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ABSTRAC T

Supplements 25 through 32 of the JANAF Thermochemical Tables have

been issued. These tables now contain 1,083 species, of which

117 new species were added aad 243 tables were revised during

this contract.

The final issue of the Propellant Ingredient Tables was made; it

collected all previous series together in a single document.

The low temperature heat capacity of alpha-beryllium nitride has

been measured; the entropy at 2980 K is 8.157 gibbs/mol.

The infrared spectrum of A12 Br 6 (c) has been observed and the

fundamental frequencies were assigned.

-iv-
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SECTION I

INTRODUCTION

The research and development efforts in the area of chemical

rocket propulsion need consistent, evaluated, thermodynamic prop-

erties for the combustion products. It was the objective of this

program to provide these data as loose leaf sheets of tabulated

properties of thermodynamic functions, available as the JANAF

Thermochemical Tables. Since the temperatures of interest to

rocketry range to several thousand degrees, the values have been

tabulated from 00 to 6000 0 K. The tabulations cover heat capacity,

enthalpy, entropy, free energy function, heat and free energy of

formation and equilibrium constants of formation. The reverse

side of the tabulation contains a write-up covering the data

treatment and evaluation and a listing of the pertinent refer-

ences. In this manner each species forms a completely self-con-

tained unit on a single sheet.

In such a tabulation it is important to maintain proper consis-

tency among the many interrelated measurements on the different

species. A scheme is described which was implemented during this

contract, to provide a computerized data base which summarized

the effects of changes in one species on the properties of others.

A new simultaneous adjustment technique, for obtaining the most

consistent set of values from many sets of interrelated reaction

data, was used to analyze data pertaining to the heat of formation

of HF(g) and several related fluorides. This application is

treated in detail in Appendices A and B to this final report.

In many cases sufficient data are not available to produce reli-

able tabulations and so during this contract certain key measure-

ments wece made to fill such gaps. The low temperature heat

capacity of a material provides the only reliable source of data

on the entropy c;f solid compounds. Similarly the far infrared

spectrum provides valuable information on the thermodynamically

important vibrations of a molecule. These vibrational frequencies

-1-
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are used to calculate the gaseous entropies with a high degree of

confidence, wi.en all the vibrations are measured. Experimental

studies in these areas are reported, as part of this effort, for

beryllium nitride and aluminum bromide.

-2-
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SECTION II

JANAF THERMOCHEMICAL TABLES

A. COMBUSTIC PRODUCT TABLES

During this contract eight supplements to these Tables were issued,

comprising numbers 25 through 32. A total of 360 Tables were

issued, of which 117 were new issues and 243 were revised; the

total number of Tables in the collection is 1,063. The elements

cobalt, cesium and calcium were added during this contract, as

were the oxides and chlorides of molybdenum and cesium and the fluo-

rides of cesium and calcium. A large number of new ionized species

and several new radicals were also added. Major groups revised

during the contract period were fluoride species depending on HF,

and the zirconium and titanium chlorides and flaorides. Tables I

through VIII indicate the contents of the individual supplements

25 through 32. 'S

The first applications of simultaneous adjustment to select heats

of formation of interrelated species-have been made for HF(g),

NaFýc), BFa(g), ",'Fs(g), CF4 (g), C2 F 4 (g), CF3 (g), CBrFs(g), CClF 3 (g),

CFsT(g), CHF 3 (g). ,•F3 CN(g), and C2 F6 (g). Details of the analyses

are presented in A;•pendices A and B.

In the first year of this contract, a system was set up to keep

track of the heats and entropies that went into the heat of for-

mation of each table issued, which we term interrelations. In

addition, the system produced from these interrelations a listing

of all compounds which were dependent on a given heat of formation,

which we term dependencies.

The complete system was operational during 1967 and was composed

of the following components:

1. input

The information relative to the determination of the heat of

formation for a given compound (A) in the JANAF Tables is entered

-3-



AFRPL-TR-rO-20

on standard IBM cards. One card is used for each compound (B)

that is involved in the heat of format-on of A. The four numbers

on the card are JANAF code numbers for B, JANAF code number for

[A, Al effect, and AS effect. As an example of the determination

of the AH and AS effects, consider that thie heat of formation of

A is determined from the following equilibria: 2.5 B - A,

temperature range 1200-1600°K. The input card for this would be

as follows: Code B, Code A, 2.5, 3.5. In this case, the AM

effect is simply the B coefficient, and the AS effect is B coeffi-

cient multiplied uy the mean temperature.

If several reactions were averaged to obtain a heat of formation,

then the AH effect becomes B coefficient multiplied by smallest

error, divided by error in given reaction. As an example, con-

sider the reactions:

2.5 B ÷ A THi. ± 0.2 (1)

C A AM2 ± o.6 (2)

2D + E A AH3 ± 2.0 (3)

The input cards would be as follows:

Code B, Code A, 2.5, 0,

Code C, Code A, 0.33, 0,

Code D, Code A, 0.2, 0,

Code E, Code A, 0.1, 0,

The cards are ordered by code number A and then input to deck

3413/HP, which produces two tapes. One tape contains the informa-

tion in the same order as the cards. This is INTERNC. The other

has the information alphabetized on code number A. This is

A-NTERNC.

2. Sorting

TNTERNC is used as input to deck 3412/HP, which then sorts the

information on Code B into alphabetic order and in decreasing

effect of AH and AS. This is then written onto the DEPENDC tape.

-4-
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3. Printing

ANTERNC is then input to deck 3152/HP, which looks up the code

numbers on either FOPJ4NAM or XFORNAM disk files. FORMNAM con-

tains the formula, state, name, heat of formation and uncertainty

of each compound in the JANAF Tables, while XFORNAM contains the

same information for auxiliary compounds not in the Tables. This

information is then printed out and is the Interrelationship

Listing.

DEPENDC is used as input to deck 3342/HP, which prints out the

same information as deck 3152/HP in a similar manner. This

printout is the DEPENDENCY listing.

4. Updating

The information on the FORMNAM and XFORNAM disk files can be

updated, using deck 15411/HP.

Examples of the two listings are shown in Tables IX and X.

B. PROPELLANT INGREDIENT TABLES

The previously issued loose leaf Series A through E and a new

Series F have been combined together in a single report, AFRPL-

TR-67-311, December 1967. The heat of formation and density data

are tabulated in Brutto order and the write-ups of each compound

are collected in a separate section. An index to the names and

formulas completes the report. This Confidential publication

constitutes the final report under this subsection of the JANAF

Tables.

-5.
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Table I

JANAF Thermochemical Data

Supplement No. 25, Issued March 31, 1967

Title Page C140W(c) *OTi(p)

'BeH2O2(g) c10~)OTi(g)

BeO4W(c) FMg(g) O2Ti(rutile)

Be3N2(cL) FW(g) O2Ti(anatase)

Be3N2(.t) F4OW(c) O2Ti(t)

BrK(c) F4 OW(W 02Ti(g)

BrK(t,) F4OW(g) 03T12(C)

BrK(g) FaW(W O3Ti2 (t)

Br2K2(g) FeW(g) OsTi3(a.

CSi(a) H2MgO2(C) *O5 Ti3(o)

*CSi(o) XH2 04 W(c) 5TS

*csi(g) H204W(g.) Si(ref)

*CS12(g) MgO4W(C) Si(W

C2H(g) NSi(g) Si(g)

*C2N(g) *NSi2(g) S12 (g)

2ýN 4Si3(a.) s13(g)

C1202W(c) N5P3(c)

C1202W(g) GTi(cz)

*New Table

-6-
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Table II

JANAF Thermochemical Data

Supplement No. 26, Issued June 30, 1967

Title Page HS(g) Mg204Ti(A)

Al(.e) *IH2 MgO2(g) *MoO(g)

AlBr3(C) *HgO(g) "MoO 2(c)

AlBr3(A,) IK(c) ~Mo00s(c)

AlBr3(g) IK(A) *MoO0(l)

A12Br6(g) IK(g) *Na2O4W(C)'

*BrW(g) 12 K(2 (g) 02 Si(quartz)

Br5W(c) Li2 O3 Si(C) *02Si(crivtobalite, low)

Br5,W(Y) Li2O3 Si(.e) *02Si(cristobalite, high)

BrsW(g) "Li 205 'i2 (c) 02Si(.e)

Br6W(C) *Li2O5Si2 (.e.) 03Ti2 (C)

BreW(g) MgOsTi(c) 03Ti2 (A)

*1CBr(g) *PMg03Ti-(1) ';s( g)
*clW(g) MgOsTi2 (C) Ti(g)

H~gO(g) MgO5 Ti2(Ae)

HP(g) Mg2O4Ti(c)

*New Table

Table III

JANAF Thermochemical Data

Supplement No. 27, Issued September 350, 1967

Title Page *Co(ref) HLi(g)

A12O5Si(sillimanite) *CO(c) Na2OsSi(c)

AL2O5Si(andalusite) *CO(A) Na2O3Si( )

Al2O5si(kyanite) *00(g) Na2 05 Si2 (c)

Al6O13Si2 (mullite) *~r~+(g) Na2 Os5Si2(-t)

*C2 Cl4 (g) &F 4Ti(c) Osi(g),

*C2C16(c) F4Ti(g) 02S-'(g)

clsi(g) HLi(c)

*New Table

-7-
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Table IV

JANAF Thermochemi-cal Data

Supplement No. 28, Issued December 31, 1967

Title Page 014T1(g) Mg2O 4Si&?i.)

