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The standard heat of formation of alu minum fluorid e was calculated from t he heats of 
combustion of T eflon and of aluminum-Teflon mixtures in fluorin e. The heat m eas urements 
were made in a bomb calorimeter. 

(1) 

(2) 

For react ion (1 ) , t>H;ns was found equal t o - 10,350.7 ± 0.4 J g- l (-247.43 ± 0.0 1 kcal 
monomole- 1), and for r eaction (2) t>H;.,= t>H;29S was calculated to be - 1507.8 ± 1.2 kJ 
mole- 1 ( - 360.37 ± 0.29 kc,d mol e- I) . The latter uncer ta int ies a rc the computed standa rd 
deviat ions of t he means . The calculated stand ard heat of formation of a luminu m. flu oride 
is estima ted to be acc urate to within ± 6.6 kJ mol e- I (1.6 kcal mole- I). The measurements 
on T efl on were co mbined wi t h ex isti ng d ata a nd t he heat of forma tion of carbon tetra­
fluorid e was calcul ated to be - 22l.8 kcal mole- I . 

1. Introduction 

Considerable difficulty has been encountered in 
determining tbe heat of formation of crystalline 
aluminum fluoride, ~wd until about ten years ago 
no complete determination had been made. The 
most obvious procedure would have been to deter­
mine the heat of solution of AIF3(c) in an aqueous 
solvent, and to combine the result wi th the known 
heats of formation of Al+3(aq) and F - (aq). This 
procedure is not practicable because of t he low 
solubility and slow rate of solution of AIF3(c) in 
appropriate solvents. 

In the early studies by Baud [1 , 2),1 a value for 
the heat of formation of aluminum fluoride was 
calculated from heat of solution measurements on 
two hydrates of aluminum fluoride in conjunction 
with an estimate of the heat of hydration of anhy­
drous aluminum fluoride. Subsequent estimates of 
the heat of formation of AIF3(c) by von Wartenberg 
[3], Bichowsky and Rossini [4], Rossini et al. [5] , 
and Brewer [6] used Baud's estimate of the heat of 
hydration of anhydrous aluminum fluoride as part 
of their calculation. Later work has shown that 
these es timates were in error by 25 to 50 kcal mole- I. 

In 1954, Gross, H ayman , and Levi [7] studied 
reaction (1) , for which they found 

1 }"' igures in brackets indicate the l it.erature references at t he end of this paper. 

.6H;9s =- 118.53 ± 0.08 kcal mole- I. Using their 
measurement and the known heat of formation of 
Pblf2(c) , - 158.5 kcal mole- J [5] , they reported 
.6H[29s[AlF3(c)] = - 356.3 ± 0.3kcal mole- I. In later 
work, Gross, Hayman, and Levi [8] measm ed the 
heat of reaction (2) to be - 138 .31± 0.12 kcal 
mole- I. 

3N aF (c) +AI(c) +~ PbF2 (c) = Na3AIF6 (c) +~ Pb(c). 

(2) 

Combining this value with their value for the heat 
of reaction (1) and Coughlin 's values [9] for the 
heat~ of form~tion of NaF(c) and Na3AIF6(c), they 
obtamed .6Hf29s [AIF3(c)]=-356. 15 kcal mole- \ a 
value independent of the heat of formf1tion of 
PbF2(C) . Gross suggested [8] that since the heats 
of formation of all the fluorides involved in these 
calculations are dependent on that of hydrogen 
fluoride , an independent determination of the heat 
of formation of a metal fluoride by combustion of 
the metal in fluorine would be valuable. 

After om work was well under way, K olesov, 
Martynov, and Skuratov [10] reported a study of 
reaction (1). They found M·I2°9s = - 117 .7 ± 0.6 'kcal 
mole- Ion the basis of 24 measmements, and calculated 
the heat of form ation of aluminum fluoride to be 
-357 ± 2 kcal mole- I. 

In view of the large discrepancy between the val ues 
calculated by Gross and his co-workers and those 
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that had been previously estimated, we undertook 
a determination of the heat of formation of aluminum 
fluoride by direct combination of the elements in a 
bomb calorimeter. Since investigations by Hubbard 
and co-workers [11] had demonstrated the feasibility 
of bomb calorimetry with fluorine as the oxidizer, it 
seelIwd likely that this technique would lead to an 
unambiguous result. 

We feel our results show the substantial correct­
ness of the measurements of Gross et al. and Kolesov 
et ttl. The agreement between thei r results and ours 
is improved by application of new information on 
the heat of formfttion of hydrogen fluoride to the 
ftuxiliary data required in their calculations. This 
improvement tends to substantiate a more negative 
value for the heat of formation of hydrogen fluoride 
than until recently has been accepted. 

2. Preliminary Experiments 

In preliminary experiments made to determine 
optimum reaction conditions under which aluminum 
metal would burn in a combustion bomb filled with 
fluorine, a variety of sample form s was tried in­
cluding pellets, foil , and loose powder. It was found 
that massive samples such as pellets or large pieces 
of foil would either short cir cuit the fuse or fail to 
ignite from the energy supplied by the fuse. In 
these experiments a coiled aluminum wire was used 
as a fuse. Aluminum foil cut into narrow shreds 
(2.5 cm X O.025 cmXO.0025 cm) and loosely packed 
together, reacted very rapidly but only to about 75 
percent completion. From inspection of the inner 
walls of the bomb after such an experiment, and 
fronl observation of reactions in a glass combustion 
vessel, it was evident that shortly after the com­
bustion began, burning pieces of aluminum were 
thrown out of the reaction zone and quenched on 
contact with the cold bomb walls. It was difficult 
to determine the amount of unburned aluminum 
which was intermixed with the combustion product. 

A few experiments were performed in which loose 
aluminum powder contained in a thermoplastic 
Teflon bag was burned in fluorine. Only 30 to 50 
percent of the aluminum powder reacted. Con­
siderable amounts of carbon were present in the 
products as the result of incomplete combustion of 
the Teflon bag. This technique was therefore con­
sidered to be unsatisfactory. 

A sample geometry and environment were found 
which confined the sample to the reaction zone and 
provided other desirable characteristics. A mixture 
of finely divided aluminum powder and finely divided 
Teflon powder was compressed into a pellet which 
was supported on a stainless steel or monel plate. 
With this preparation, reactions were found to go 
essentially to completion (99 to 100 percent) . The 
Teflon made ignition easy because of the low thermal 
conductivity it imparted to the pellet. In addition 
it acted as a moderator and maintained a temperature 
conducive to burning. No appreciable attack of 
fluorine on the bomb parts occurred when this pro­
cedure was used. 

