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of Teflon in fluorine (reaction (1», lim98 = - 10,371.3 
±3.1 J g- I (-247.92 ±0.07 kcal mol- I). The un
certainty cited is the overall experimental error 
calculated in table 10. 

On the basis of our heat measurements of graphite
Teflon mixtures summarized in table 6, the enthalpy 
of formation of CF4(g) (reaction (2» is -77,634.4 J g-I 
(- 222.87 kcal mol- I). 

C(c, graphite) + 2Fz(g) = CF4(g). (2) 

We estimate the overall experimental error for the 
direct combination of the elements to be 132.0 J g- I 
(0.38 kcal mol- I). 

Combining our measurements for the enthalpy 
changes of reactions (1) and (2), we calculate the heat 
of formation of polytetrafluoroethylene (Teflon) to be 
-197.82 ± 0.39 kcal (gfw C2F4)- I. 

An attempt to extrapolate the energy equivalent 
discussed under section 6.0 to the energy equivalent 
previously used [18] in determining the heat of for
mation of aluminum fluoride has been unsuccessful. 
Howe,ver, because of the consistency of the present 
calibration data and heat of combustion data on 
"Teflon 5" over a three year period on samples from 
the same batch as was previously used, we feel the 
presently cited value of - 10,368.3 J g-I in table 4 
for the heat of combustion of "Teflon 5" is more 
accurate than our previously reported value, - 10,350.7 
J g- I [18]. Similarly, we feel that an adjustment of 
the heat of formation of aluminum fluoride by the 
factor 10,368.3/10,350.7 is warranted giving a value 
0.61 kcal mol- I more negative than our previously 
reported valued [18]. We recommend for liHl298 

[AlF 3(c)], - 361.0 kcal mol- I. 
For the sake of consistency the value calculated 

in our previous paper [18] for liH/29B [CF4(g)] based on 
the heat of combustion of Teflon would now be - 222.0 
kcal mol- I rather than - 221.8 kcal mol- I. However, 
this calculation is considered to be less informative 
than the treatment of the data given in section 10. 

10. A Review of the Heat of Formation of 
Tetrafluoromethane 

In section 1 of this paper, we have cited without 
comment the values other investigators have reported 
for the heat of formation of CF4(g). Now, as a result 
of reporting our data on CF4(g), we wish to provide 
an evaluative comparison of our work to that of others. 
Because of the current uncertainty with regard to 
the heat of formation of HF, the work to be discussed 
has been divided into two groups. First, we have 
examined reactions in which the heat of formation of 
CF 4(g) does not directly involve the heat of formation 
of HF(g) or HF(aq), and have calculated values of 
liH1298 [CF4(g)] for the purpose of comparing them to 
our present work. Second, we have used our value for 

liH1298 [CF 4(g)] to calculate the heat of formation of 
HF(aq) at several concentrations, and have tried to 
explain why the derived data differs from other re
cently suggested values. 

In table 11, we have summarized various thermo
chemical studies involving carbon tetrafluoride and 
shall refer to them during our examination of the reac
tions cited. 

The work of von Wartenberg and Schutte [1] on the 
reaction of carbon with fluorine (table 11, reaction (1» 
showed no control over the amount of higher fluoro
carbons formed in the reaction or their subsequent 
analysis. In addition, the residual ash (containing 
some CaFz) also contained unspecified amounts of 
unburned material which the authors presumed to 
be carbon. An adjustment of 2.4 kcal mol- I for the 
measured heat of formation of Norite was applied to the 
heat of combustion of Norite in fluorine, -165 ± 1.5 
kcal mol-I. This · gave for the heat of formation of 
CF4(g), -162.6 kcal mol-I which the authors ap
parently rounded to - 162, increasing the uncertainty 
to 2 kcal mol- I. The estimate by Ruff and Bret
schneider [2] of the amount of fluorocarbons formed 
was still too small to bring the data close to the later 
determinations and causes us to feel the data of von 
Wartenberg and Schutte [1] should no longer be con
sidered except for its historical interest. 