A1HO(g) FTi(g) NaO(g)

*AlHO+(g) F2Ti(g) *NaO-(g)

*AlHO-(g) F3Ti(c) *Ti +(g)
*B+(g) F3Ti(g) Zr(ref)

CC13 (g) KO(g) Zr(cL)
CF(g) *K0-(g) *Zr(ý)

CH(g) *Lio-(g) Zr(t,)
C2F(g)*Mg+(g) krg)

*C2 -F2(g) rg 3 i)*Zr'(g

Cl4Ti(c) MgO3 Si(tl)

C14Ti(t,) Mg2O4 Si(C)

*New Table
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Table V

JANAF Thermochemical Data

Supplement No. 29, Issued June 30, 1968

Title Page BrTi(g) *cs(t,)

*AlCl + (g) Br2Ti(c) *05(g)

*AlC12+(g) Br2Ti(g) *cs+(g)

*AlC1 2 (g) Br3Ti(c) *CsF(c)

*AlF+(g) Br3Ti(g) *CsF(t.)
*AF+g)BTic CF)

*A*1F 2 (g) Br4Ti(c) *CSF(g)

*Al0 +(g) Br4Ti(g) *CS2 F2(g)

*A10 2 (g) CTi(c) F2Si(g)

*Al0 2 -(g) CTi(te) F2Ti(g)

*Al20+(g) C302 (g) F3Ti(c)
*Al202 +(g) *C"lcs(c) F3Ti(g)

*B1()*C3.Cs(2t,) *HMgQ (g)

*BC12+(g) *clcs(g) Irri(g)

*BC12 (g) *c1Mg+(g) *MoO2 (g)

*BF2+(g) ClTi(g) *I-1oo3(g)

*BF2 (g) *C12 CS2 (g) NTi(c)

*BH0+(g) C12Ti(c) NTi(t)

BO(g) C12T1(g) Na2O(c)

B02(7~) C13Ti(c) Na20(-0

*B02 (g) ClbTi(g) Na2 02 (c)

*BeC +(a,) *Cs(ref)

*BeH0+(g) *Cs(c)

*New Table
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Table VI

JANAF Thermochemical Data

Supplement No. 30, Issued December 31, 1968

Title Page *CaF2(c) FNa(c)

AlF8Na3(c) *CaF2Qft) FNa(tl)
*AlF6Na3(t) *CaF2(g) FNa(g)

AlHO2 (g) ClTi(g) *F2K-(g)

A102(g) C12Ti(c) *F2 Lif(g)

A102 -(g) C12Ti(g) F2Li2 (g)

BC12 -(g) C13Ti(g) *F2Na-(g)

BF2 -(g) *Cl4Mo(C) F2Na2 (g)

B02 -(g) *C14Mo(, ýF2Si(g)

0C1 2(g) *C14Mo(g) F2Ti(g)
cc14(g) *C15MQ(cY F3Li3(g)

0H013 (g) *C15Mo(t,) ITi(g)

CH2C12(g) *C15Mo(g) 12Ti(c)
*C2Cl2(g) *C18Mo(c) 12Ti(g)
*C2HC1(g) *CleIMo(g) I3Ti(c)

*Ca(ref) *cso(g) I3Ti(g)

*ca(cL) *CS20(g) 14Ti(c)
*Ca(P) FH(g) 14Ti(.t)

*Ca(g) FLi (t,)

*CaF(g) FLi(g)

*New Table

-10-
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Table VII

JANAF Thermochemical, Data

Supplement No. 351, Issued June 150, 1969

Title Page C112 (g) F2 K2 (g)

A1F(g) CH3(g) F2Pb(c)

BF-3(g) CIN(g) F2Pb(Le)
*CBrF3 (g) CN(g) F2Pb(g)

CBrN(g) *CN+(g) F2 Zr(c)

CClF3 (g) *CN-(g) F2 Zr(2e)

CFN(g) C2F4(g) F2 Zr(g)

CF:s(g) C2Fr6 (g) F3N(g)
*CF:sI(g) FK(c) F3Zr(c)

CF4 (g) FK(A) F3Zr(37)

CHF3 (g) FK(g) F4Zr(c)

CHN(g) FZr(g) F4Zr(g)

*New Table

Table VIII

JANAF Thermochemical Data

Supplement No. 152, Issued December 151, 1969

Title Page *C2FsN(g) C14Zr(g)

BF4K(c) C3 (g) FSi(g)
*BF4K(Le) C4(g) F20(g)

BF4K(g) CS(g) F2Zr(g)

CCl(g) ClZr(g) F3OP(g)

CC13(g) C12Mg(g) FsP(,;)
CF2 0(g) Cl2Si(g) F3PS(g)
CF4O(g) C12Zr(c) F3 Si(g)

*CHCl(g) ClaZr(Lz) F3Zr(g)

*,CHP(g) Cl2Zr(g) F4 S(g)

CH-N(g,) *Cl3Si(g)D F51(g)
*CH~P(g) C13 Zr(c) FsP(g)

CH2F2(g) Cl3Zr(g) F7 1(g)

C2(g) *Cl4pMg 2 (g) H-Si(g)

C2 (g) Cl4Zr(c)

*New Table
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TABLE IX

B A COMPOUND NAME DHF H U S

F H (G) HYDROGEN FLUORIDE IS -64.80 +- 0.3 KCAL/MOL

C F4  (G) CARBON TETRAFLUORIDE 4.0

C2F4  (G) TETRAFLUOROETHYLENE 4,0

F4 S (G) SULFUR TETRAFLUORIDE 4.0

AL F6 NA3  (C) CRYOLITE 3.0 3.6

F3 N (G) NITROGEN TRIFLUORIDE 3.0

F2 FE (C) IRON DIFLUORIDE 2.0 1.8

F2PB (C) LEAD DIFLUORIDE 2.G 1.4

CU F2  (C) COPPER DIFLUORIDE 2.0 1.1

F3 FE (C) IRON TRIFLUORIDE 1.0 0.7

F2 H K (C) POTASSIUM BIFLUORIDE 1.0

C F2  (G) CARBON DIFLUORIDE 0.4

F K (C) POTASSIUM FLUORIDE IS -135.60 +- 0.3 KCAL/MOL

C2 F6  (G) HEXAFLUOROETHANE 6.0

F2 H K (C) POTASSIUM BIFLUORIDE 1.0

F LI (C) LITHIUM FLUORIDE IS -146.5C +- 0.6 KCAL/MOL

BE F4 LI 2  (C) LITHIUM BERYLLIUM TETRAFLUORIDE 2.0

BE F3 LI (C) LITHIUM BERYLLIUM TRIFLUORIDE 1.0

F NA (C) SODIUM FLUORIDE IS -137.10 +- 0.3 KCAL/MOL

C F4  (G) CARBON TETRAFLUORIDE 4.0

C2 F4  (G) TETRAFLUOROETHYLENE 4.0

F2 PB (C) LEAD DIFLUORIDE 2.0

AL F6 NA3  (C) CRYOLITE 1.3 1.5

THE DOW CHEMICAL COMPANY THERMAL RESEARCH LAB. DEPENDENCY LISTING

-12-
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TABLE X

A B COMPOUND NAME DHF H U S

C F2  (G) CARBON DIFLUORIDE IS -41.00 +- 2.0 KCAL/MOL

C2F 4  (G) TETRAFLUOROETHYLENE 0.5 0.7

C H F3  (G) TRIFLUOROMETHANE 0.4

F H (G) HYDROGEN FLUORIDE 0.4

C F4  (G) CARBON TETRAFLUORIDE 0.3 0.4

C H CL F2  (G) CHLORODIFLUOROMETHANE 0.3

CL H (G) HYDROGEN CHLORIDE 0.3

H (G) HYDROGEN, MONATOMIC 0.3

F (G) FLUORINE, MONATOMIC 0.3

C F2 0 (G) CARBONYL FLUORIDE IS -151.70 +- 2.0 KCAL/MOL

F- (A) FLUORIDE ION AQUEOUS 2.0

H20 (L) WATER 1.0

C 02 (G) CARBON DIOXIDE 0.8 0.4

C F4  (G) CARBON TETRAFLUORIDE 0.5 0.4

C F3  (G) CARBON TRIFLUORIDE IS -115.70 +- 2.0 KCAL/MOL

C H F3  (G) TRIFLUOROMETHANE 1.0

H (G) 'iYDROGEN, MONATOMIC 1.0

C F4  (G) CARBON TETRAFLUORIDE 1.0

F (G) FLUORINE, MONATOMIC 1.0

THE DOW CHEMICAL COMPANY THERMAL RESEARCH LAB. INTER-RELATION LISTING

-13-
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SECTION III

THERMAL MEASUREMENTS

A. LOW TEMPERATURE HEAT CAPACITY OF ALPHA-BEFCLLIUM NITRIDE

1. Experi.rntal Procedure

The sample was used as supplied by the Brush Beryllium Company.

It was checked, before the measurements, by X-ray diffraction (1)

and found to be alpha-BesN2 . Analyses of the sample by Brush and

Dow were in general agreement. The analysis accepted was 96.7%

Be 3 N2 (by hydrolysis of the nitride to ammonia and titration),

2.7% BeO (neutron activation analysis for oxygen), 0.2% Be (quan-

titative hydrogen gas evolution in acid), 0.1% C (combustion to

C0 2 ), and 0.3% Fe (weighted average of neutron activation and

spectrographic analysis). The transfer and weighing of the sample

into the calorimeter were done in a 4ry box. The sample mass used

was 61.6975 g (corrected to vacuum); the molecular weight was taken

as 55.0500.

Corrections to the individual heat capacity points were made by

using literature values for the heat capacities of the observed

impurities. For BeO the data of Gmelin (2) and K.K. Kelley (3)

were joined smoothly. For Be, C, and Fe the smoothed data given

in R. Hultgren et al. (4) were used. Approximating polynomials

for each impurity were used to derive the corrections at each

datum point. The correction to any single point was 3.5 ± 0.5% of

the uncorrected heat capacities.

The apparatus is essentially that described by Oetting and

McDonald (5). Since their work, the electrical circuits have been

recalibrated. The system has been checked recently using benzoic

acid as a standard and results are given in AFRPL-TR-66-175.

Three series of measurements were made on the sample; tie data

corrected for curvature are given in chronological order in

Table XI. Temperature increments were used which approximated

the smaller of the two quantities: (a) 10% of the absolute

temperature, or (b) 10-K.
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Table XI

Experimental Heat Capacity of a-Beryllium Nitride

T Cp T Cp T Cp
OK gibbs/mol OK gibbs/mcl OK gibbs/mol

Series I 95.77 1.28 57.71 0.235
104.73 1.67 63.57 0,336

156.18 5.00 114ý10 2.18 70.08 0.443
165.39 5.71 122.88 2.71 77.21 0.602
174.92 6.46 131.04 3.24 85.22 o.886
183.97 7.24 139.90 3.86 93-97 1.21

192,63 7.86 149.43 4.52 103.22 1.61
201.61 8.59 158.38 5.21 112.63 2.11
211.54 9.37 166.87 5.85 121.57 2.63
221.72 10.16 174.96 6.47 129.87 3.18
241.49 3.1.62 182.71 7.10 138.26 3.75
251.75 12.31 190.17 7.72 146.78 4.37
261.69 13.02 197.37 8.25 154.82 4.95
271.36 13.63 204.77 8.85 162.48 5-54
28C.76 14.27 213.75 9.57 169.79 6.10
289.94 14.85 223.80 10.34 176.82 6.62
298.92 15.43 244.51 11.85 183.59 7,21
307.70 15.89 254.66 12-457 190.14 7.73

264.50 13.23 198.21 8.34
Series II 274.06 13.83 208.36 9.18

283.38 14.46 218.73 9.97
25.29 0.006 292.49 1I.07 238.28 11.45
28.11 0.017 301.40 15.58 248.15 12.11
30.90 0.020 310.11 16.09 258.29 12.83
33.91 0.043 268.13 13.49
37.26 0.050 Series III 277.70 14.10
40.97 0.064 287.04 14.68
44.97 0.129 26.69 0. 012 296.17 15.29
49.43' 0.156 29.1 .16 305.10 15.78
54.25- 0.203 32.02 0.022
59.52 0.255 35.44 0.058
65.32 0.359 39,12 0,076
71.87 0.481 42.88 0.109
79.12 0.667 47.12 0.130
87.27 0.954 52.20 0.179

The ice point was taken as 273.150 K and one defined calorie as

4.184 jo- '-•. The measurements of time, mass and electromotive

force can all be traced to standards kept at the U. S. National

Bureau of Standards.
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2. Results

The smoothed values of the heat cqoacity and the corresponding

thermodynamic functions are given in Table XII. Smoothing of the

data was done using the least squares fitting of a polynomial.