3. Materials 

The aluminum used for samples was in the form 
of a powder and was supplied with the following 
analysis of metallic impurities: silicon , 0.06 percent; 
iron, 0.07 percent; and copper, . 0.005 percent. 
NIicroscopic examination revealed that it consisted 
of irregularly shaped particles ranging in approxi­
mate dimensions from 10 to 160 jJ. ; the average 
particle size was determined to be 26 jJ. by ,t sub-sieve 
si;>;er. Because of the small particle si;>;e and the 
correspondingly large surface area, the sample was 
tested for the presen ce of oxide. Investigations [12], 
both experimental and theoretical in nature, ll ave 
estimated the thickness of the oxjde layer 0 11 tJlin 
aluminum films to be 20 to 50 A in air at room 
temperature. Tf a surface film of A120 3 50 A thick 
were presumed to exist on smooth-surfaced cubes 
of aluminum 26 jJ. on edge, the aluminum would 
contain 0.28 percent A120 3 by weight. Because this 
amount would cause a significant correction to the 
heat of com bustion , determination of the actual 
amount of alumina was necessary. 

The NBS Analysis and Purification Section used 
two methods to determine the amount of alumina. 
I n the fir st method aluminum powder was heated 
in an atmosphere of argon until the powder melted 
and the oxide floated to the surface . The o:-.:ide was 
then treated by the method of Werner [13] in which 
the aluminum is dissolved by a bromine-methaool 
mixture leaving the A120 3 as a residue. 

In the second method, a stream of dry argon 
saturated with bromine was passed over the alumi­
num in a furnace . Aluminum bromide distilled off 
leaving an aluminum oxide residue which was 
weighed . The values for the A120 3 content deter­
mined by the two methods were 0.46 and 0.47 per­
cent, respectively, and the average of all the individ­
ual determinations was 0.468 percent. 

The Teflon powder used was a commercial prep­
aration designated as TFE Fluorocarbon Resio , 
"Teflon 5". It was composed of irregularly shaped 
particles which tended to adhere to one another. 
Particle dimensions ranged from 50 to 800 microns, 
as observed by examination with a microscope. 
The Teflon was not modified or specially treated 
before use. 

The fluorine gas was analyzed by absorbing the 
fluorine in mercury aud observing the residual pres­
sure of unreacted gases [14]. The fluorine was 
found to be 99 percent pure. The residuttl gases 
were examined in a mass spectrometer and the 
impurities were found to be, in mole percent of the 
original sample: O2 , 0.9; N 2 , 0.08; CO2, 0.01; with 
smaller amounts of SiF4, HF, fluorocarbons and other 
compounds that were not definitely identified. 

4. Calorimei.ricApparatus 

An isothermal-j acket, stirred-water calorimeter 
was used, which was a modification of the Dickinson 
design [15] by Pros en and co-workers [16]. A single 
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motor mounted on an in sulated bracket on the jacket 
wflJl was used to stir the water in bo t h t he jacket and 
the calorimeter yessel by a pulley Itrrangement. 
Th e stirrer was coupled to the motor by a pulley to 
minimille heat transfer from the motor to the :iacket. 
The jacket water was main tained at a con:;tant 
temperature near 30°C with a range of 0.005 °C by 
a comm ercial thermoreguh.tor ha\Cing a temperature 
sensiti \Te resistor as a sensing element. 

T emperatures were measured with a G- 2 l\I[ueller 
bridge in conjunction with a 25-ohm platinum­
resistance thermometer. The latter was immersed 
in the cfllorimeter vessel neal' the wftll. Tempera­
tures were read to 0.0001 °C. 

R eactions were conducted in ft co mmerciftlly 
a Vltilable combustion bomb shown in figures 1 and 
2, which is suitable for handling :fluorine as the oxi­
dan t. The bomb was fabricated from "A" nickel, 
and hfts a volume of approximately 360 cm 3. The 
pelleting device is shown in figure 2 ftlong with the 
electrode-fuse arrangement and pellet holder used 
in th e experim ents of series 1. 

The sbwdard initiftl calorimeter for the experi­
ments of series I consisted of the combustion bomb 
with aluminum fuse supports, Chromel C fu se wire, 
mon el pellet holder and 21 atmospheres of fluorine 
at 303.2 O\\: , the electrical heftter , the resistance ther­
mom eter and the calorimeter \'essel with a mea:;ured 
quan tity of water. The m ftSS of the calorimeter 
vessel, plus water, was 3700.0 g. For the experi­
ments of series II , the stftndard in itial c~.lorimeter 
vms the same as for series I except for the addition 
of a liner inside the bomb, slight modifications in 
the fuse, fuse supports, and pellet holder. 

Some electrical cftlibra tion experiments were 
carried out using a heater of no \' el design. The 
heater consisted of ftn insulated Ad\'t),J1ce wire in­
side an ann ealed co pper tube. Th e tube was 
flattened and coiled to fit the co mbustion bom b. 
Because of excessive thermal conduction through 
the heater connections to the outside, the electrical 
calibration experiments are not considered to be 
vftlid. However, because the results of the elec­
trical calibrfttion must be included in order to give 
an adequate description of the co mbustion experi­
ments, the electrical instruments will be listed 
briefly. 

The equipment used in measuring the power 
supplied to the calorimeter consisted of ft Wolff­
Dieselhorst potentiometer, a 0.01 ohm Reichsanstalt­
type standard resistor, a volt box with a ratio of 
20,000 to 20 ohms, a thermostated Weston standard 
(sa turftted) cell, and the 10.6 ohm heater. Current 
throuo'h the heater was turned on and off by a 
manu~lly operated DPDT copper knife-switch. 
An electronic timer with a resolution of ] 0- 5 seconds 
was triggered to operate by the appearance and 
disappearance of the voltage on the heater, and thus 
recorded the elapsed time of heating. The time 
base was the N BS standard frequency signal of 100 
k c/s. A standard frequency time signal (60 c/s) 
was used to operate a recording clock for timing 
the rapid temperature rise of the calorimeter. 

Standard frequency time sign~1ls (one per second) 
were used to time the initial and finnl drift periods. 

Procedures used in making th e h eat measurements 
have been adequately described elsewhere [17, 18]. 
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FIG U I11c 1. Inner aTrangement of the jhw1'ine combustion bomb. 
A , ni ckel bomb head; H, noedle val ve; C, 111 0nol pressure plate; D , T eflon 

gaskeL; ]!:, 1I10nel lock nut; F, aiUlllinul1l electrode; 0 , ru sc; II , bOlllb bod y; .I , 
screw cap; J, a iuJlli na washer; K, monel rod ; 1., t y pe 304 s tainless steel liner; 
M , pellet; N, pellet holder. 

FIGURE 2. Pellet p1'ess used in sample pre parat ion and 
electrode-fuse alTangement. 

Foreground: 1110ne1 pellet holder with Te flon salllpic, aluminum-Teflon 
smnple l1earby, bomb head showing electrode-fuse arran gement for series I 
experiments. Backgrollod: peliet press, die pieces, and bomb bod y with screw 
cap. 