Scott, Good, and Waddington [3, 4] reported burn
ing Teflon in oxygen under a series of conditions which 
were extrapolated at one limit to the condition of no 
HF(aq) in the products (table 11, reaction (2a», and 
at the other limit to the condition in which no CF4(g) 
was formed (table 11, reaction (2b». Our reaction 
for the combustion of Teflon in fluorine appears in 
table 11 as reaction (3a), and combining it with reac
tion (2a), we obtain reaction (3c). For reaction (3c), 
we find liH~98=-129.12 kcal mol-I, which, when com
bined with liH/298 [COz(g)], taken from Wagman et al. 
[21], to be - 94.051 kcal mol-I, gives for liHl29B [CF4(g)], 
-223.17 kcal mol- I. This differs by 0.30"kcal mol- I 
from our direct determination, an amount comparable 
to our overall experimental uncertainty. 

Because this treatment of our data and that of Scott, 
Good, and Waddington does not involve HF in any way, 
we feel that it avoids the ambiguity that would be in
troduced by the uncertainty in the heat of formation 
of HF. For this reason we consider it to lead to 
more definite information about the heat of formation 
of CF 4(g) than did our previous treatment [18]. 

Reactions involving CF4(g) and NaF(c) or KF(c) 
were carried out by von Wartenberg [7, 8], Kirkbride 
and Davidson [6], and Vorob'ev and Skuratov [10]. 
These reactions are listed as reactions (5) and (6) in 
table 11. 

The carbonaceous product of the reaction of sodium 
with CF4(g) in the work of Vorob'ev and Skuratov 
[10] was identified by x-ray analysis as {3-graphite and 
no correction was applied for its heat of formation. 
In a similar study by von Wartenberg [7, 8] the carbon 
was tested by combustion and x-ray methods, and, 
likewise, no correction was applied for the heat of 
formation of the product. However, in the case of 
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TABLE 11 . Th.ermochemicaL studies invoLving CF,(g) 

Reaction tJ.H;9ij (kcal mol- I) Refere nce 

C(c,graphi'e)+ 2F,(g) ~ CF,(g) 8- 162 :!: 2 [I] 
- 183.5 :t 2 
- 222.87 :t 0 .38 

2(a) C,F,(solid polymer) + O,(g) ~ CO,(g) + CF, (g) .......... ... ... ............ .... .. . - 11 8.8 :t o.5 

[2] 
thi s work 

[3. 4] 
[3.4J 

(derived) 
2(b) C,F,(solid polymer) + O,(g)+ 42H,Om~ 2CO,(g)+ 4[HF( IOH,0)]0) .. . - 160.3 :t o.9 
2(c) CO,(g)+4[HF(lOH,0)]0) = CF,(g)+43H,0(l) .. " ..... ..................... .. +41. 5 :t 1.0 

-247.92 :t o.07 3(a) C,F,(solid polymer) + F,(g) = 2 CF,(g),... .. ............ ...... .. .............. .... . thi s work 
[3, 4J 

(derived) 
[5J 

3(b) ~ 2(a) C,F,(solid polymer) + O,(g) = CO,(g)+ CF,(g) - 11 8.8 
3(c) CO,(g)+F,(g) ~ O,(g) +CF, (g) ................ ...... .. . - 129. 12 
4 CH,(g) + 4F,(g) = CF,(g) + 4HF(g) .. " . .... ... ......... . - 459. 3 :t 9 
5 CF,(gH 4K(c)~4KF(c)+ C(e. graphi'e) ... . - 307 :t 4 

- 320 :t 2 
6 CF,(g)+ 4Na(e)= 4NaF(e)+ C(e.graphi,e) ...... .... .. ... .... .. . .. . .. . .. ...... .. .. - 325.5 :t 2.2 

[7, 8J 
[6J 
[10] 
[II] 
[12J 
[l2J 
[llJ 

7(a) C,F, (g) ~ CF,(g)+ C(c.graphi'e) ....... ....... ... ... .. .. . ... . .. .................................. .. - 61.43 :t 1.4 
-65.4 :t o.42 

7(b) C,F,(g) + 2H,(g) + 4[1 8.2H,0]O) ~ 4[HF(l8.2H ,01O) + 2C(c.graphi'e) .. ... ........... .. .. - ISO.8 :t l.l 
7(c) C,F,(g)+ 2H,(g) = HFO)+2C(c,graphi'e) .... ......... . ... ... . ........... .. ................... .. 
7(d) 4[ HF(l8.2H, 0)1I1)+ C(c.graphi'e) = CF, (g)+ 2H,(g) + 4[ 18.2H,0J(l) ... 