The scatter of the data was less than 1% from the smoothed line

from 100'-310'K. At T5*K it was less than 0.05 gibbs/mol; thus

the uncertainties below 100 0 K are considerably greater.

The measured heat capacity of a-Be 3 N2 varied from 1% of the total

heat capacity observed at 25 0 K to 51% at 310 0K. The entropy at

25'K was obtained using the Debye T 3 relation. Measurements were

made below 250K, but were smaller than the errors associated with

the apparatus in this temperature range.

B. THE FAR-INFRARED SPECTRA OF AlBr 3

1. Experimental Procedure

The far-infrared spectra of crystalline AlBr 3 were measured with

the modified Beckman IR-1i spectrograph at the Chemical Physics

Research Laboratory of The Dow Chemical Company. This instrument

measures infrared spectra in the 35--600 cm-' region, with a reso-

lution of approx4 imately 3 cm-'.

The sample and absorption cell were prepared in a dry box using a

standard Nujol-mull technique (6). Reagent grade AlBr3 was used.

The absorption cell windows were made from polyethylene sheets 1

mm thick.

The spectra were measured within two hours after preparation of

the absorption cell. Visual inspection of the cell following the

measurements showed no signs of sample deterioration. The sample

was left in the absorption cell and inspected periodically to

determine the rate at which the AlBr3 would decompose inside the

cell. After a period of five days, most of the sample was dark
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Table XII

Thermodynamic Functions for a-Beryllium Nitride

ToK cp s0T -/ (GT-H)/T

25.00 o.oo66 0.0022 0.0016 -0.0O06

30.00 0.0192 O.OO43 0.0033 -0.0010

35.00 o.o438 0.0090 0.0072 -0.0017
40.00 0.0754 o.o168 0.0137 -0.0031
45.00 0.1126 0.0278 0.0226 -0.0052

50.00 0.1563 0.o419 0.0537 -0.0o81

6o.oo 0.2730 o.o800 0.0632 -o.o167

70.00 0.4473 0.1343 O.lO48 -0.0294

80.00 0.6981 0.2094 0.1624 -0.0470
90.00 1.0354 0.3103 0.2399 -0.0704

100.00 1.4598 o.44o6 0.3399 -o.1oo6

110.00 1.9651 0.6028 0.4641 -o.1387
120.00 2.5409 0.7980 0.6128 -0.1852

130.00 3.1755 1.0261 0.7851 -0.2409

140.00 3.8577 1.2861 0.9800 -0.3o6i

150.00 4.5778 1.5766 1.1957 -0.3810
16o.00 5.3276 1.8959 1.4303 -0.4655

170.00 6.0999 2.2419 1.6822 -0.5597
180.00 6.8880 2.6128 1.9495 -0.6634
190.00 7.6847 3.0066 2.2303 -0.7762

200.00 8.4824 3.4210 2.5230 -0.8980
210.00 9.2730 3.8541 2.8257 -1.0284

220.00 1o.o488 4.3034 3.1364 -1.1670
230.00 10.8033 4.7669 3.4534 -1.3134
240.00 11.5329 5.2421 3.7750 -1.4672

250.00 12.2370 5.7273 4.0995 -1.6278
260.00 12.9187 6.2206 4.4256 -1.7950
270.00 13.5834 6.7207 4.7525 -1.9681

280.00 14.2360 7.2265 5.0796 -2.1469

290.00 14.8766 7.7373 5.4o64 -2./308

300.00 15.4935 8.2521 5.7325 -2.5196

310.00 16.0554 8.7695 6.0566 -2.7129

298.15 15.3823 8.1566 5.6723 -2.4843
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brown and another spectral measurement was made. Several bands

were present which were not observed in the spectra of the fresh

sample. All of the bands observed initially, however, exhibited

lower absorbances, thus indicati2ng that they can all be attributed

to AlBr 3 .

2. Results

Ten absorption bands in the 40-600 cm-1 region were observed and

measured. Figure 1 shows the absorption spectra of the fresh

sample of AlBr 3 as originally prepared and after being thinned

out mechanically.

Crystallographic studies indicate that crystalline AlBr3 is

dimeric (7). Raman studies of liqui4 AlBr 3 by Gerding and Smit

(8) resulted in measurement of several frequencies, most of which

were attributed to fundamental vibrational modes of dimeric AlBr3 .

A theoretical study of Al 2 Br 6 (vapor) was presented by Miller (9)

in which the eighteen fundamental vibrational frequencies were

predicted, based on seven of the frequencies reported by Gerding

and Smit (8).

The predictions of Miller are used to make tentative assignments

for the bands which were observed. The measured frequencies and

their tentative assignments are given in Table XIII.
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Table XIII

Observed Wavenumbers and Tentative Assignments for

Dimeric Aluminum Tribromide

Wavenumber Tentative
cm-r Assignment

47 V 5*

61 2v 1 0

86 V14
91 V1 8

112 V9

198 v 1 7

231 v 1 7 + v1 0

342 v

377 V! 6

5o4 V8

*The vibrational mode v is not infrared active in

the vapor phase, but is assumed to be perturbed

by the lattice in such a way that it is active in

the crystal phase.
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APPENDIX A

Simultaneous Adjustment of Thermochemical Data

Enthalpies of Formation of Hydrogen Fluoride

and Five Closely Related Fluorides

by

A. N. Syverud

Thermal Research Laboratory

The Dow Chemical Company

Midland, Michigan 48640

INTRODUCTION

Recent research has provided much data pertinient to the values of

AHfO for HF(g) ard HF(n H2 0). More accurate values for these

quantities are desirable in themselves and because they are prime

values on which many other fluorides are based. These quantities

have remained relatively uncertain despite many calorimetric

studies in the period from 1880 to 1950. Subsequent work empha-

sized important systematic errors, namely, various side reactions

involving impurities, corrosion of containers and self-polymeriza-

tion of HF(g).

The history of values selected from critical analyses (1,2,0) of

the data may be summarized as follows:

Date and L~f° kcal/gfw
Reference Aef.* 5 ,

HF(g) HF(50 H2 0) HF(- H2 0)

1936 (1) -64.o* -75.56* -78.2*

-0.2 -0.10 -o.46

1952 (2) -64.2 -75.66 -78.66

-o.6 -0.66 -0.84

1965 (3) -64.8±0.3 -76.316 -79.50

-0.34 -0.46 -0.32

1968 (this selection) -65.14±0.2 -76.78±0.1 -79.82±0.2

*Values correspond to 18 0 C rather than 25 0 C.
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It is apparent from the differences tabulated between the linciz

that there has been a continual progression to more negative

values. The present selections are no exception. The systematic

trend in the values appears to be a reflection of increasing

knowledge of the side reactions and increasing emphasis on mini-

mizing them or correcting for them. Therefore, thorough analysis

of the chemical reaction is essential for calorimetry involving

hydrogen fluoride, fluorine, or, for that matter, almost any flu-

oride. This criterion is satisfied by several recent and perti-

nent calorimetric studies which make possible the selection of

more reliable values for hydrogen fluoride.

Thermochemical data are normaliy used to select LHf° values, one

at a time, for a sequence of chemical species. This sequential

adjustment of data has been the accepted method in thermochemistry

for more than a century. Observations for HF are sufficiently

n-'merous and complex to warrant a new approach, namely a simul-

tarjeous adjustment of AHf° for several related species. Simul-

taneous adjustment may be generalized to include AGf° and S0 for

those species having extensive measurements of LGr°, nSr°, and So.

Guest et al. (60) recently applied a form of simultaneous adjust-

ment to AHfo for numerous species containing boron. Their work

was published after completion of the present study (61).

This paper documents tne simultaneous adjustments of AHfo per-

formed during preparation of new JANAF Thermochemical Tables for

HF(g), NaF(c), BF 3 (g), NF 3 (g), and CF4 (g). Given first is a

mathematical formulation for simultaneous adjustment. Pertinent

thermochemical data for HF are reviewed, followed by ;he resulting

simultaneous adjustments. These adjustments are discussed by

analogy with those used in selection of the fundamental constants

of physics and che,,istry. Finally, some suggestions are offered

for future experiments pertinent to HF.

3-2-



AFRPL-TR-70-20

Simultaneous Adjustment

In general, thermochemical observations exist for a series of

reactions among several chemical species. It is assumed that the

data from each observation may be reduced to a standard state

value of AHr09 8 .1 5 , or to LHr 2 9 8 . 1 5 if some states are nonstandard

but well characterized. Reduction of the data also includes esti-

mation of an overall uncertainty interval for AHr°. Substitution

of relatively well-known, fixed values of AHf° (with their uncer-

tainties) yields R.-Ui, the observed value of some linear combina-

tion of unknowns, AHf 9 a.1 5 = F..

For a series of observations (i=l,2,...m), F1 (J=ýl,2,...n) is

defined by m heat-balance equations of the form:

iiwhere E i is the error and cj is the stoichiometric coefficient

for unknown j in observation i. The ýtoichiometric coefficients

are taken to be negative for reactants and positive for products.

Values of cij are presumed to be known exactly; they should cor-

respond to exact balances of mass and charge.

Neither F nor Ei will ever be known exactly, but we wish to

obtain adjusted values F.! which are "best" approximations for

F . Deviations between the observations and these adjusted val-

ues are given by

E' R. c .. F1'. [2]

Thus, the problem reduces to adjustment of an overdetermined set

of observed values involving linear combinations of the unknowns.

The established procedure for adjustment of Equations [1] assumes

that Ei' = 0 for selected heats of reaction (or for a weighted

average of selected values), and the heats of formation Fj are

obtained one at a time by use of Equations [2] in some sequential
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fashion. Inconsistencies arising from multiple determinations or

alternate paths are resolved in the selection process by attribut-

ing all (or most) of the deviations to those observations which

are believed to be less accurate. This sequential selection of

the variables will be called a sequential adjustment in order to

distinguish it from the following alternative.

Simultaneous adjustments of Equations [1] are readily obtained by

minimization of a suitable functicn of the weighted deviation

Ei'/Ui. (Prerequisites for adjustment are m > n and a nonsingular

matri• of stoichiometric coefficients.) Two different minimiza-

tion critearia appear useful: least squares, which miniinizes the

sum of squares of Ei'/Ui,_ and least sum, which minimizes the sum

of absolute magnitudes of Ei'/Ui. Least squares and least sum

correspond, respectively, to the L 2 -norm and the LI-norm of

approximation theory (4). The so-called L%-norm, which corres-

ponds to minimization of the maximumvalue of Ei'/Ui, usually

does not give acceptable adjustments (5) to Equations [1].

Least squares adjustments tend to distribute the deviations among

all of the observations, while least sum adjustments assume at

least as many zero deviations as there are variables (5). In the

limit as simultaneous adjustment is reduced to stepwise selec-

tion of F. , least squares reduces to selection of the weighted

average and least sum reduces to selection of the least uncertain

observation.