139 



A 

o o 

FIG U RE 3 . S chematic diagram of fluorine manifold . 
.A , helium ; B, fluorin e; C, hydrogen fl,?- oride tra p; D , fluori ne v alve; E, liquid nitrogen trap for fluorlnc; F , nuorin e 

v alve to lnanifold ; 0 , heliUln v alve to Hlumfo!d; II , pressure gage (0-35 atln); I , valve to bonlb;.I, bomb; K , valve to vac ­
uunl gage; L , vacuum gage (0-1 atm); ~[ , N , v alves to gas-sample collector bulbs;C;> , gas-s~l1lple coll c<?tor bulbs; P, v alv e 
to fluorine absorption tower; Q, v en t valve to fum e hood; H, valve to vacuwn VIa fluonn e absorption tower; S, va lve 
direct to vaCUUln; T , flu ori ne absorpti on tower. 

5. Fluorine Manipulation 

A manifold for handling fluorine, shown in fig~re 
3, was used with its attachments for (1 ) fillIng 
and emptying the combustion bomb, (~) obtaining 
samples of volatile products of combustIOns and (3) 
obtaining samples of fluorine for analysis. The 
manifold consisted of ~~ in. monel tubing (wall 
thickness 0.035 in.) connecting a series of commer­
cially available pacldess unions, T -connectors and 
valves. The valves, T -connectors, and unions were 
made of monel or stainless steel and were silver 
soldered to the monel tubing. Some copper cou-
plings were also used. . . 

To the manifold were attached cylmders of hellUm, 
A, and fluorine , B, gas sampling bulbs, 0 , a fluorine 
absorption tower, T, a vacuum system (not shown), 
and two Bourdon gages, L, and H, specially con­
structed for fluorine service. Of the Bourdon 
o·ao·es H was used for measuring pressure over the 
~a~ge' 0 to 35 atm abs and 1.1 was for indicating rough 
vacuum from zero (2.5 mm Hg) to 1.0 atm. A 
thermocouple gage in the vacuum system was used 
to measure pressures below 10- 1 mm Hg. A 
mechanical pump provided a sufficiently good 
vacuum for work with the fluorine handling system. 
The system was considered to be sufficiently gas­
tio·ht for use if no indication of leaks was found at 
internal pressures of either 35 atm or 0.005 mm Hg. 

In order to fill the combustion bomb, J , with 
fluorine , it was attached to the manifold by a screw 
connector. ,Vith valves F , G, M , P, R closed and 
valves I, K, S, and the bomb needle valve open, 

the bomb was evacuated to a pressure of 10- 2 mm 
Hg. Wilen this degree of vacuum was attained, 
valves K and S were closed, and fluorine was intro­
duced into the bomb by opening the fluorine tank 
valve, and then valves D and F. The rate of flow 
was regulated to allow the pressure to increase about 
four atm per minute. When the gage pressure was 
a bout 21 atm, valve F and the bomb needle valve 
were closed, then valve D and the fluorine tank 
valve. If the pressure in the tank was less than 21 
atm, a small section of the line, E , was immersed in 
liquid nitrogen and fluorine was condensed in it. 
By allowing the condensed fluorine to evaporate 
and regulating the backflow through valve D , a 
pressure of 21 atm could be obtained in the bomb. 
After the bomb had been filled and valve D was 
closed, the residual fluorine in the manifold was 
diluted with helium. The gas mixture was slowly 
passed through valve P and into the fluorine absorp­
tion tower. The absorbent used was soda lime. 
The rate of flow was adjusted to reduce the pressure 
about 4 atm per minute until the pressure was 
atmospheric. Gases passing through valve Q 
emerged near the top of the (ume hood in which the 
apparatus was located into the path of the up-draft. 
The manifold and absorption tower were filled with 
helium to a pressure or about 8 atm through valve 
G, and then valve Q was opened to release the gases. 
The purging procedure was performed three t imes. 
Then after valve Q was closed, valve R was opened 
and the sys tem was pumped out through the absorp­
tion tower. When the pressure reached about 5 mm 
Hg, valve I was closed and the loaded combustion 
bomb was removed from the fluorine manifold . 
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In order to remove fluorine remaining in the bomb 
after an experiment, and to obtain samples of other 
gaseous products of combustion, the bomb was 
again attached to the manifold. Removal of 
fluorine was done using much the same procedure as 
described above, except that the bomb needle-valve 
remained open until evacuation was complete. 
The bomb was then filled with one atmosphere of 
helium and was ready to be opened. 

To obtain a sample of bomb gases before com­
pletely emptying of the bomb, bulbs at 0 were used. 
If the interest was in the gaseous constituents other 
than fluorine , the bulb contained a little mercury 
which by gentle shaking absorbed the fluorine after 
the bulb had been filled. 

6. Calibration Experiments 

Each series of combustion measurements (serie s 
I and II, described later) was accompanied by an 
electrical calibration in which conditions were the 
same as in the measurements. Following the ex­
perimental measurements on Teflon and the almni­
num-Teflon mixtures, two other series of calibration 
experiments were made. 

Series III consisted of calibration experiments in 
which benzoic acid (Standard Sample 39h) was used 
as a reference material and was burned in oxygen 
at 30 atm pressure. The energy of combustion of 
benzoic acid in the standard bomb process is 26434 
J g- 1. Also present in the bomb were a platinum 
crucible to hold the sample, one ml of distilled 
water, and a two-cm piece of Chromel C fuse wire 
(diam 0.16 mm ) supported over the sample by 
platinum wire leads. The oxygen used was of 
high purity (99.996 percent) and no nitric acid 
correction was required after a combustion experi­
ment. This was checked by measuring the pH 
of the solution in the bomb after each experiment. 

A discrepancy of about 0.17 percent between the 
chemical calibration and previous electrical cali­
brations was indicated by series III. Because of an 
uncertainty, mentioned in section 4, associated with 
the electrical calibration experiments, the calibration 
with benzoic acid, series III, is preferred over the 
electrical measurements. 

Because the bomb had been changed after series I 
and II and before series III another electrical 
calibration, series IV, was carried out in order to 
determine accmately the correction factor to be 
applied to the measmements of series I and series] J. 
For series IV the bomb, its contents, and other 
conditions were the same as the initial conditions of 
the benzoic acid calibration experiments. The 
heater was present in both the chemical and electrical 
calibration experiments. 

Six experiments with benzoic acid in series III 
lead to a mean energy equivalent of 143,038.9 
± 15.6 J ohm- I. The electrical calibration of 
series IV leads to a value of 143,276 .5 ± 16.0 J 
ohm- l based also on six experiments. The six 
electrical calibration experiments of series 1, ad­
justed by the factor 143,038.9/143,276 .5 lead to an 
enero-y equivalent of 143,725 .5 ± 13.5 J ohnl- I • 

Similarly, the five electrical calibration experiments 
of series II, adjusted by the same factor lead to an 
energy equivalent of 144,097.7 ± 14.0 J ohm- I. 
The uncertainties cited above are the standard 
deviations of the means computed fronc the data. 