- 132.72 :t o.7 

8 NaC1(c)+ 1/2F,(g) ~ NaF(e) + 1/2CI,(g) .... .......... .... ................ ...... .... . 
+85.4 :t 1.5 
-39.3 :t o.1 

(derived) 
[36J 
[37] 
[13J 
[14J 
[15J 
[15J 
[lSJ 

-39.5 :t o.5 
H, . 0,. CO. CF, .. . - 220.1 :t 1.4 

-220.6 
lO(a) C"F,,(cH 6.SO,(g) + 401.8H,00) = 0.6CF,(g) + 11.4CO,(g) + 19.6[HF(20H,0)1O) ... ' - 972.25 

' - 835.68 
+ 41.38 :t o.32 

lO(b) C"F,,(c) + 6.50,(g) + 13.2H,0 (1) ~3.9CF,(g) + 8. ICO,(g) + 6.4[HF(20H,0)1I1) .. . 
lO(e) cO, (g) + 4[HF(20H,0)]0) = CF, (g) + 82H,00) ................................................ . 

a Uncertainties li sted are those given by the original au thurs . and a re not necessarily compa rable. 
h tJ.E ~H( kcal mol - I). 

Kirkbride and Davidson [6], a correction of 2.5 kcal 
mol- I was assumed for the heat of formation of the 
carbon formed based on their x-ray analysis of the 
carbon product. In the s tudy by Neugebauer and 
Margrave [12] on the decomposition and reduction 
of C2F 4(g) shown in table 11 as reactions (7a) and 
(7b), finely divided soot was obtained for which they 
determined heats of formation of 1.5 and 1.9 kcal 
mol- I, respectively. In the early combustion study 
of von Wartenberg and Schutte [1] in which the 
sample was activated charcoal (Norite), a correc tion 
of 2.4 kcal mol- I was applied in the calculations for 
the heat of formation of the Norite based upon com
bustion measurements. Evidence that the carbon 
obtained by Vorob'ev and Skuratov [10] was actually 
an active form is found in their statement that they 
observed an exothermic post-reaction process which 
they attributed to the absorption of CF4 by the carbon. 
They did not include this heat in their calculation 
or make any correction based upon it. In a later 
publication involving Na(c) and C2F4(g), however, 
Kolesov, Zenkov, and Skuratov [35] found amorphous 
carbon among the products. They measured its heat 
of combustion from which they calculated a heat of 
formation of 3.95 kcal mol- I. 

The possibility of a rather large range of positive 
heats of formation of the finely divided carbon formed 
in reactions (5) and (6) is a major source of uncertainty 
in the interpretation of the experimental results. We 
shall return to this point later. 

The heat of formation of CF4(g) can be calculated 
from reactions (5) and (6) using heat of formation data 
on NaF(c) or KF(c) as has been done by the aforemen
tioned investigators [6, 7, 8, 10] or as is illustrated in 
the JANAF Thermochemical Tables [28] and the re
view by Cox, Gundry, and Head [15]. However, if we 
wish to circumvent the dependence upon the heat of 
formation of HF, there are available two heat measure
ments on a reaction (table 11, reaction 8) not involv
ing HF which we can use to calculate the heat of for-