Simultaneous adjustment may be extended to include the AGf° and
So in the unknowns and AGr°, ASr°, and So in the observations.

Thermodynamics then requires for each chemical species the linear

constraint:

AHf2s= AGfs9  + 298.15 ASf208 , (3)

where ASf29 B is the entropy of formation of that species from the

elements in their standard reference states. Linear constraints
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may be incorporated (6) without changing the adjustment problem.

This problem, i.e. the solution of linear systems of algebraic

equations, is the subject of many algorithms (7,8,9) which have

been programmed for digital computers. Least squares adjustments

are obtained with these algorithms, but least sum adjustments are

usually obtained by the methods of linear programming (10,11).

Selected Observations

The thermodynamic data ccnsidered for inclusion were those avail-

able at the end of 1968. Several reviews (12-16) were particu-

larly helpful in screening the related fluorides for reliable and

consistent links to HF. Data considered in the previous critical

evaluations (1,2,0,17) were newly screened, based on current

knowledge. Thýs-process led to the selection of five fluorides

which appeared to be pertinent to the adjustment. These include

NaF(c), BF 3 (g), .NF3 (g), CF 4 (g), and C•F 4 (polymer).

The remainder of this section discusses the selected c•ca. Since

the selections are presumably neither definitive nor unique, sug-

gestions of changes for use in future adjustments are welcome.

There are several links, for example, which interrelate C2 F6 (g),

C2 F4 (g), CHFs(g), CCIF3 (g), CBrF3 (g), and CF3 I(g) with the

selected species. The inconsistencies for CeF4 (g) and CHFs(g)

appear to be large enough so that these links will contribute

little, if any, to a knowledge of HF. Thus, all of these species

are subject to a secondary adjustment (see Appendix B).

The experimental data for each species are reduced to a chosen

standard state for convenience in the subsequent analysis. One

exception is HF(n H2 0) which is reduced to HF(50 H20). Other

aqueous species in the ionized standard state of unit molality

vill hereafter be dcnoted by the description "(aq)." Data for

aqueous species are reduced by means of the selected curves of

Reference (17) whenever possible. Thermodynamic functions for
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gaseous and condensed phases are taken from the JANAF Tables (18).
Uncertainty intervals for calorimetric data are calculated from

2s Q, as recommended by Rossini (19), unless otherwise indicated.

In some cases, the interval is increased by an additional contri-

bution for the estimated systematic error. When the overall

AHr is the sum of two or more independent values, then the overall

uncertainty interval is calculated by means c:' Equation 17 of

Rossini (19). The twenty three selected reactions are discussed

under the headings Rl through R23.

Rl. 0.5 H2 (g) + 0.5 F 2 (g) -÷ HP(50 H20) Mr209 8 = -76.68±0.05 kcal/gfw

King and Armstrong (20) measured the heats of reaction of fluo-

rine, oxygen and OF 2 with hydrogen by flame calorimetry at 30'C.

The oxygen data agree with the accepted AHfO for H20(W) and the

fluorine data reduce to the value shown above. This is a very

thorough study whioh serves well to illustrate tlhe importance of

side reactions such as corrosion. The later paper (20) increased

The uncertainty to 0.09 kcal/gfw based on estimates of the system-

atic uncertainty. The smaller value of 0.05 kcal/gfw, exclusive

of the systematic uncertainty, is used here to weight this obser-

vation more heavily.

R2. HF(g) -> H(g) + F(g) AHro98 = -116.051±0.3 kcal/gfw

Johns and Barrow (21) obtained D = 493150 ± 100 cm-1 from rota-

tional predissociation of the vibrational levels in the UV spec-

tra of HF. From this we derive DO" = -135.067 ± 0.3 kcal/gfw and

the corresponding value at 298.15'K.

iH3. HF(g) + NaOH(aq) -> NaF(c) + H2 0(1) MHr 9s8 = -28-_4±0.l0 kcal/gfw

Rodenburg and Vanderzee (22) obtained values for the reaction

HF(g) + NaOH(aq) -> NaF(aq) + H20(1) from calorimetric studies

with HF(real gas) at pressures of about 350 and 150 mm Hg. The
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results are Mir° = -27.80 ± 0.16 and -28.01 ± 0.10 kcal/gfw,

respectively, with preference being given to the latter valcuc on

experimental grounds (23). &1ro = -28.01 ± 0.10 kcal/gfw includes

a non-ideality correction of approximately 0.20 ± 0.025 kcal/gfw.

Combining this AHro with -tAHcsoln = -0.23 ± 0.01 kcal/gfw (24)

for NaF(c), we obtain the selected observation given above.

R4. HF(50 H2 0) + NaCl(c) -> NaF(c) + HCl(aq)

AHr2 9 8 = -2.41±0.07 kcal/gfw

Coughlin (25) obtained AHr° = -1.53 ± 0.06 kcal/gfw at 300C for

NaCl(c) + HF(5°716 H2 0) ÷ NaF(c) + HCI(i2.731 H2 0) from combina-

tion of five heat of solution measurements involving an acid solu-

tion of aluminum. Auxiliary data (17,-8) yield a reduction to

250C of 0.132 kcal/gfw, a reduction to HF(50 H20) of 0.128 ±

C.03 kcal/gfw, and a reduction to HCl(aq) of -1.14 kcal/gfw.

R5. HF(g) + NaCl(c) -> NaF(c) + HCl(g) AHr2 9 s = +3.81±0.25 kca!/gfw

Hood and Woyski (26) reported equilibrium data for this reaction

in the range 796-942 0 K. Second-and third-law analyses with the

latest free energy functions (18) give AHr° = 5.91 ± 0.11

(second law) and 3.81 kcal/gfw (third law) at 298.15 0 K. The

drift (difference between third-and second-law values of ASr°) 1s

-2.5 ± 0.1 eu, a rather precise value which is probably five

times the overall uncertainty in the third-law ASr°. This sug-

gests a temperature-dependent error in the equilibrium constants,

for example, an error in the analyses which determine the partial

pressures, or a deviaticn of the condensed phases from their

standard states. Attainment of equilibrium is confirmed by con-

sistency of the Kp values, regardless of the direction of

approach to equilibrium. Other aspects of the study appear to be

thorough and well documented. It would be desirable to test for

similar drifts in comparable studies (26) of BaCl 2 -BaF 2 and

NiCl 2 -NiF2, but this was not done because of uncertainties in the
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free energy functions. Instead, it is noted that the third-law

AHr° is consistent with R3 within about 0.08 kcal/gfw, while the

second-law value is clearly inconsistent. Such behavior is

observed in systems where the equilibrium constants are essen-

tially correct at one extreme in temperature, but show minor and

increasing error toward the other extreme in temperature. Corro-

sion is suspected in this c.ase, and the results at the lowest tem-

perature should be the most reliable. The individual third-law

values of AHro, ranging from 3.93 kcal/gfw at 796 0 K to 3.56

kcal/gfw at 9422K, yield a mean of 3.81 kcal/gfw, which is influ-

enced by the prepcnderance of points at lower temperatures. This

mean is adopted and the uncertainty interval is estimated as

±0.25 kcal/gfw, which exceeds the ranpe of the values and corres-

ponds approximately to the maximum effect arising from uncertainty

in the third-law ASrO.

R6. 0.5 F 2 (g) + NaCl(c) -> NaF(c) + 0.5 C12 (g)

AHM2 9 8 = -39.30d0..4 kcal/gfw

Cal.orimetric data for this reaction at 20*C were reported by yon

Wartenberg and Fitzner (27). The reduction to 250C is insignifi-

cant. Although the study is old and incompletely documented by

current standards, the results are consistent with recent work.

An uncertainty of 0.4 kcal/gfw is assumed, based on 0.28 for the

calorimetric experiments, and an estimate of 0.12 for other con-

tributions.

R7. HF(50 H20) + NaOH(aq) -÷ NaF(c) + H2 0(1)

An~rLs = -16.57±0.05 kcal/gfw

Kolesov and Skuratov (28) reported MHn = -16.45 ± 0.03 kcal/gfw

at 21.50C for HF(16 H20) + LiOH(3800 H2 0) -÷ LiF(3800 H20) + H2 0(l).

It appears that this is the only modern determination of MHn for

HF with any alkali hydroxide. Auxiliary data (17,18) yield a

reduction to 25 0 C of 0.074 ± 0.02 kcal/gfw, a reduction to
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HF(50 H 2 0) of 0.036 ± 0.01 kcal/gfw, and a combined reduction to

LiOH(aq) and LiF(aq) of 0.001 kcal/°gfw. The latter standard

states may be considered as OH-(aq) and F-(aq), or as NaOH(aq)

and NaF(aq), without affecting the AHn = -16.34 ± 0.05 kca!/gfw.

Combination of this value with -AHI = -0.23 ± 0.01 kcal/gfw (24)

for NaF(c) gives the selected AHrO.

R8. H+(aq) + NaF(U) -÷ HF(50 H2 0) + Na+(aq)

AHr2sa = 3.414±0.3 kcal/gfw

This "observation" is a combination of L = 3.184 ± 0.3 kcal/gfw

(17) for HF(50 H2 0) and AHsoln = 0.23 ± 0.01 kcal/gfw (24) for

NaF(c). It represents the composite of equilibrium and enthalpy

data from which the dilution curve (17) was derived. Aqueous HF

is a weak electrolyte which ionizes in dilute solutions according

to the equilibria (a) HF = H+ + F- and (b) HF + F- = HF 2 -, The

two ionization reactions make an overall contribution of about

3 kcal/gfw to L' Parker (17) used selected values of MHa = -3.0

and AHb = +0.662 kcal/gfw, along with concentrations based on

selected equilibrium data, to calculate L in dilute solutions.

Recent data suggest that minor changes in these calculations may

be desirable. In particular, the calculated dilution curve shows

increasing deviations at lower molalities when compared with the

new measurements of Cox and Harrop (29). Agreement is satisfac-

tory near HF(ll00 H2 0), but near HF(6000 H2 0) the calculated

heats of dilution are roughly 240 cal/gfw (or 32%) larger than

the observed values. Alternative selections for Ka, Kb, MHa and

LXb might reduce this discrepancy considerably. The equilibrium

data, both new (30,30a,31) and old (17,24), are sufficiently

divergent to allow changes in MHa and AHb of perhaps -0.2 and

+0.5 kcal/gfw, respectively. Based on this review of the data,

the uncertainty of •, (50 H2 0) is estimated to be 0.3 kcal/gfw.
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R9. C(graphileu' + 2F 2 (g) -+ CF4 (g) A,^i°29 8 = -223.05±0.18 kcal/gfw

Greenberg and Hubbard (32) reported this result from a thorough

study of the combustion in fluorine of natural and synthetic

graphite.

RI0. C2 F 4 (polymer) + 0 2 (g) + 2H2 0(A) -÷ 4HF(50 H20) + 2C02(g)

AHre 9 8 =-16o.62±0.9 kcal/gfw

See the following discussion.