The differences in the observed energy equivalent 
are due to small differences in the bomb and its 
contents which have been discussed. Each series 
of heat measurements was calculated using the 
appropriate energy equivalent. 

7. Combustion Experiments 

Two complete series of combustion experiments 
were carried out, series I and series II. Series 1 
consisted of five combustions of Teflon (table 1), 
six combustions of aluminum-Teflon mixtures (table 
2) , and the six electrical calibration experiments 
previously mentioned. This series must be con­
sidered in the nature of preliminary experiments, 
however, it affords substantial support for the later 
measurements and is therefore described in detail. 
Series II consisted of five combustions of T eflon 
(table 3), five combustions of aluminum-Teflon 
mixtures (table 4), and five electrical calibration 
measm·ements. 

T ABLE I.- Teflon combustion experiments. Series I 

Experiment 

(la) m (Tefion ) ______________ g 
(3) L __________________ J olim- 1 
(4) t>Ro. _______________ __ olims 
(5) (.) (t>R,L _______ __ ________ J 
(6) q (fllse) ______ _______ __ ____ J 
(7 ) q (corr. ). _______ ___ __ ___ ___ J 
(8) "H'98 ('l'eflon) __ . ____ ______ J 
(14) t>H'98 (Teflon) ____ _____ Jg-l 

4.23389 
143.777. 8 
0.305338 

-43,900. 8 
153.5 
30. 4 

-43.7 16.9 
- 10, 325.5 

2 

4.24120 
143, 778.2 
0.305831 

-43,971. 8 
138.5 
30.6 

-43, 802.7 
-10,327.9 

4.24090 
143 778 1 
0.306107 

-44,011.5 
138.0 
30.6 

-43,842.9 
-10,338.1 

4 

4.22823 
143. 778.2 
0.305673 

-43,929.1 
349.0 
30.5 

-43,569.6 
-10, 304.5 

4. 24161 
143.778.6 
0. 306201 

-44,025.2 
76.0 
30.7 

-43,918.5 
-10,354.2 

(16) Mean t>HI98 (Teflon ) _____ .. ______________ __ . _________________________________ __ ______ -10. 330. 0 J g-1 

(1 8) Standard deviation of the mean ___ ____ ________ ____ _____ _____ __ • _______ ____ . ____ _____ _ 8.1 J g-l 
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T A BLE 2. 11luminum-Teflon combustion experiments. Series I 

Experilnent 

( Ia) m ('l'eflon) _______________________________ g __ 2.01775 
0.39548 

1. 2209 
143,756.2 
0.299379 

-43,037.6 

2.13988 2.13002 2.13445 2.138J4 2. 13529 
( Ib) m (AI sample) __ _________________________ g __ 0.39914 0.40080 0.39996 0.40224 0.40190 
(2) m (AlF, founcl ) _____ _______________________ g __ 1. 24RO 1. 2510 I. 2375 I. 2375 1. 2625 (3) < _____________________________ ____ ___ Johm- ' __ 143.757.6 (4) t1R ,. _____ _____ __ ______________________ ohms __ 143, 758. :3 143,755.7 143,757. 7 143, 758. I 

0.308698 0.308887 0. 309101 0.309993 0.309959 (5) «) (t1R ,) __ __ ____________________________ __ J. _ 
(6) q (LuseL ____________ ____________ _________ J. _ 

-44,377.7 -44,405.1 -44,435.0 -44,563.9 -44,559.1 
370.0 195.0 226. 0 221. 5 30R. 0 (il q (corr. ) _______________________ __ __________ J. _ -49.2 -49.4 -49.7 -50.0 -50.0 

(8) -M-i!" (Teflon) ___ ___________________ _____ J. _ 
(9) un" (Al) ___________________ ____ __________ J __ 

170.0 
- 49.5 

20,843.4 
-22, 073.7 

42.8 
0.014569 
0.014494 

-22,030.9 

22, 105.0 22,065.1 22,048.9 22, OR7. 0 22,057.5 

(10) t1H!" (impurit ies) __ ____________ __ ________ J __ 
-21, 951. 9 -22, 194.4 -22,209.8 -22, 30,5.4 -22, 243.6 

43.1 43.1 43.1 43.2 43.2 
(I I) n (AI, carr. ) ____________________________ ____ _ 0.014703 0.014765 0.014734 0.014818 0.014805 
(12) 11 (AIF, eorr. ) _______________________________ _ 0.014817 0.014853 0.014692 0.0 148J7 0.014990 
(13) :;H!" (AI corr. ) __ _________________________ J __ 
(14) M-H" (combustion ) , kJ (mole 11.1)-, _________ _ 
(15) t1 H ,,, (combustion), kJ (mole AIF,)-l 

- 1512.18 
-1520.00 

-21,908.8 -22.151. 3 -22, 166.7 -22.262. 2 [ -22.200.4 
-1490.09 -1500.26 -1504.46 -1502.38 -J499.52 
- 1478.63 - 1491.37 -1508.76 -1502.48 -1481. 01 

(16) :'vIean t1II,98 (combustion) -1501.5kJ (mole 11.1)- '; -358.87 kcal (mole 11.1)- ' 

(17) Mean t1HI98 (combustion) - 1497.0kJ (mole AIF,) -!; -357.79 kcal (mole AIP,)-' 

(18) Standard deviation of the m eau 1.6kJ (mole Al)-'; 0. 38 kcal (mole Al)-' 

(19) Standard deviation of the mean 6.6kJ (mole AIF,)-'; 1.6 kcal (mole AIF,)-' 

TABLE 3. Teflon combustion experiments. Series I I 

Experiment 4 

(la) m (Tc flon ) _____________ .g 
(3) <- __ __________ ______ J ohm- ' 
(4 ) t1R, _________________ ohills 
(5) «)(LlR,) _________________ J 

(7) q (corr. ) __ : _______________ J 
(6) q (fuse) ___________________ J I 
(8 ) t1H,,, (Te fl on ) ___ _________ J 

4.25461 
144, 153.1 
0. 306016 

-44,1 13.2 
42.7 
30.8 

-44,039.7 

4. 23781 
144 ,152.4 
0.304855 

-43,945.6 
45.6 
30.5 

-43,869.5 

4.23486 
J44 , 152.4 
0.304558 

-43,902.8 
42.8 
30.5 

-43,829.5 

4.22402 
144,152.2 
0.303797 

-43 793 0 
, 41: 8 

30.5 
-43,720. 7 

4.20040 
144,152.6 
0.306424 

-44, 171. 8 
44.5 
30.8 

-44,096.5 
(14) M-I!" (Te flon) ___ _____ Jg-, -10,351.1 -10,351. 9 -10,349.7 - 10.350.5 -10,3.00.3 

( 16) Mea n Ml!" ('reflon). ___________ ____ __________________________________________ .. ____ -10,350.7 J g- ' 

(18) St andard deviation of t he mean. ___ __ _____________________________________________ ~ __ __ _____ 0.4 J g- ' 