mation of sodium fluoride. The measurements of 
von Wartenberg and Fitzner [36] and of Schmitz and 
Schumaker [37] are in good agreement with each other 
and requir~ onl y the heat of formation of NaCI(c) to 
permit calculation of the heat of formation of NaF(c). 
Using ~Hrl!J8 [NaCl(c) ] = - 98.232 kcal mol- I [16], we 
obtain for ~Hfl98 [NaF(c)] , -137.5 kcal mol- I from the 
work of von Wartenberg and Fitzner, and - 137. 7 
kcal mol- I from the work of Schmitz and Schumaker. 
Applying these results to reaction (6) of table 11, for 
which the reaction was meas ured by Vorob'ev and 
Skuratov, we calculate ~Hf298 [CF4(g) ] = - 224.5 and 
- 225.3 kcal mol- I, respectively. The average of 
these is more negative by about 2 kcal mol- I than 
our reported value. 

We have not found a concise reac tion scheme by 
which the heat of formation of KF(c) can be obtained 
without reference to HF. However, if we presume 
that the heats of form ation of NaF(c) and KF(c) bear 
the proper relationship to one another in NBS Circu
lar 500 [16], (~H1298 [NaF(c)] - ~Hf298 KF(c)] = -136.0 
+ 134.46=-1.54 kcal mol - I), the most negative value 
attributable to ~H1298 [KF(c)] would be - 136.16 kcal 
mol- Ion the basis of the previous discussion of NaF(c). 
If we apply this information to reaction (5) and the 
data of Kirkbride and Davidson [6], we find 
~H1298 [CF4(g)] :s; - 224.6 kcal mol- I. However, here 
we must bear in mind that the latter authors applied 
an arbitrary correction for the heat of formation of 
amorphous carbon of 2.5 kcal mol- I, which may be 
too large by 1.0 kcal mol-lor too small by 1.5 kcal mol- 1 

on the basis of reported measurements of the heat 
of formation of amorphous carbon found in other 
laboratories. The work of von Wartenberg [7, 8] 
seems to be so far from the other studies that we shall 
not attempt to reconcile it with them. 
. The values calculated above for ~H1298 [CF4(g)] on 
the basis of reactions involving KF(c) 'or NaF(c) are 
subject to two sources of uncertainty. Some CIF 

115 



may have formed in the reaction of NaCl with fluorine 
(reaction 8). If so the observed heats of formation 
of NaF(c) and, hence of CF4(g) would be less negative 
as the result of adjusting for the formation of CIF. 
In addition, if the carbon formed in the experiments 
had a positive heat of formation, as seems quite plaus
ible on the basis of the foregoing discussion, the values 
calculated for IlH1298 [CF 4(g)] would have to be adjusted 
to less negative values in all experiments except pos
sibly those of Kirkbride and Davidson [6]. 

As a result of applying such corrections to the work 
of Kirkbride and Davidson [6] and V orob' ev and Skura
tov [10], the values calculated for IlHJ298 [CF 4(g)] could 
both become less negative than the value found in 
our work. 

The fact that Kirkbride and Davidson [6] and 
Vorob'ev and Skuratov [10] did not measure the heat 
of combustion of the carbon which was formed in 
their experiments has reduced the ultimate useful
ness of their measurements on CF4 since there seems 
to be no way to relate their measurements clearly to a 
well-defined standard state of carbon. 

We have not attempted any evaluative comparison 
between the work of Baibuz [13] and Baibuz and Med
vedev [14] and our own since the former is not available 
in sufficient detail for us to perform any recalculations. 

In summarizing the review of work on the heat of 
formation of CF4 that is independent of the heat of 
formation of HF, we find that the values as calculated 
from the reaction of graphite with fluorine, and from 
the reactions of Teflon with fluorine and oxygen are 
in good agreement, indicating the accuracy of the re
sults presented in this paper. The values which can 
be derived from other reactions not involving HF are 
consistent with our data, but allow a range of values 
which bracket our data. 

We have examined certain reactions which involve 
both CF4(g) and HF(g) or HF(aq), and as a result of 
applying our data on the enthalpy of formation of 
CF4(g), have been able to calculate values for 
IlH/.!98 [HF(aq)] at several concentrations. 