Ril. C2 F 4 (polymer) + 0 2 (g) -> CF4 (g) + C02(g)

AHr29 8 = -118.8±•0.5 kcal/gfw

Good et al. (33) reported the calorimetric combustion of various

Teflon-oil mixtures. Reactions R10 And Rll are derived by extrap-

olation from the observed product ratios of HF(10 H2 0)/CF4 to the

limits of only HF(10 H20) and only CF 4 (g). RI0 includes a reduc-

tion to HF(50 H20) of -0.32±0.08 kcal,/gfw.

R12. CaF 4 (polymer) + 2F 2 (g) -÷ 2CF 4 (g)

AMr2 9 8 = -247.85±0.•3 kcal/gfw

This AHr° appears to be a minor adjustment (12) of the earlier

data of Domalski and Armstrong (13) who reported a value of

-247.92 ± 0.07 kcal/gfw. The earlier value is labeled as Reaction

R!2a. Wood, Lagow and Margrave (34) reported -246.84 kcal/gfw for

the same reaction. This is Rl2b and is reassigned an uncertainty

of 0.2 kcal/gfw, since the authors' uncertainties and terminology

are inconsistent with Rossini (19). The less negative value of

Rl2b may be due to the fluorine used (34); possible causes are

too low pressure (32) and presence of oxygen as an impurity (62).

Effects doue to phase transitions of C2F 4 (polymer) near 20 and

30 0C might be involved, but the overall AHt for these transitions

is only 0.2 kcal/gfw (35).
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R13. C(graphite) + 2F 2 (g) -> CF4 (g) rAHr98 = -222.87±0.38 kcal/gfw

Domalski and Armstrong (13) reported this result from their com-

bustions in fluorine of graphite-Teflon mixtures.

R14. CF4 (g) + 2H20(l) -> 4HF(50 H2 0) + C0a(g)

AHr2 9 8 = -41.506±o0.3 kcal/gfw

Cox, Gundry and Head (36) reported calorimetric combustions of

mixtures of docosafluorobicyclohexyl (C1 2F2 2 ) with benzoic acid.

This study, which is analogous to that of Good et al. (33) with

Teflon-oil mixtures, yields two reactions having quite different

product ratios of HF(20 H2 0)/CF4 . The above observation is

obtained by taking the difference of these two reactions, divid-

ing by 3.3, and adding a reduction to bF(50 H20) of -0.12 ± 0.02

kcal.

R15. 8NF 3 (g) + 3CNH2(g) -> 6CF 4 (g) + 7N2 (g)

MHr29 8 = -1308.8±1.3 kcal/gfw

Walker (37) reported this calorimetric value at 298.15'K.

R16. NF 3 (g) + l.5H2 (g) -> 3HF(50 H2 0) + 0.5 N2 (g)

AHr 29 e = -199.40±0.22 kcal/gfw

Sinke (38) reported a calorimetric value at 298.15°K of AHr =

-199.49±0.22 kcal/gfw for a final state of HF(123 H2 0). The

reduction to HF(50 H2 0) is +0.09 ± 0.01 kcal/gfw.

R17. 2NF 3 (g) + S(c, rh) -÷ SF 6 (g) + N2 (g)

AHr 9a 8 = -228.26±0.25 kcal/gfw

Walker (39) reported a calorimetric value at 298.15'K of AHr° =

-228.26 ± 0.2 kcal/gfw. The uncertainty is reassigned as 0.25

kcal/gfw by reference to the original data, since the paper (39)

is inconsistent in value and terminology with Rossini (19).
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R18. NFs(g) -> O.5N2 (g) + l.5F 2 (g) Mr2s 9 8  31.44o0.3 kcal/gfw

Sinke (40) reported calorimetric data for the explosion of mix-

tures of hydrogen with 10% excess of NF, and with 100% excess of

NF 3 . The complex final states were not corrected to standard

states; instead, the experiments were designed to mirimize the

corrections. The difference between the two sets of data yields

the result above.

R19. NF 3 (g) + B(c, 0) -÷ BF3.(g) + 0.5N2 (g)
AHr298 = -239.46±1.2 kcal/gfw

Ludwig and Cooper (41) reported a calorimetric value of AEc°/M =

-22177 cal/g after correction for 0.44% impurities in the sample

of boron. Based on 10.811 for the atomic weight of boron, AEC0 -

-239.76 ± 1.2 and AHrO = -239.46 ± 1.2 kcal/gfw. The amount of

umburned boron remaining after combustion averaged 5% as deter-

mined by chemical analysis. This analysis was complicated by

the retention on the bomb surfaces of some of the BFs(g), appar-

ently in the form of a metal fluoride - BF3 adduct which was riot

identified. It is likely that the metal fluoride in the adduct

was formed, at least in part, by corrosion. No correction was

made for adduct formation, so the calorimetric result may be

biased. Bias may also arise from the impurity correction (cf.

R20); however. the existing bias appears to be much smaller than

the assigned uncertainty.

R20. i.5F2(g) + B(c, 0) -> BF3(g) AHr298 = -271.6±0.9 kcal/gfw

Wise et al. (43) reported the calorimetric result AHr° = -270.10

± 0.24 kcal/(l0.82 g B), based on correction for 0.62% impurities

in the sample of boron. Reanalysis (42) of the sample with more

reliable techniques showed the presence of 1.32% impurities.

This made AHr° more negative by 1.5 kcal/gfw and increased the

uncertainty by more than a factor of three. Here is a pointed

2 xample of bias caused by side reactions due to impurities.
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Calorimetric combustions in fluorine were also reported by Gross

et al. (44). Their result was MHr' = -271.2 ± 0.5 kcal/gfw,

including a correction of -0.6 kcal/mol for bias attributed to

use of sulfur as an initiator for the reaction. The bias was

estimated from data for fluorine combustions of a-boron and boron

nitride with either sulfur or boron nitride as the initiator.

This corrected result was not considered, since it came to our

attention after completing the adjustment.

R21. l.5F 2 (g) + B(c, 0) -÷ BF 3 (g) MHr098 = -271.65±0.22 kcal/gfw

Johnson et al. (42) remeasured the heat of combustion in fluorine

using two different experimental techniques with a zone-refined

sample of boron. The sample contained 0.131 impurities (0, C, N

and H), for which the corrections amounted to about 0.12% of AE c°

Experimental determination of the isotopic ratio in the sample

gave an atomic weight of 10.805 ± 0.004 which was used in calcu-

lating AHr°. This value remains essentially unchanged in terms

of the accepted atomic weight of 10.811 for natural boron.

R22. l.5F2(g) + B(c, P) -> BF 3 (g) AHr09 8 = -271.03±0.51 kcal/gfw

Domalski and Armstrong (45) reported the combustion in fluorine of

pelleted mixtures of boron and Teflon. The boron contributed

roughly 35% of the energy. Corrections for impurities in the

boron (0.12% metallic impurities and 0.20% C, 0 and N) amounted

to about 0.24% of AEc (boron). Experimental determination of

the isotopic ratio gave 10.812 ± 0.005; thus, the accepted atomic

weight of 10.811 was used in calculating AHr°. The authors' esti-

mate of the overall experimental uncertainty is accepted instead

of a value based only on random error (19).
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R23. 3HF(50 H20) + B(c, 0) + 0.75 0 2 (g) -> BFs(g) + 1.5H20(1)

AIr 2 9 8 = -142.77±0.5 kcal/gfw

Gunn (46) reported AHr298 = -28.29 ± 0.07 kcal/gfw for the reac-

tion BF 3 (g) + 15.67 HF(3.747 H2 0) -> [solution], while Good and

Mansson (47) reported AHr298 = -173.406 ± 0.2 kcal/gfw for

B(c, 0) + 0.75 02(g) + 18.57 HF(3.065 H20) -> [solution] + 1.5H2 0(1),

where the resulting solutions have the same composition. A reduc-

tion to HF(3.747 H2 0) of +1.624 kcal/gfw with an estimated uncer-

tainty of 10 to 25%, or roughly 0.2 to 0.4 kcal/gfw, is applied

to the latter reaction. The difference between the two reactions

and a reduction to HF(50 H2 0) of +0.717 ± 0.1 kcal/gfw are used

to obtain the result given above. The overall uncertainty is

estimated as 0.3 to 0.5 kcal/gfw, depending on the choice of

uncertainty for reduction to HF(3.747 H20).

Input Data

The computer program (48) is a generalized version which allows

AHf2 9 8 , AGf0 98 and S298 as variables; however, only AHf098 is

involved in this study. The program performs two functions: it

edits the observations and then obtains the least squares adjust-

ment. Editing consists of transforming the observations from the

form given previously into the system of linear equations ready

for solution.

The input to the program consists of (i) species with variables,

(ii) species with fixed values, (iii) observations, and (iv) con-

straints, if any. There are seven variables in this study,

namely, the values of AHfs98 for HF(g), HF(50 H20), NaF(c),

BFs(g), NFs(g), CF4 (g) and C2F 4 (polymer). Species with fixed

values of AHf209 are listed in Table I. These include nine ele-

ments or ions in their standard reference states and eleven com-

pounds with enthalpies of formation which are assumed to be fixed.

The twenty three observations, each consisting of the reaction,
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ent4halpy of reaction, and uncertainty, are summarized* in Table

I!. The last six columns in the table indicate variations in the

observations which were used in six preliminary adjustments. No

constraints are involved.

The edited observations, shown in Table III, summarize the rela-

tionships among the variables for the fial adjustment (HF-7).

All "fixed" species have been removed by substitution of their

heats of formation and uncertainties. All uncertainties are

assumed to be independent and are combined by use of Equation 17

of Rossini (19). The resulting values of Ri±Ui, involving only

variables, provide the most direct comparison among the observa-

tions. Table III is also the most concise representation of the

input data. It is the starting point for both sequential and

simultaneous adjustments.

Results of the Simultaneous Adjustments

Results of the final adjustment (HF-7) and six preliminary adjust-

ments (HF-l through HF-6) are given in Table IV. Also shown is

the least sum adjustment of HF-7. Below each least squares value

of AHf• 9 8 is the corresponding standard error (54) based on the

overall consistency rather than the internal consistency of each

observation. This point will be emphasized in the discussion.

The preliminary adjustments represent various stages in the

review of the input data as noted in Table II. All preliminary

adjustmev:.6 used our tentative estimate of 0.05 kcal/gfw for the

uncertainty of R3 rather than the proper value (23) of 0.10 kcal/

gfw. The effect of this change is insignificant (cf. HF-7 and

HF-6 in Table IV). Adjustments prior to HF-6 do not include R7,

*Table JI is an example of a catalog of observed thermochemical

processes. Armstrong (12) has suggested the value of such cata-

logs. They summarize the input data used for adjustment, either

sequential or simultaneous.
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the heat of neutralization from Kolesov and Skuratov (28).

Inclusion of this observation (cf. HF-7 and HF-4) changes the

values of both HF(g) and NaF(c) by about +0.07 kcal/gfw and

reduces the standard error of the latter from 0.11 to 0.07.