T ABLE 4. AI1,minum-Teflon combustion experiments. Series II 

Experiment 

(la) m ('l'eflon) _____________ _____ _______________ g __ 
(lb) 111 (AI sam ple) ___________________ _______ ___ g __ 
(2) m (AlF, found) __ _________________________ __ ~--
(3) • ___ ______ _____ __ ______________________ J o hm- ' __ 
(4) t1R, __ ____ _____ _________________________ _ ohms __ 
(5) «) (t1R ,) ______ ___ __________________ __ ___ ____ L 
(6 ) q(fu'e) __ __ ________________ _____ _______ ______ J __ 
(7) q (cnrr. ) ____________ ____ ______ _______________ J __ 
(8) -M-j02" (T eflon) ___________________________ J __ 
(9) t1Ho", (AI) ____ _____________________________ L _ 
(10) t1Ho298 (impurities) __ ___ . _____ __ ____ ________ J __ 
(11 ) n (AI, corr. ) __________________________________ _ 
(12 ) n (AIF, corr .) _____ __________________________ _ _ 
(13) t1l-I0 ", (AI, corr. ) ___________________________ J __ 
(14) t1I-T°298 (combustion) ,.T (mole Al)-' ___________ _ 
(15) t1I-T°298 (combustion) , J mole AlF,)-' _____ __ __ _ 

2.14074 
0.40028 

1. 2311 
144,131. 4 
0.308652 

-44,486. 4 
49.2 

-49.5 
22,158.2 

-22,328.5 
43. I 

0.014746 
0.014616 

-22,285.4 
- 1511. 28 
-1524.73 

2.12i28 
0.39880 

1. 2213 
144, 131. 7 
0.306706 

-4<l, 206,1 
49.6 

-49.5 
22,018.8 

-22,187.2 
43.0 

0. 014691 
0.014499 

-22, 144.2 
- 1507. 33 
-1527.30 

(16) Mean t11.J029S (combustion) -1507.8 kJ (mole AI)-'; -360.37 kcal (mole Al)- ' 

2.14192 
0.40031 

1. 2527 
144, 132.9 
0.308567 

-44,474,7 
50. 1 

-49.6 
22, 170.4 

-22,303.8 
43.1 

0.014747 
0.014873 

-22,260.7 
- 1509.51 
- 1496.73 

(17) Mean t:.Ho298 (combustion) -1506.7 kJ (mole AlF,)-' ; -360. 11 kcal (mole AIF,)-' 

(18) Standard deviation of tIle mean 1.2 kJ (mole Al)-'; 0.29 kcal (mole Al)-' 

(19) Standa rd deviatiou of the mean 7.9 kJ (mole-' AlF,)-': 1.9 kcal (mole AIF,)-' 
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2.13963 
0.40430 

1. 2661 
144,131. 6 
0.309709 

-44,638.9 
50.2 

-50.2 
22, 146.7 

-22,492. 2 
43. 4 

0.014894 
0.015033 

-22,4<l8.8 
- 1507.24 
- 1493.29 

5 

2. 13579 
0.40278 

1.2600 
144, 131. 6 
0.308498 

-44,464.3 
49.8 

-50.0 
22,106. 9 

-22, 357.6 
43.2 

0.014838 
0.014960 

-22, 314.4 
- 1503. 87 
-1491. 60 

I 

• I 



7 .1. Experimenta l Conditions a nd Procedures 

F or t he combustion of Teflon in both eries I 
and series II, accUl'ately weigned pellets of abou t 
4.25 g were prepared from powdered T eHon. 

For the combustion of mixtures, abou t 2.13 g of 
T eflon and 0.40 g of aluminum powder were accu­
r ately weighed for each experiment. The powders 
vvere mixed with a needle, and transferred t o a 
pellet press for pelleting. The aluminum powder 
adhered to the Teflon, and t nus transfer was no t 
difficult . The pellet was also accUl'ately weighed ; 
a loss in weignt (l.0 to 2.5 m g) on pelleting was 
always observed. In calculating the sample m ass, 
we assumed that the loss of the two constituents 
took place in proportion to the original amount of 
each. T he samples were weighed to 0.01 mg. 

In series I , t he mass of aluminum fluoride formed 
was determined by weighing the bomb head with 
the electrode-fuse system , and the bomb base with 
the pellet holder , before and after each experimen t. 
A balance ha ving a capacity of 5 kg a nd a reada­
bility of 0.5 rng was used for weighing the bomb 
par ts . 

The fuse system used in series I was 2-cm piece 
of Cbromel C wire (0.015 cm diam) suppor ted on 
either side by a 3-cm piece of aluminum wire (0.025-
cm diam). The mass of the fu se system, i .e., alu­
minum wires (S mg) and Chromel C (3 mg), was 11 
mg, and its heat of comb usLion wo uld be 4S3 .5 J 
if it burned completely. 

Inspection of the bomb after a combustion showed 
many small balls of mel ted fu se adhering to the wall . 
D etermining t he amount of melted fuse remaining 
was difficul t because removal of the fu se from the 
bomb wall almost always resulted in chipping ou t 
some of tbe bomb material i tself. Establishing the 
amount of un burned fuse by weighin g t he bomb 
base was also difficult because of the large mass of 
the bomb base (a bout 2 kg) compared to the spat­
tered fuse (2 to 6 mg). The difficul ty was much 
greater when aluminum was burned bacause fuse 
pieces could not be easily separated from the alu­
minum flu oride form ed in the combustion . 

The difficul ties a nd uncer tainties in troduced by 
the fuse were a maj or factor in the decision to carry 
ou t an additional series of exp eriments on an im­
proved fuse sys tem. The fu se problems in series I 
are discussed fur ther in section 7 .2. 

Series II differs in several respects from series 1. 
A liner was inserted into the b omb base in an at­
temp t to facilitate weighing of the aluminum fluoride 
product. The liner was made of type 304 stainless 
steel. It had a wall thickness of about 0.25 cm, weighed 
177 g, and fi tted snugly in to the bomb wi th a clear­
ance of abou t O.OOS cm . A different monel pellet 
holder was used in the liner than in the series I ex­
perimen ts. The mass of aluminum fluoride was 
determined by weighing the stainless steel liner plus 
monel pellet holder before and after each experi­
ment. Aluminum fluoride dep osited on parts of 
the bomb ou tside the liner was brushed in to the 
liner for weighing. 

A six-em piece of tungsten wire (O.OOS cm diam) 
was used for the fuse in series II . The mass of the 
fuse was abou t 5 mg, and if bUl'ned to completion 
the fuse would co ntribu te abou t 50 J or about o. i 
percent to the energy of co mbustion. The use of 
~ungsten for. the fuse wire offers the advan tage that 
Its combustIOn leads to a volatile subs Lance and 
therefore, any unburned fuse is easily observed: 
Little if any unburned fuse was obser ved in the 
aluminum-Teflon combustions, but a small r esidue 
of the ends remained after the Teflon combustions. 
The improved estimation of the fuse enero'y and 
t~le .smaller amo.unt. of f~se ene~'gy appare~tl;T are 
s~g.mficant co ntnbutmg fac tors m the greater pre­
ClSlOn and accuracy of the measuremen ts of series 
II. 