The work -of Jessup, McCoskey, and Nelson [5] 
on the gas phase combustion of methane in fluorine 
(table 11, reaction (4» consisted of three measure
ments and led to a heat of reaction of - 459.3 kcal 
mol - I. Included in the overall experimental error 
was a correction for the nonideality of HF of 1.5 to 
2.0 kcal mol- I. Since these latter authors estimated 
the accuracy of their work at about ± 2 percent, we 
doubted whether further calculation or extrapolation 
of their work using our data on CF4(g) was useful, 
and, therefore, have not considered these results any 
further. 

The decomposition of C2F4(g) into CF4(g) and carbon, 
and the hydrogenation of C2F 4(g) were carried out by 
Duus [11] and Neugebauer and Margrave [12]. The 
latter authors remedied several of the experimental 
difficulties of Duus. They determined the heat of 
formation of the carbon formed in the reactions and 
in the hydrogenation of C2F4(g), they caused the 
hydrogen fluoride produced to be dissolved in water 
avoiding the problem oflarge and uncertain corrections 

for the amount of HF present as the gas phase. Re
actions 7a and 7b of table 11 can be combined to elim
inate C2F4(g) which is common to both. For the 
resulting reaction (reaction 7d), the work of Neuge· 
bauer and Margrave was used in preference to that 
of Duus , and gave IlH;~J8 = 85.4 kcal mol- I. Applying 
our value, IlH/298 [CF4(g)] =- 222.87 kcal mol- I to 
this reaction led to IlHJz98 [HF(18.2 H20)(aq)] = -77.07 
±0.4 kcal mol - I. 

The work of Good, Scott, and Waddington [3, 4] 
on the combustion of Teflon in oxygen is illustrated 
in table 11 as reactions (2a) and (2b). Elimination of 
Teflon from these reactions by subtraction leads to 
reaction (2c) for which their measurements give 41.5 
kcal mol- I. Applying heat of formation values for 
CO2(g), H20(l) and CF4(g) of - 94.051, - 68.315 and 
- 222.87 kcal mol-I, respectively, we calculate for 
IlH/m [HF(10 H 20)(aq)], -76.74 ± 0.35 kcal mol- I. 

Cox, Gundry, and Head [15] measured the heat of 
combustion of docosafluorobicyclohexyl in oxygen 
under a similar range of conditions to that used by 
Good, Scott, and Waddington [3, 4] on Teflon. The 
limits of the extrapolation led them to reactions (lOa) 
and (lOb) in table 11 from which reaction (lOc) is ob
tained by difference. For reaction (10c) they obtained 
41.38±0.32 kcal mol- I. Applying the same aux· 
iliary data as above, we calculate IlH;298[HF(20 H20) 
(aq)] =-76.71 ± 0.2 kcal mol- I. 

The values obtained above for the enthalpies of 
formation of HF(aq) at three concentrations are shown 
in table 12. The values suggested by Cox and Harrop 
[17] and Wagman et al. [21], are compared to IlH/298 
values calculated using our IlH;298 on CF4(g). The 
values in parentheses represent the differences be· 
tween values shown in successive rows in kcal mol- I. 
The work of Cox ard Harrop [17] is based upon a new 
determination of the heat of solution of HF(g) com
bined with the value IlH~98[HF(g)] =-64.92 kcal 
mol- I [38]. The survey of Wagman et al. [21], is 
based upon older work, but uses the value IlH/298[HF(g)] 
=-64.8 kcal mol- I. 

We wish to point out that the heat of formati·on data 
calculated for HF solutions in table 12 are each inter
nally consistent with respect to the three sources and 
show differences from one another that are constant 
at least within the uncertainties of the three measure
ments upon which our calculated heat of formation 
values for HF(aq) are based. Secondly, our calculated 
values are 0.3 to 0.7 kcal mol - I less negative than those 
of Cox and Harrop [17], and are 0.4 to 0.8 kcal mol - I 
more negative than those of Wagman et al. [21]. 