Other changes are insignificant. The discussion of R12 indicates

that the Teflon combustions of Wood et al. (34) and Armstrong

-2,13) differ by 1 kcal/gfw or twice the sum of their uncertain-

t- s. When the value of Wood is substituted for that of Armstrong

(cf. HF-5 and HF-4), C2 F 4 (polymer) is changed by +0.7 kcal/gfw

and CF4 (g by +0.08 kcal/gfw. Adjustments prior to HF-4 use 0.3

rather than 0.5 kcal/gfw as the estimated uncertainty fcr R23.

The only significant effect of this is to shift BF3(g) from

-271.42 to -271.29 kcal/gfw. Adjustments HF-3 and HF-2 indicate

the effects of different combinations odf R12, Rl2a and Rl2b.

Omission of R6 and R19 has negligible effect (cf. HF-2 and HF-l),

since these observations are relatively consistent but uncertain.

Not listed in Table IV are several other adjustments in which
L for HF(50 H2 0) was changed by ±0.2 kcal/gfw and the uncer-

tainty was reduced from 0.3 to 0.2 kcal/gfw. These results are

not significantly different from those already tabulated.

Discussion

There is an excellent precedent for use of the simultaneous

method in adjustments of overdetermined data. The fundamental

constants of physics and chemistry, formerly treated via sequen-

tial adjustment by Birge (55), have been obtained for over two

decades by simultaneous adjustment with the criterion of least

squares (56,57,58). Experience derived from these studies of the

physical constants will serve as the basis of the following dis-

cussion.

The species with fixed values in Table I correspond roughly to

the "auxiliary constants" of physics (58). In this classification

-7 -
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are included standard reference states, which are zero by defini-

tion, and experimental values of relatively high accuracy. Since

some of these experimental values have uncertainties comparable

with the data to be analyzed, both the fixed values and their

uncertainties ar. substituted into the observatio~ns.

Error assignments must be expressed on as comparable a basis as

possible, since they are to be used in weighting the observa-

tions. Assignments for the HF system are based on the random

uncertainty supplemented in some cases by estimates of the system-

atic uncertainty. Reliable estimates of the latter appear to be

particularly important in the present system due to the common

occurrence of side reactions. It must be emphasized that the

observations are usually a combination of at least three measure-

ments including an energy calibration, an energy determination.

and an analysis of the amount of chemical reaction.

Cohen and DuMond (58) stresed the importance of overdetermination

in testing the observations. They suggested that consistency of

the data as a whole is the ultimate test, and that this test

becores more searching with each new path of measurement. It was

this sort of testing which revealed the bias in early data for

HF and prompted the new data, analyzed herein. Overdeterm .nation

in this system remains extensive even after elimination of those

experiments which are probably biased. The selected ovservations

include only two variables which are involved in as few as three

different experiments. The remainder are involved in from five

to eight experiments.

Birge's ratio test may be used as a measure of the overall con-

sistency of the data. Cohen and DuMond (58) noted that this ratio

consists of the quotient of the external or a posteriori error

with the internal or a prior. error. The a priori error is

derived from the uncertainties of the individual observations,

":'"hile the a posteriori error is based on their deviations from

-38-
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the adjustment. When the ratio is close to one, there is no

strong evidence of the presence of systematic error. The ratio

is evaluated from:

2 2
(Birge's ratio) = (Chi) /(m-n) (4)

2 m 2
and (Chi) = E (Ei'/Ui) (5)

i=l 1 - -

where Ei'/Ui is the weighted deviation or normalized residual.

Results of the ratio test are summarized in Table V. It may be

concluded that there is no L,2ong evidence of systematic error in

HF-7, HF-6 and HF-4. Larger ratio values in the other adjustments

suggest the possibility of systematic errors or underestimates of

the a priori uncertainties. Sharp increases in the ratio occur

with the inclusion of Rl2a and Rl2b due to their mutual inconsis-

tency. In such cases, Cohen and DuMond (58) recommended the r'ejec-

tion of one or both observations upon location of a physical

cause of unreliability in the experiment. Thus Rl2b is rejected

on grounds suggested earlier and because our estimate of the

uncertainty is based on inadequate information. Likewise, Rl2a

is reolaced with R12, which involves the later (and presumably

more reliable) estimate of the uncertainty.

Individual deviations of the observations from the final adjust-

ments by least squares and least sum are shown in the last four

columns of Table III. Note that least sum assigns zero devia-

tions to seven observations: R3, R7, R9, R12, R14, R18 and R20.

These same observations in least squares have small but non-zero

deviations, the largest magnitude being 0.18 kcal/gfw for R20.

The largest weighted deviations are -2.21 (R16), +2.04 (Ri),

+1.87 (R17) and +1.55 (R23). Most of the inconsistency is con-

centrated in these four observations. Rl is the direct measure-

ment of HF(50 H20). R16, R17 and R23 are quite sensitive to

-39-
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HF(50 H20) and they tend toward a more negative value than the
direct measurement. The strain would be partially relieved by

increasing the uncertainty of R1 to 0.09 kcal/gfw, which includes

a reasonable estimate for systonatic uncertainty (20). Lack of

comparable estimates for R16, R17 and R23 makes this undesirable.

Sequential adjustments of the obse.rvations are not attempted in

this paper. Interested readers may use Table III to make their

own adjustments. It is likely that no two individuals will get

the same answers, since the number of possible paths to each

variable is quite large.

Cohen and DuMond (58) ccncluded that simultaneous adjustment by

least squares is the logical approacik in situations where there

is considerable overdetermination. We agree concerning simulta-

neous adjustment, but also suggest that least squares is not the

only logical criterion in a particular situation. Least sum ccn-

siders all of the data, yet provides a logical means of selecting

a preferred subset just sufficient to determine the constants,

Cohei and DuMond (58) implied, to the contrary, that such a selec-

',ion must ignore all of the other data. Least sum is also less

sensitive to outlying observations than is least squares. It is

true that a least sum adjustment is not necessarily unique.

There may be multiple solutions in a particular case, but this

has not appeared in our systems. It is not likely in cases with

considerable overdetermination. We conclude that least sum is

complementary with least squares and that the two should be used

together whenever practical.

There is little reason to prefer one criterion over the other in

the HF system. The only significant difference is that least

sum agrees better with the direct determination (42) of BF 3 (g).

?reference for least sum could be basec3d on the likelihood of out-

lying observations in this system. The difference is so small,

however, that the least squares adjustment is preferred.
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The selected values are summarized in Table VI, along with over-

all uncertainties estimated from twice the standard errors of the

least squares adjustment. The user should be warned that the

simple formula for propagation of errors (19) is only the first

approximation when two or more of the selected values are com-

bined in calculation of a third quantity. Correlation of errors

(58) is likely among some of the selected values. This requires

use of additional terms, which may be either positive or nega-

tive, in the general formula for propagation of errors (58,59).

Interpretation of the derived uncertainties is further compli-

cated, since the input data were weighted in some cases by inclu-

sion of reasonable bounds for the systematic error.

Values of MHf2 9 8 for HF(n H2 0) should Be obtained from that for

HF(50 H20) using differences taken from the dilution curve of

Parker (17). Additional error should be small, except for n >

1000. The values selected for HF(50 H20) and NaF(c) imply that

L for HF(50 H2 0) is about 0.15 ± 0.2 kcal/gfw less positive

.han that tabulated by Parker (17). This difference arises

partly from the heat of neutralization (28) and partly from

other data.

The analysis reveals some paths which should receive further

attention. Since NaF is so closely linked with HF(aq), it is

most surprising that good, modern data are not available for the

heat of neutralization of NaOH with HF or for t:he heat of dilu-

tion of NaF. Parker's estimate (17) for the latter is reasonable,

but it should be verified by experimental data. New measurements

of the heat of dilution of HF in dilute solutions would provide a

sensitive means of testing the calculated L curve (cf. earlier

discussion for R8). It has already been stressed that links such

as Rl_ are very sensitive for testing the enthalpy of formation

of HF(50 H20). Other links would add to the test. Finally, a

thorough analysis of the data for HF(real gas) could remove the

nonidcality corrections as a source of uncertainty for HF(g).
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Table I

Species with Fixed Values of AHfs9 8

Species AHf 2 9s, kcal/gfw Reference

B(c, •) 0.0 ± 0.0 Defined

C(graphite) 0.0 ± 0.0 Defined

C12(g) 0.0 ± 0.0 Defined

C02(g) -94.051 ± 0.030 (3)

0 2 N2 (g) 73.84 ± 0.43 (3)

F(g) 18.86 ± o.3 (18, 49)

F 2 (g) 0.0 ± 0.0 Defined

H(g) 52.095 ± 0.002 (3)

HCl(g) -22.062 ± 0.02 (3)

HC1(aq) -39.932 ± 0.02 (49,50,51)

H+(aq) 0.0 ± 0.0 ' Defined

H2 (g) 0.0 ± 0.0 Defined

H2 6(1) -68.315 ± 0.01 (3)

N2 (g) 0.0 ± 0.0 Defined

NaCl(c) -98.32 o 0.06 (49, 52)

NaOH(aq) -112.44 ± 0.04 (49, 52)

Na+(aq) -57.47 • 0.04 (49, 52)

02 (g) 0.0 ± 0.0 Defined

S(c, rh) 0.0 ± 0.0 Defined

SF 6 (g) -291.77 ± 0.24 (53)

-47-



AFRPL-TR-70-20

rL 0 414

-H~ 0 0

,0 H 4-

0 4)0
*- --1 0d*H

0 5CMj 4)* 0
-H 0 i o0 -

Cd

4c CCrf

00 10~

Cl0 0 H bD 0

r- -H 0 
-

S0 4)_S

rj 05 d CMj

01 0) 4-)

04 H H 0~~
C)L

Ncc

0)

09 NN L tC0 t~- Lf' Ln Q n 0000 r\ (\ CMj H-

oC/ 0*0M0 *H --4- 0~ . CMCMN n N CMj LC\

0 *0...........0 o n0 C *\ - *

Cd $L4 0 -Hoo0 0O0 -H0 0 .00 -H * OH 0 0

E-A 0 0 -I- r-i H H -H + -H -r- -H 0 +4 +~ H, 0 0-H-1 -

C) bobI 0) U\.--- H H 0 L>- H itCMCý n - 0 -H-H ý0D ,O - Ln~~\

DC\I- r 4 \.D 0 C\J -t00 KNL -4 0 CC nC\C)~ ---- -- \,D \O 0

C)<0 t--C n I nH CM ',0 --4 CM -A 0 G\m 0i -r

N CMH I I CM HHC C N NH CMjCMCMCM H
I t I I I H I I I I I

0 
bo

It v' bDo -QO hO Zh
>d '- - n -'U

*-- .--. 10 Cd 0j oJ bO * h

Q) 0 0 -*qH H- O~j-' 0 0 -0~ Mbfl

V/) Z (' -C) 0 o Z+ 0 - C001q+0 -c

,0o O--L\ Cdn + +O + Z-Z :4 '01

0 4-) 01 + bD *- -- -t~-- o + - z- 0----

5:0 = - 0 + - bO C1' + N 1 , bjOL\ bObOb.0

0) U\ + OH + - ~ 0 *-4 01-' bo -, *-'-- n•

5 .- ' -.- -0- 0 u 1 0 M t O -010 C) C) C)

4-31 0r~ 1d P- , ~CM- -0 C)+F4~r

c) Cd +'- b OCMj- ) 4' boO 0 U\ I U g\ 0

r-- - s, +' 0g td - - LO. 0 'r4 4' +

~d b bD -''-' Z 0' LC\ bO NJ bO'- rx,' ) a
Cd~~ -.0 ý 11

('Jj U1 Cd-- ' F2' -ui p1 -' Lo CM m _ a
c - %)-- 0 N 4' CdC\--O- za0 4- ' L3ý 0a

+4'+ bo--- taO ý4 N1

V~ cd H C -- -- -.- 0- Z Ca 0 0 o )p ,

-dr-)Z 0) tv ;0 ý4 94 CM - OJ ~UN - --- -+ Lf\

bO + cd +0)0 oja)Q r40 0 0 *q

CM Z ~ 55\ 01 0 &\ -0 00 -++OH

0 0 + 0~~~~C1 C + ~ ' + \ *i - - -- ' cl-

i bfO Cd J 0 Cd -' 01 Z- -'. HO H H C + H + 4' b bO O -

4- z1 + ho. + -C 0 C - +

('d ~ '- 0 -~ 01 0 r0' Cd - - Cd bO - bL) -' b bO b 4 rr P:4 LC\ q)

bn bao u- bo P4 nC Cd V- 5L, '4 co' ý- V--- C -.. ) .