7.2 . Exa mination of Combustion Products 

The aluminum fluoride produced in the combus­
t ions was depo ited as a fine white powder covering 
the in ner sw'face of the bomb, and in a larger mass 
in the immediate area of combustion. It was 
examined micr oscopically and found to be crystalline 
in appearance . The par ticles were regularly shaped 
and had dimensions of three to five micr ons. The 
x-~'ay diffraction pattel'll of t he powder agreed well 
wlth data repor ted earlier [19] . The pattel'll found 
was that for space group D~-R32 #1 55, . which is 
t rigo nal. The unit cell was hexagonal with par am-
eters a= 4.927 A and c= 12.445A, with six mole­
cules per unit cell. 

Aluminum oxide in small amounts would not be 
detected by the x-ray examination. H owever , 
an experiment was performed in which aluminum 
was bmned in a n equimolar mixture of fluorine and 
oxygen. The white powder formed as a result of 
the r~action was given an x-r ay examination. Only 
alumlnum fluonde was observed. Because no alumi­
num oxide was obser ved in the products of t his 
r eaction we presume t hat no appreciable amount 
of aluminum oxide would be formed by reaction of 
the small amo unt of oxygen impW'ity in t he flmoine. 

Af ter a T eflon combustion a small amou nt of 
carbon residue was disceI'llible (0. 2 to 0.9 mg). No 
correction was applied for the unbmned carbon. 
We assumed that carbon was formed in t he same 
r atio to t he amount of T eflon present in the com­
bustion of aluminum-Teflon mixtUl'es as in the 
combustion of T eflon alone, and that the error due 
t o unbUl'ned material would tend t o cancel ou t 
when t he energy from t he Teflon was subtr acted 
from t he total ener gy in the combustion of the 
mL'{tm es . 

Aside from the sm all amount of carbon formation, 
t he combustions were complete, with CF 4 as the 
only significant gaseous product in both the T eflon 
and aluminum-Teflon experimen ts. F ollowing sev­
eral experimen ts of each kind, t he gases remaining 
after removal of fluorine were exanlined in a mass 
spectrometer. The observed peaks could not be 
at tributed to fluorocarbons other than CF 4 at 
levels of more than 0.02 per cent. Oxygen, nitrogen 
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and other impurities except CO2 originally present 
in the fluorine were still present, and the amounts 
were about what would have been expected if no 
change in them had occurred. The amount of 
CO2 had increased by 0.3 to 0.5 mole percent. 
The SOUTce of the added CO2 was not determined, 
and was found in both the Teflon and the aluminum­
Teflon experiments . No correction was made for 
its formation . 

8. Discussion and Results 

8.1. Treatment of Combustion Data 

The data for the experiments recorded in tables 
1- 4, are enumerated in such a way that the same 
item number, so far as possible, refers to the same 
quantity in all the experiments. Items (la) and 
( lb) are the masses (in vacuo) of Teflon and aluminum 
in the sample while item (2) is the mass (in vacuo) 
of aluminum fluoride recovered. N either are cor­
rected for impurities, however, the masses of Teflon 
and aluminum have been adjusted for losses in 
pelleting. The energy equivalent of the calorimeter, 
the corrected temperature rise, and the total observed 
energy are given by items (3), (4), and (5), respec­
tively. The contribution of the fuse, Teflon, and 
impurities to the total reaction energy are given by 
items (6), (8), and (10), respectively. No impurity 
corrections were made for Teflon. The quantity q 
(corr), item (7), includes the corrections needed to 
convert the observed reaction energy to that with 
the reactants and products in their standard states 
(Washburn corrections), the heat capacity correc­
tions to convert the reaction energy from the final 
temperature, 30°C, to the standard reference tem­
perature, 25°C, and the difference !1H2;s- !1E2;s 
which converts the heat of reaction measured at 
constant volume to that at constant pressure. Item 
(9) denotes the fraction of the reaction energy con­
tributed by the combustion of alumi num given in 
item (1 b). Items (11) and (12) give the num bers of 
moles of AI and AIF3 corrected for impurities in the 
aluminum and are, therefore, the most suitable 
measures of the quantity of reaction. Item (13) 
gives the reaction energy measured for the combus­
tion of aluminum, corrected for impurities. The 
enthalpy change obselTed per mole of aluminum or 
per gram of Teflon introduced is listed in item (14) 
while the mean value is given in item (16) . The 
corresponding values for the enthalpy change per 
mole b ased on AIF3 recovered are listed in items (15) 
and (17), respectively. 

It is apparent from the standard deviations of the 
means given in items (18) and (19) that the heat 
observed for the combustion is more closely corre­
lated with the mass of aluminum introduced into 
the bomb than with the observed masses of the 
aluminum fluoride formed in both series I and series 
II. The calculations based on the mass of aluminum 
fluoride formed appear less precise in series II than 
in series I. We attribute this difference to the use of 
the liner in the calorimeter bomb in series II. The 
liner has more than doubled the surface area of 

metal exposed for fluoride film formation. This 
would lead to greater and perhaps more erratic 
increases in weight due to extraneous reactions. In 
addition, and perhaps more important, quantitative 
transfer of aluminum fluoride from the other bomb 
parts of the liner for weighing is difficult. 

Another significant difference between series I and 
series II is that no dependence of the observed heat of 
combustion on fuse-energy correction is noted in 
series II, though a significant dependence is noted in 
series 1. The use of a tungsten fuse with a low total 
heat of combustion in series II appears to have made 
a significant improvement in the experiments. 

8 .2 . Fuse Energy Correction 

Of the corrections applied in series I to the energy 
measurements in the combustion of both Teflon and 
the aluminum-Teflon mixtures, the fuse energy cor­
rection, item (6) of table 1 and table 2, is by far the 
largest and most uncertain. The magnitude of this 
correction was between 0.2 and 0.8 percent of the 
total energy involved in the combustion process. 
It was also observed that in each case the calculated 
energy of reaction was approximately a linear func­
tion of the fuse correction applied, and that in fact, 
a smaller spread of measurements would be obtained 
if no fuse energy correction were applied. 

A least squares fit of the heat of combustion 
observed for Teflon (J g-1) versus the fuse energy 
applied, (q (fuse)), gives equation (3) 

- !1H;9S [Teflon] Jg-l= 1O,357.6 - 0.16122q (fu se) J . 