TABLE 12. Comparison of some reported values for 
~HJ2""[HF(nH20)(aq)1 

IHF(nH,O)(aq)1 !O H,O 

Cox a nd Harrop [17] .. -77.367 kcal mol - I 
10.63) 

This work... . .. -76.74 kcal Illol - I 

10.51) 
Wagman e l al. 1211 .... - 76.235 kcal mol - I 

18.2 H,O 20 H,O 

- 77.391 kcal moj - l -77.396 kcal 0101 - 1 

(0.32) 10.69) 
-77.07 kcaimul - 1 -76.7] kcal mol - I 

(0.79) 10.43) 
- 76.279 kcai moi - ' - 76.283 kcai moi - ' 
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To account for the differences observed, several 
possibilities present themselves. First, our heat of 
formation data on CF4(g) could be in error. To bring 
our data in line with either that of Cox and Harrop or 
Wagman et aI., would require that our enthalpy of 
formation for CF4(g) be more negative or more positive 
by 1.3 to 3.2 kcal mol-I . This large an error in our 
data is difficult to envision. Secondly, the calorimet
ric work of Cox and Harrop seems to have no pos
sible source of error as large as what we are looking 
for. The choice of the heat of formation of HF(g) 
could possibly be in error. They chose - 64.92 
kcal mol-I as the value for aHJ298 [HF(g)]. This value 
was suggested by Feder et al. [38], on the basis of 
reactions involving the fluorination of Si02 and the 
hydrolysis of SiF4 • Agreement between our data 
and that of Cox and Harrop could be attained if a 
aHJ298 value for HF(g) of - 64.3 to - 64_6 kcal mol- I 
were used. 

An error could be present in the heat of vaporiza
tion of HF(g) from LiHF2(c) which was determined 
from vapor pressure measurements, and entropy data 
on LiHF2(c), LiF(c) and HF(g). Because hydrogen 
fluoride , vaporizing from LiHF2 will come from within 
the lattice, a porous structure is formed when the proc
ess occurs_ If the resulting solid has a high free 
energy relative to the 'bulk crystal, the free energy 
of vaporization will be greater than for the process 
leaving LiF in the standard state. The vapor pressure 
in this case would be lower than the equilibrium value. 
Some evidence for thi s type of behavior has been ob
served with the decomposition of NaHF2 • However, 
the necessary reduction in pressure is approximately 
a factor of two to account for the observed energy 
error. This factor is improbably large. 

If crystalline LiHF2 has an entropy equal to R In 2 
at the absolute zero, a contribution of 1.377 cal deg- I 
mol- I would be added to the entropy of dissociation 
of LiHF2(c), or a contribution of about - 0.4 kcal mol- I 
to the enthalpy of dissociation. These heat data 
are part of the cycle used by Cox and Harrop to calcu
late the heats' of formation of aqueous HF solutions, 
and would bring our data on aH1298 [HF(aq)] in table' 
12 into much better agreement with that of Cox and 
Harrop. 

We may presume that as a simple substance in a 
cubic lattice, LiF will have S~ = 0 and that for ideal-gas 
HF,S~=O. However, in LiHF2(c) we find a much more 
complicated structure. In particular, the possibility 
of two equivalent positions for the hydrogen atom in the 
HF2' ion should be considered. Two suc h equivalent 
positions would exist if there were a double minimum 
in the · potential between two fluorine atoms. 

. The question of a double minimum in the bifluoride 
ion analogous to the double minimum in the poten
tial between oxygen atoms in a hydrogen bonded sub
stance has been repeatedly examined by Westrum 
and his co-workers [39- 43] and others [44-50J. 
Little if any positive evidence has been found; yet, 
continuing work indicates lingering doubts about the 
circumstances under which the unsymmetrically 10-

cated proton will occur. In particular, little evidence 
referring specifically to LiHF2(c) has been presented 
except the crystal structure [51], which gives the 
F -F bond distance, and a heat capacity and vapor 
pressure study by Westrum and Burney [42]. Un
fortunately, the calorimetric and vapor pressure 
measurements of Westrum and Burney do not over
lap with one another and cannot provide any infor
mation on the existence of a double minimum. 
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