OLr ---- '---- P~---- bf -~4.- P~ ýZ4  bo It' Fr4  CO rr C) C)1\ih \ £

H HHH HH H H- Hi H CM CMCM CM



- ,,,,. -1 . - - _-Matro1~zn tn r

AFRPL-TR--70-20.

So 0 0 0 0 n'n0 (J 110 CMj CMi 0 . 0N I'OD 0 n\ 0-04 N H -l

7:1 V) N

r-i~-:1- 00 K~\ r~\r H O\ nr-H 0 00M\0 0 0 0 CM
szi (1) Hr-0 0c1J40r- 0)H ~0 C~ 0 X C~ 0 H0n--ý00L-00L

>- . ..

0
C+-4 Ln -- iC\ 0 nCO0 \, K U t -t n NM t-r- H O0H 0Ln' n -4- \O \,

tCM 0 \IC U'- ) o1 M\ L\02CM k.0 0 n N Ow 0C t- n O- 0_:-10 n 0 -
-P 4-' 0~ 0 Hk \O 0\ N aC\ I, -4 0 C\ 0 --1 0 rtT).J 0 0 -- CJ rca0 El M-I

o I I II I II I Hx H

4.3 0 --4- H %0C \ -D 0 n "N r-i K C\,Orc 0 ar 0 r a j -4 0i ra Cka GO C 0M Lt-~ CO flJ
H-- MN H 0 0 000r-l00rI000Q0 00rl0 -t H\ O 0 S - \ \ a )r-i

a) px 0~ c0 x.t00 0Lr 0000O b- 0o H (
0~ d :5

0 --J 0 0 --- 0 1 c H 0 t
r2 :R:i n. IC\ C 0 C)\ W\ 0\, 0 00\ 0' -4 0 CM) 0t K~ \ O \ -- 0 ' H H H\ r- - -4
cx) Cý 0--~0t'O H tN-t '0k C HM 0 r nM nMXC 00 ~ c i n n N M C\J -\-- .n- cxs0 iQ

d H - -H -H -4 -H I CMHH H Iý CMC -HOH CMCMCMCM O CH

0) Cd 0 tO 0C 0 0 - C1 -
Ho H1 ý Y%-4 ~ o U\-4 -- n L-0'0 -- \0 0 n K

H ccH

HH H

cxi

0 Oc0j 0 >i

Cxi h' W-'> b b D 0 1

0 P: () 0 N LOCl)>

H0 0~ 0~- ~ 0 z 0
0 cxi ('Hl41U'
cxi 411 =' 0 hi

0-0 - 0 u -~- C.) -~C - bO
-H to LO Ln bO nart, 0 'Ill 0 0
4-) P4 ---- 1-11 M N P4  1. cxi I cxl 0'

ci) toO0 0 bo 0 bo0-
PC;i i i ' C sI_ - n I a-LC n

0 41) ' - *~' Z -

*D: 4) b oo 0rb4O ~ D Q - bX4 r-- N
H W C.> C) C') r') C') 0' bo :v
H -~C~ ix~ i..~ ý d

-ii *HI nHfn\D L 0 M 0r-i C\ n zlHHH ,OH--COM 0 C\MCK
H ICJW\.*uHkH H H Or0HCN ~Lxt-)'0C~jcoCa

-4l9-



AFRPL-TR-70-20

IN -\ 0 t-- o K N t~-O w r r- ý r-o~

N~ ~ C~ 0 ~ nZfo 0 (ý 0 -

n ~~~C o o C 40*A6M
\, n n I~ 1

0 r< H n. Q i r'\ C\M N -

I I H CM I CM H

CQ r(' ON t GNr- C r -c j H N r -4- C\M \O ,- CC)

U t C t,: C; 0-\ CM C3\C L
Q) I 4 CM CMj H-

02 ~0

C- CO -:I- CC) 0CN a\ n cQ rC\-:- H- nC' Q)

Co 00nH -4-H0c.j H 0 H4 N

02 C

Q) cd 0

H- zt( C~ -t r CM, 02 a n Q

H CT)

-4-J'l-C\M 0 L)0 0LLcO Htf\H t1 n iC0X CC H 0) ol
--t O'\ 0 ---1 H \DO j CM ý K\ '\CM n --t H Ln\ Oal, co

Es H0* 0Lt .4-H. KH H C M N\ C
O I..

I I H CM I CM jC
CC) 0 I H
0)H

t I'D C I a-J CH 0 \o 0 CM OLnC 0~\~ HO I-Cs -P) (

L- n. CV\ CO --- ri'D \ ) \ C Mj n C)

I H CM CMj H cii ý>

r QC) CL)

ci 11d1- O 0 0 0 E 0

~I~T•Hz - 0 CM 0

to\ C0(- H4 H4 NCCC 0
(L)Q 0 ! M I CM H-

C)

Q)>
02 E 0

C~l H

Q4-' 0
0' bD bo

-50-



AFRPL-TR-70-20

Table V

Statistical Summary of the Simultaneous Adjustments

Adjustment Unknowns Observa- Degrees of Birge's

No. n tions*,m Freedom,(m-n) ('Chi) 2  Ratio**

HF-7 7 23 16 18.44 1.073

(Least Sum) 7 23 16 (20.01) (1.118)

HF-6 7 23 16 18.45 1.074

HF-5 7 22 15 21.46 2.196

HF-4 7 22 15 17.46 1.079

HF-3 7 23 16 25.37 1.259

HF-2 7 23 16 46.77 1.710

HF-I 7 21 14 46.66 1.826

*Changes in the observations are shown in Table II.

**See Equations 4 and 5.

Table VI

Selected Values of MHf09 8

Species AHIrss, kcal/gfw

HF(g) -65.14±0.2

HF(50 HaO) -76,78±0.1

HF(- H20) -79.82,0.2

NaF(c) -137.52±0.15

BF3 (g) -271.42±0.4

NF3(g) -31.437±0.3

CF 4 (g) -223.04±0.3

C2 F 4 (polyner) -198.2 ±0.7
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APPENDIX B

Simultaneous Adjustment of Thermochemical Data

Enthalpies of Formation of C2 F 4 , CF3 and Six CF3 X Molecules

by

A. N. Syverud

Thermal Research Laboratory

The Dow Chemical Company

Midland, Michigan 48640

INTRODUCTION

Until very recently important uncertainties existed in the enthal-

oies of formation of gaseous CaF 4 , CF3 , and CF3 X (X = H, Cl, Br,

I, CN, and CF3 ). Values of AHfs 9 8 selected (38) from the data

ava-ilable from about 1964 to 1966 were either incomplete or

involved errors ranging from 1 to 11 kcal/gfw. Much of the error

was due to inadequate characterizatior"of the experiments and to

biased auxiliary values, e.g. AHf° for HF and CF 4 . Errors in

these auxiliary values have now been minimized by recent data (35).

Recent studies also provide an overdetermined set of consistent

interrelations among the enthalpies of formation of CFs and CF3 X

(X = H, Cl, Br, I, CN, and CF3 ). Calorimetric and equilibrium

data provide several paths for obtaining AHf° of the CF3 X mole-

cules, and kinetic data provide numerous links to the CF3 radical.

When such overdetermination exists, simultaneous adjustment is

the most efficient way to select enthalpies of formation (35).

This paper presents the simultaneous adjustment carried out during

preparation of new JANAF Thermochemical Tables (18) for C2 F 4 , CF3

and CF3 X.

Methods of Reduction and Adjustment

Simultaneous adjustment (35) presumes that the data for each

reaction may be reduced to values of AHr2sg.1s. Substitution of

any known enthalpies of formation yields Ri±Ui, the observed

value of some lineav combination of the unknowns. "Best" approxi-

mations for the unknowns, AHf29 8 .1 5 = F.m, are then obtained by
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minimizing a suitable function of the normalized residual (6),

Ei'/Ui, or weighted deviation. Ei' is the deviation between the

observation and the adjustment:

E I = R ji iZv..F.

where v.i is the stoichiometric coefficient for species j in

reaction i. The criterion of least squares is used in this paper.

Lack of time precluded the use of the alternative criterion of

least (absolute) sum (35).

Methods of reduction of the data are the same as those used pre-

viously (355). Auxiliary data for aqueous species are from Parker

(27). Other thermodynamic functions are from the JANAF Thermo-

chemical Tables (18). Overall uncertainty intervals are assigned

and combined as recommended by Rossini (30). When values are

derived from equilibrium or kinetic data, the reduction is less

straightforward and is described below.

Equilibrium data have been reduced by second- and third-law analy-

sis (29,33). AHr29 a is taken as the mean of the third-law values

derived from the individual equilibrium constants. Adoption of

the mean is justified by the smallness of the inconsistencies

within and among the sets of data.

The uncertainty in AHr' 98 is estimated as the larger of two

terms, either the precision index of the individual third-law

values or the estimated uncertainty in the product TASr T The

index of precision is taken as twice the standard deviation of

single observations (30); this value usually exceeds the range of

the individual third-law values. Uncertainty in the entropy

arises mainly from neglect of anharmonic and rotational-distortion

corrections in the calculation of the entropies of the CF3 X mole-

cules (18). The equilibrium reactions involve two such molecules,

one as a reactant and one as a product. There should be partial

cancellation of the two uncertainties in terms of MSro; thus,
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the two are not combined. Instead, the uncertainty in ASr° is

assumed to be equal to the larger of the two values.