(3) 

The standard deviation of the intercept (zero fuse 
energy) is 18.8 Jg- l and of the slope is 0.043 . The 
intercept bears no necessary relation to the true 
heat of combustion, as some fuse must have burned 
in order to ignite the sample . Nevertheless, the 
intercept is in much closer agreement with the mean 
of the measurements on Teflon in series II than is 
the mean of series I, differing by about 7 J g-l. If 
we assume for series I a true fuse energy of about 
43.5 J (the mean of that in the Teflon experiments in 
series IJ), we obtain a value for the heat of combus­
tion of Teflon in series I of - 10,350.6 Jg-\ in almost 
exact agreement with series I I. These calculations 
do not justify placing any appreciable weight on the 
results of series I in comparison with those of series 
II, but do allow us to infer that the difference between 
series I and series II is largely attributable to the 
uncertainty in the values taken for the fuse energy. 
If the calculation of the heat of combustion of 
aluminum from the measurements in the aluminum­
Teflon experiments is made using the heat of com­
bustion of Teflon obtained from either series I or 
series II , a dependence upon the applied fuse correc­
tion is still observed. A linear correlation of the 
heat of formation based upon the amount of alumi­
num in the sample and the fuse energy leads to eq 
(4) when the Teflon data from series I are used and 
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to eq (5) when similar data from series II are applied 

- M-I ;z9s[AIF3] (kJ mole- I) 

= 1522_06 - 0.082855q (fuse) J (4) 

- D.H~9s[AIF3] (kJ 11101e- 1) 

= 151';U8- 0.083243q (fuse) J. (5) 

The standard deviation of the slope is 0.019 for both 
eq (4) and (5) while the standard deviation of the 
intercept is 11.92 for eq (4) and 12.35 for eq (5) . In 
this case, the intercepts are further away from the 
results of Series II than is the mean of the un adjusted 
experiments of series I. If we interpolate using a 
fuse energy of 49.8 J (average value for series IT), 
we find a heat of formation for AIF3 of - 1517.9 kJ 
mole- 1 and - 1515.0 kJ mole- 1 as calculated from 
eqs (4) and (5), respectively. Here again, we feel 
that the uncertainty in the fuse energy is so great 
that little weight should be given to the experiments 
in series I in comparison to those in series H. 

In series II, the fuse energy was essentially the 
same (43.5 J) in all Teflon experiments, and also 
essentially the same (49 .8 J ) in fLll fLluminum-Teflon 
experiments . . There seems to be no question about 
this small difference ill fuse energy as it represents 
the unburned ends of the fu se found after the Teflon 
combustions, but not found after aluminurn-Teflon 
com bustions. 

8.3. Auxiliary Data and Constants 

Buoyancy corrections for the mass of aluminum 
!tnd Teflon in the combustion samples were cal­
culated using 2.702 g cm- 3 [20] and 2.31 g cm- 3, 

respectively, for their densities. The density of 
Teflon was determined as part of this investigation. 

The fuse energy was calculated from _ the masses 
of the fuse and the hefLts of formation of the fluorides 
formed by its combus tion. For CbJ:omel C, the 
calculation based on the heats of formation of FeF3, 
CrF3, and NiF2 [5J gives 14.5 J mg- 1. For the 
aluminum fuse wire an approximate value of 55 J 
m o·- I [7] was adopted for the hefLt of combustion. 
F~' combustion of tungsten, the heat of formation 
of WF6 (g) was taken to be - 416 kcal mole - 1 [21] . 
The combustion 5.25 mg of tungsten wire gives 
50 J. In all cases electrical energy needed for igni­
tion was neglected. 

\Vashburn corrections were calculated following 
in general the procedure outlined by Hubbard [22] 
for experiments in which fluorine is an oxidant. 

The coefficients [~~= - T[~~] were found in tables 

based on a Lennard-Jones 6- 12 potential function, 
as compiled by Hirschfelder, Curtiss, and Bird [23], 
using the appropriate force constants. The force 
constants used for fluorine were those determined 
by White, Hu, and Johnston [24], and by Douslin 
[25] for carbon tetrafluoride. Force constants ap­
propriate to the mixtm'es of CF4 and F2 in the 
reaction products were calculated from those for the 
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pure components. For fluorine and carbon tetrafluor­
ide, Cv was taken to be 5.52 [26], and 12.78 [30] cal 
deg- 1 mole- 1, respectively. Values of Cp in cal deg- l 

g- l for aluminum, Teflon, aluminum fluoride and 
carbon tetrafluoride were taken to be 0.217 [27], 0.28 
[28], 0.215 [29], and 0.1674 [30], respectively. 

Metallic impurities and aluminum oxide present 
in the aluminwn were assumed to react completely 
with fluorine. For calculation of the heats of 
reaction of the impurities, the heats of formation 
of Al20 3, FeF3, SiF4, and CuF2 in kcal mole- I were 
taken as - 400.4 [31], - 235 [6], - 385.98 [32], and 
-126.9 [5], respectively. 

Atomic weights used in calculating the data 
were taken from the 1961 Table of Atomic Weights 
based on C1 2= 12 [33]. 

The unit of energy is the joule. The calorie 
was taken as 4.1840 J . 

8.4. Sources of Error 

Sources of scatter and systematic errors in the 
measurements applicable to Series II may be briefly 
reviewed. The loss of aluminum and Teflon in 
forming the pellet may not have been in proportion, 
as was assumed, to the amounts of each present. 
An estimated maximum error from this uncertainty 
is about 0.26 percent. The amount of unburned 
carbon remaining in all Teflon combustion experi­
ments was measured and varied from 0.2 to 0.9 mg. 
No attempt was made to determine the carbon fonnd 
in the combustion of an aluminum-Teflon pellet 
al though carbon formation was assumed to occur in 
proportion to the mass of Teflon in the pellet. 
A maximum systematic error from this somce is 
estimated to be about 0.18 percent. 

The amounts of new fluoride film formation on the 
inner surfaces of the bomb may have varied from one 
experiment to another. This q uftnti ty We.S difFlcult 
to measure because of the small mass of fluoride 
form!ttion needed for a significant heat eA:ect, in com­
parison with the total mass of the bomb. In addi­
tion, the formation of some fluoride may occur before 
a heat mefLsurement is actually begun, and further 
reac tion with the walls may occm during the reaction 
of the sample. Aluminum fluoride, in the s tate in 
which it was formed, adheres tenaciously to the 
fluoride film on the bomb walls, and is difficult to 
remove. On the other hand, purging the bomb 
after an experiment may dislodge and carry away 
from the bomb minute amounts of finely divided 
aluminum fluoride. These factors in general, except 
for the uncertainties in weighing the original sample 
and in determining the amount of carbon residue, 
would tend to affect the scatter of the heat measure­
ments based on the mass of aluminum fluoride more 
than those based on aluminum. The systematic 
difference between the measurements based on the 
mass of aluminum in the sample and those based on 
the aluminum fluoride formed in the combustion 
were taken as a measure of the uncertainity in the 
completeness of reaction, and found to be about 0.10 
percent. 
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While the scatter of the measurements is probably 
not affected by the impurity content of the sample, 
the uncertainty in the energy of combustion of im­
purities and of the amount of impurities may lead to 
an error which we estimate at maximum to be 0.18 
percent based upon the oX',Ygen content of the 
aluminum. 

The presence of extremely small pieces of melted 
tungsten fuse imbedded in the inner wall of the liner 
found after the combustion experiments of series II, 
indicated that combustion of the tungsten fuse was 
not complete. Since the imbedded fuse was impos­
sible to remove and determine quantitatively, a 
resulting uncertainty in the fuse energy correction 
ensued which we estimate to be about 0.05 percent. 

In estimating the 95 percent confidence limits for 
the uncertainties due to the scatter of the calibration 
experiments, the standard deviations of the means 
for series II, III , and IV were multiplied by the ap­
propriate factors of the Student t distribution. Com­
bining these and an uncertainty of 0.01 percent in the 
energy of combustion of benzoic acid, we obtain 0.05 
percent for the uncertainty of the energy equivalent 
of the calorimeter. 

The standard deviations of the means of the com­
bustion experiments were also multiplied by the 
appropriate factors of the t distribution to give the 
95 percent limits of uncertainty. For the aluminum­
Teflon combustions, we find 0.22 percent and for the 
Teflon combustions 0.01 percent. Combining the 
various uncertainties as they would apply to alumi­
num, we find , as the square root of the sum of the 
squares, the value 0.44 percent which is equivalent 
to 6.6 kJ mole- l (1.6 kcal mole-I) uncertainty in the 
heat of combustion of aluminum in fluorine. 'iVe 
feel this is a fair estimate of the uncertainty of the 
heat of formation of aluminum fluoride on the basis 
of the present experiments. 

9 . Heat of Formation of Aluminum Fluoride 

On the basis of the measurements and the calcula­
tions outlined in section 8, we find for the heat of 
reaction (6) and, hence, the heat of formation of 
aluminum fluoride , 

(6) 

td:l~298 [AIF3(c)]= - 1507.S ± 6.6 kJ mole- l (-360.4 ± 
1.6 kcal mole-I) . 

In section 1 we outlined several previous calori­
metric studies from which the heat of formation of 
aluminum fluoride could be de termined. In that 
sect ion, we listed the figures obtained by the author­
ities cited, which were based on data dependent 
upon the heat of formation of hydrogen fluoride . 
For this value they used the heat of formation listed 
in NBS Circular 500 [5], - 64.2 kcal mole-I. A 
recent reassessment of the heats of formation of 
HF(g) and HF(aq) by Evans [34] (see also Medvedev 
[35] and Feder et al. [36]) indicates that a change to 

a more negative value is more consistent with the 
available data. Evans suggests a value - 64.8 
kcal mole- l for LlH~298[HF(g) ] and - 79.5 kcal mole- 1 

for LlH~2q8[HF(aq) ] . These values are 0.6 and 0.84 
kcal mole- l more negative than previously cited 
values. 

Applying these data, or appropriately interpolated 
data for real aqueous solutions of HF, we recalculated 
from the meaSUl"ements of Gross et al. [7 , S], 
LlH~298 [AIF3 (c)]=- 35S.S kcal mole- l based on lead 
fluoride, and - 358.0 kcal mole- l based on sodium 
fluoride and cryobte. Ko assessment of the maxi­
mum dispersion of these values will be made since 
Gross et al. do not attempt to estimate the total 
uncertainty in their measurements. A corresponding 
treatment of the measurements of Kolesov, Martynov, 
and Skuratov [10] leads to M:l~298[AlF3(C) ] = -35S.0 
kcal mole- 1 with an uncertainty which they estimate 
at 2.0 kcal mole- I. The equilibrium data of Masho­
vets and Yudin [37], reduced to 29S OK using the 
third law of thermodynamics and then applyino· the 
revised heat of formation of HF(g) leads to 
LlH~293 [AIF3 (c) ] = - 357.7 ± 0.5 kcal mole-I . 

Each of the above values is still less negative than 
ours but with reasonable assignments of overall 
uncertainties, all values would fall within the 
assigned limits of uncertainty. 

The results of this work confirm the findings of 
the several laboratories, whose work is mentioned 
above, in concluding the true enthalpy of formation 
of aluminum fluoride is substantially more negative 
than was thought until a few years ago . The 
improvement of the agreement between our results 
and those of Gross et al. , Kolesov et al. , and Masho­
vets and Yudin, upon application of a revised 
value for the heat of formation of HF(g) to their 
results, is a substantiation of the validity of the 
revised value. 

10. Hea t of Combustion of Teflon and the 
Heat of Formation of Carbon Tetrafluoride 

The measurements of series II on Teflon lead to 
LlH;98=- 10350.7 Jg-l or - 247.43 kcal monomole- l 
where a monomole refers to the unit, - C2F 4- . 

(7) 

E stimating the contributions to the uncertainty to 
be 0.01 percent from the scatter of the heat measure­
ments on Teflon, 0.04 percent from the calibration 
of the calorimeter, 0.09 percen t from unburned car­
bon and 0.02 percent from the fuse energy, we find an 
estimated uncer tainty of 0.11 percent or 11.4 J g-l 
(0.27 kcal rnonomole- 1). 

In a series of experiments on the combustion of 
Teflon in oxygen, Scott, Good, and Waddington 
[38] determined for reaction (8), MI;os= - 160.3 ± 
0.9 kcal mole- I; 

C2F 4 (solid polymer) + 0 2(g) + 2I-I20(1) 
= 2C02(g) + 4HF(aq, 10H20 ) 
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and for reaction (9), ~H;98= - 118.8 ± 0.5 kcal 
mole - I, 

C2F 4 (solid polymer) + 0 2(g) = C0 2(g) + CF4 (g). (9) 

Usino' a revised value, - 76 .235 kcal 11l 01e- 1 [34] 
for the heat of formation of HF (aq, 10H20 ), we cal­
culate from their data, ~H;29slC2F 4 (solid polymer)] 
=- 196.11 kcal monomole- I, and ~EI;298 [CF4(g)] = 
- 220.86 kcal mole-I . 

Using t he value thus calculate~ for C2F 4 (solid 
polymer) with our results for reactlOn (7), we calcu­
late ~H;298[CF4(g)]=-221. 77 kcal mole- I. 

H ere again the results are in much better agree­
ment when the revised value for the heat of forma­
t ion of hydroo'en fluoride is used than if the previously 
accepted val~e had .been used. Th~ t,:vo value.s f.or 
~H;Z08[CF4(g)] are ltl agreement wIthl~ the lllmts 
of experimental error cited. However, It should be 
recog"ni;r.ed that measurements based upon CZF4 
(soli'd polymer) as an in termediate are subj ect to a 
possible lImi tation in reproducibility because T eflon 
is no t a well defined substance . In t he co mpanson 
of our resul ts with t hose of Scott et a1. , it i i:i t herefore 
necessary to bear in mind t he fact t hat differeI?-t prep­
aratio ns of T eflon were used 111 the two expenmental 
s tudies. 
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