Thermodynamic functions for CF3 CN (g), not yet available in the

JANAF Thermochemical Tables (18), have been taken from rigid-

rotator-harmonic-oscillator calculations. These use a ground

state quantum weight of 1, a symmetry number of 3, wave numbers

(12) and degeneracies of 2271(1), 1228(1), 801(1), 521(1), 1215(2),

625(2), 464(2), 192(2), and product of the moments of inertia (36)

of 1.1865 x 10-113 g3 cm8 .

Kinetic data yield activation energies for the forward and

reverse reactions. These have been combined at the temperature

of the forward reaction and then reduced to 298.15'K using the

appropriate enthalpies (18). In some cases it was necessary to

assume that the reverse activation energy is independent of tem-

perature. Such assumptions are reflected in the assigned uncer-

tainties.

The final reduction for each reaction consists of removal of all

species for which AHf298 is presumed to be known. Substitution

for these species is done by computer (35) using the "fixed"

values and uncertainties given in Table I.

Review of Data

Calorimetric data used in the adjustment are given in Table II.

The JANAF Thermochemical Tables (18) for C2 F4 , C2 F6 , and CClF3

discuss other data omitted due to large uncertainties.

The combustion of CHF 3 in oxygen (i = 5) involved formation of

CF4 in a competing reaction (25). Correction of each combustion

using current data for CF4 (see Table I) yields the mean value

of AHr2 9 8 = -90.35 ± 0.7 kcal/gfw for the final state of

HF(21.5 H2 0). The individual values show a serious trend with
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the amount of competing reaction; extrapolation to zero competing

reaction would make AHr' more negative by aboiv 1.6 kcal/giw..

Possible causes for this trend include corrosi( ond error in the

analyses for C0 2 and HF. The authors z,'ied -- m:11rimize the effect

of corrosion by running thu calibrations witn 9 -esent. We

select the mean value of AHr', since it iF r-, consistent with

other data, and we increase the uncertain-, to 1.0 kcal/gfw

because the situation is ambiguous.

Equilibrium data used in the adjustment ai7 ;iven in Table III.

Four of the reactions (i = 6, 7, 9, 10) yield entropy differences

which are greater than the combined erroc, ii tin second-law and

statistical values of Mro. The discrepancies ar• relatively

small and cannot be traced to a single>' ýpecies. For example,

CF 3 Br occurs in five reactions, but only three have discrepancies.

In both cases the signs of the discrepan ics include both plus

and minusw The logical conclusion is that the equilibrium data

yield no systematic evidence of biaz in the statistical entropies

(18).

The mass-spectrometric study (13) of 2C(graphite) + 4CF 3 (g) ÷

3C2 F 4 (g) is grossly discrepant and has been omitted from the

adjustment. Equilibrium is not attained between the gases and

the effusion cell made of graphite. Reaction of CF3 with graph-

ite apparently yields a steady-state concentration of C2 F 4 which

is much greater than the equilibrium value. Analogous behavior

has been observed in the C-H system (.22,02).

Values derived from kinetic data are given in Table IV. Data for

CF3 based on the many studies by electron impact and photoioniza-

tion have been omitted due to uncertainty in the excess energies

of the ions. The thorough discussion of photoionization data by

Noutary (26) emphasized that CF3 + is formed with large amounts of

excess energy both during ionization of CF3 and during fragmenta-

tion of fluorides. The amount of excess energy varies with the
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parent molecule. This difficulty may also affect the electron

impact studies and could account for some of the discrepancies in

bond dissociation energies derived from appearance potentials

and ionization potentials. Electron impact data have been suimma-

rized by Coomber (10).

Results of the Adjustment

Table V summarizes the twenty observations after final reduction.

Deviations from the least-squares adjustment are given in the

last two columns. The weighted deviations, all of them less than

1.0, yield the very small Birge's ratio (35, 6) of 0.69. This

indicates a high degree of consistency among the observed values

and their assigned uncertainties.

Enthalpies of formation obtained by the adjustment are given in

the second column of Table VI. Uncertainties are assigned as

twice the standard error (35) derived from the adjustment.

These uncertainties indicate the magnitudes of the probable

errors in the enthalpies of formation; however, they are only

first approximations (6, 35) when used in the simple formula for

propagation of errors (130).

The uncertainty for any species depends, in general, on the other

species being combined with it. For example, consider ýhe uncer-

tainty in Mr' for the bromination of CF 3 H (i = 7 in Table III).

The simple propagation formula predicts an uncertainty of 1.07

kcal/gfw, but the experimental uncertainty of 0.3 kcal/gfw is

more nearly correct. The uncertainties of CF 3 H and CF3 Br are

said to be correlated in the statistical sense (6), and assign-

ment of the proper error in MHr' requires use of thc corrclation

coefficients. These are not printed out by the present computer

program. Note that each of the observations used in the adjust-

ment is a possible case of correlation of errors. Observation

i = 7 is the extreme case; similar, but less serious, error cor-

relations probably exist for i = 6, 9, 10, and 19.
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Table VI also compares the adjusted values with previous selec-

tions. There is excellent agreement with the values of Lacher

and Skinner (20). These were obtained by applying the long-

established method of sequential adjustment to a subset of the

observations considered in this paper. The earlier selections

of the National Bureau of Standards (38) reflect the less relia-

ble data available about 1964.

Values of DH° (F 3 C-X) may be calculated from the results of

Table VI using enthalpies of formation for the X radicals. Tak-

ing the latter from Table I and (18), we obtain the standard bond

dissociation energies (4) given in Table VII. These may be com-

pared with the analogous values of DH° (H3 C-X) based on enthalpies

of formation from recent reviews (20,34). A discussion of the

bond dissociation energies will be given separately (28).

Conclusions

Simultaneous adjustment of recent data leads to consistent enthal-

pies of formation for C2 F 4 , CF3 , and CF3 X (X = H, Cl, Br, I, CN,

and CF3 ) in the ideal-gas states. The considerable overdetermina-

tion in the data lends credence to the reliability of the results.

Derived dissociation energies for the C-X bond in CF3 X should

also be reliable.
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NOMENCLATURE

DH 0 = standard bond dissociation energy

E' = deviation of observed R from adjusted value

F' = adjusted value of AHf°

ifo = standard enthalpy of formation

6Hr' = standard enthalpy of reaction

R = observed &r 0 -after substitution for "fixed" /YHfo

ASrO = standard entropy of reaction

T = temperature, °K

U = uncertainty in R

6 = difference between second-law and statistical values

of ASr°

c = estimated uncertainty in statistical value of ASrO

v = stoichiometric coefficient

Subscripts:

i = reaction index

j = chemical species index
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Table I

Species with Fixed Enthalpies of Formationa

Species 6Hf~qs, kcal/gfw Reference

Br(g) 26.73 ± 0.03 (16,38,18)b

Br 2 (g) 7.387 ± 0.03 (38,18)

CF 4 (g) -223.04 ± 0.3 (35,18)

CH3 (g) 34.82 ± 0.2 (18)

CH4 (g) -17.88 ± 0.08 (38 18)
C0 2 (g) -94.051 ± 0.03 (38,i8)

C 2 N2 (g) 73.84 ± 0.43 (38)

Cl(g) 28.99 ± 0.1 (11,18)b

CIBr(g) 3.50 ± 0.3 (38,18)

HBr(g) -8.70 ± 0.1 ('38,18)

HC1(g) -22.062 ± 0.02 (38,18)

HF(g) -65.14 ± 0.2 (35,18)

HF(50 H2 0) -76.78 ± o.! (35,18)

HI(g) 6.33 ± 0.6 ( 3 8 )b'c

H20(I') -68.315 ± 0.01 (38)
I(g) 25.535 ± 0.02 (38,18)

IBr(g) 9.77 ± 0.04 (38)

ICl(g) 4.18 ± 0.05 (18)

12 (g) 14.923 + 0.02 (38,18)

NFs(g) -31.43 ± 0.3 (35,18)

NaF(c) -137.a2 ± 0.15 (35,18)

aOther species with fixed values are the chemical elements

in their standard reference states; these are zero by

definition.

bValues assigned in this study.

CUncertainty increased to overlap the calorimetric

result of (17).
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Table IV

Values Derived from Kinetic Data

MHrs 98 .1.5

Ref. Reaction kcal/gfw i

(,7,3,1) CF3 H(g) + Cl(g) ÷ CF3 (g) + TICl(g) 2.93±0.7 13
(2,3) CF 3 H(g) + Br(g) ÷ CF3 (g) + HBr(g) 18.89±o.5 14

(15) CFsH(g) + I(g) - CFs(g) + HI(g) 35.5±3 15

(15,21,5) CF3 I1(g) + I(g) ÷ CF3 (g) + 12(g) 17.1±2 16

(7) CF3 H(g) + CH3 (g) ÷ CF3 (g) + CH4 (g) 0.6±2 17
(37,14,9) C2Fe(g) ÷ 2CF 3 (g) 97.6±6 18
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Table V

Deviations of the Observations from the Least Squares Adjustment

Ri ± Ui Ei'

kca!/gfw kca!/gf Ei'/Ui

1 157.64 ± 0.58 0.27 0o47

2 156.22 ± 1.26 -1.15 -0.91

3 157.18 ± 1.43 -0.19 -0.13

4 481.89 ± 1.78 0.15 0.09

5 165.65 ± 1.04 -0.92 -o.88

6 10.69 ± 0.70 -.0.22 -0.32

7 11.54 ± 0.32 0.09 0.29

8 25.70 ± 0.81 -0.10 -0.12

9 14.75 ± 0.40 0.39 0.98

lO 28.02 ± 0.40 -0.40 -0.99

11 -14.27 ± 0.50 -0.21 -o.41

12 14.47 ± 0.50 0.-40 0.81

13 53.98 ± 0.71 -0.18 -0.25

14 54.32 ± 0.51 0.16 0.31

15 54.70 ± 3.06 0.54 0.18

16 27.71 ± 2.00 -0.65 -0.32

17 53.30 ± 2.01 -0.86 -0.43

18 97.60 ± 6.00 1.26 0.21

19 84.43 ± 0.66 0.15 0.23

20 356.69 ± 2.42 1.37 0.57

(Chi) 2  Sum of Squares = 5.70

Birge's Ratio (35) = 0.69
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Table VI

Comparison of Selected Values of Enthalpy of Formation

If2 9e8 3.5, kcal/gfw
This Work Lacher(20) NBS(3b)

Species (1969) (1968) ( 1 9 6 4 - 6 6 )a

C2 F 4  -157.4 ± 0.7 -157.4 -155.5

CF3  -J.12.4 ± 1.0 -- -114

CF3 H -166.6 ± 0.8 -166.7 ± 0.7 -164.5

CF3 C1 -169.2 ± 0.8 -169.3 ± 1 -166

CF3 Br -155.1 ± 0.7 -155.0 ± 0.2 -153.6
-155.2 ± 0.3

CF3 I -140.8 ± o.8 -141.0 ± 0.2 --

CFsCN -118.4 ± 0.7 -- --

CF 3 CF 3  -321.2 ± 1.2 -321.0 ± 1 -310

aNBS selections (38) were made presumably in the period

from about 1964 to 1966.
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