minum (Al)

iference State) At. Wt. - 26.9815
ALUNINUM (A1) (REFERENCE STATE) AT. WT. = 26.9815
———cal. mole'deg. " N keal. mole '——n
T, "K. ct 8*  —(F*-H3yu)/T H"-H}y AH} AF} Log Kp
0 to 933°K. Crystal
0 $00U 2000 INFINITE = 1,094 000 «000 J00 -
100 3.i16 1650 11,530 = 980 2000 .000 +000 Bn S0 B766.0%: Liquid
200 S5.150 4,572 T.302 = 540 000 V000 Lung 2766.8 to BO00"K. Ideal Monatomic Gas
298 5.808 6,769 b TbY 000 L000 L000 L000
00 S.814 &.H0% &,Tay J011 000 000 0na
00 B.ib4 8.528 T.002 B3 000 000 LOn0
oo o 480 9o93a 7ias2 el 550 ‘000 Tonn See crystal, liquid and monatomlc gas tables for details.
600 6,717 11,138 7.960 1,900 $00U .000 «Un0
roo 4,998 124190 8,497 2,585 000 J000 Lunn
H00 T.370 13,187 v.01Y 3,308 LUO0 000 000
_m 7,90) 18,U88 9,528 4,084 000 4,000 JUD0
1 T.588 1T+ 603 10,205 Ll LoD Loue W
1100 7588 18,326 10,%11 Hal50 Wugu «000 +0no
1200 7,588 18,988 11.557 8,915 Loou .000 000
1300 7.588 19,4593 12.152 9,673 LU0 L000 oo
1800 7T.588 20,158 12, Tua 10,4832 LL00 000 000
1500 T.588 20,809 13,210 11.191 L0000 000 LOne
1600 7.580 21.106% 13,70u 11,950 L000 L000 Lnn
1700 7,588 21,629 14,153 12,709 Juou Joou 000
1800 7.588 22,083 18,581 13,447 N J000 000
1900 7.588 22,al3 14,985 14,2286 000 000 000
2000 7.588 22,087 15.370 14,985 Juou L000 N
2100 7.588 24,732 15,735 15,780 L0000 L000 LunD
2200 7,588 23,585 16,084 16,503 00 000 N0
2300 7,588 23,923 16,018 17,261 LOun 000 000
2400 T.588 24,7246 18,737 18,020 MY L000 LU0D
2500 7,588 26,555 17,044 18,779 T 000 80
2600 7.588 28,853 17,330 19,538 L000 .000 L0n0
700 7,588 5.13¥ 7,6 0,297 000 L000 600
W70 0,501 16,192 90,466 .00 400 000
2900 4,97 50,675 1%, 30% 90,963 000 2000 L0000
3000 8.971 50,484 20,357 91,460 W00 .000 L000
3100 4,971 51,007 21,343 91,557 J000 00 Jono
3200 .97z 514165 22.273 92,454 000 o NILT
3300 6,973 51.318 23,151 92,951 Joou L0u0 S000
3800 4,97y Sl.uts 23,981 93,889 L00u +000 »00n
3500 4,977 51,010 24,709 93,948 N 000 00
1600 4,97y 51,751 25,516 94,480 000 L000 W00
3700 a,982 51,887 2s,.227 V4,982 L00U .000 Junn
1800 4,988 52,020 28,908 95,801 Lol 000 Jonn
3900 4,991 52,150 27,55¢ 95,939 00 000 JOn0
4000 4,998 52,276 28,188 96,439 N L000 080
a3100 5,002 52.39% 26,758 96,939 oo 000 000
4200 5,010 52,520 29,320 97, a3Y 000 000 JL00
4300 5,01% S2,6838 29,601 97,941 Loou LOo0 000
2400 5,02v 52,754 30,380 98,883 N 000 o000
4500 5.08] 52,867 30,879 98,va7 Jou 000 LT
4600 5,055 52,978 31,350 99,451 Louo 000 000
av00 5,071 53,086 33,819 9,958 Loou 000 LU00
4800 5,088 53,193 1z,263 100,466 J000 J000 000
4900 5.108 53,299 32,891 100,975 JOuL L000 Jun0
5000 5,130 53,802 33,105 101,481 L000 L000 Lonn
S100 S.158 53,508 33,504 102,001 000 000 ML
5200 5,181 53,808 33,889 102,518 L0600 000 Jun0
5300 5,211 53,703 Ja, 262 103,038 LOuu L0060 Wlnn
5800 5,248 53,801 3a,023 103,580 Lu00 L000 Juno
5500 5,280 53,497 3a, VP2 108, U7 J000 J000 JOno
3600 5.3 53.993 35,311 108,617 LHU00 000 LL00
s700 5,361 54,087 35,640 105,150 LOu0 000 oo
5800 S.408 54,181 35,959 105,689 J00D +000 Juno
3900 5,450 54,278 16,200 106,232 L00 000 000
6000 5,508 54,366 36,569 108,780 L000 J000 000
Dec. 31, 1960; Dec. 31, 1965




+

Dialuminum Dioxide Unipositive Ion (Al 0, ) +
B2 Al,0,
(1deal Gas) GFW - 85.9612
DIALUMINUM DIOXIDE UNIPOSITIVE ION cnlzog‘s (IDEAL GAS) GFW = 85,9612
PR kealimal
¥ Point Gr D, 4 .
T,% cp* S —~(G-H'ma)T H'—H'me AHP aGr Log Kp in oup [ Dy, ] AHEY = 132.3 ¢+ 20 keal/mol
0 S398.15 = [64.4 £ 3] gibbs/mol BHf3qq 1g = 131 ¢ 20 keal/mol
100
200 Ground State Quantum Weight [ 2]
298 13,099 €a,387 60,387 000 131,000 128,963 = 94,532
300 13,1139 Tl AE,38T .0za 130,998 128,949 = 93,939 Vibrational Freguencies and De eraci.
W00 15.C11 E8.51§ 64,927 1,837 130,999 126,271 = 70,084 - Reperacies
so0 16,219 Tz.018 66,003 1,007 131,073 127,581 = 55.785 o, cm
0 7.3C5 75,077 686 131,178 26,872 86,213 L1801 8 Easor Q)
500 17.7 5. ., 1.17 126, - 21
700 17,814 17,178 £.a39 131,277 126,148 = 39,385 £ss0) (1) 9001 (1)
800 18,744 £C. 186 8,243 131,344 125,408 = 34,260 [8s0) (1) t9001 (1)
900 18,556 ¥ 10,088 131,346 124,665 = 130,273
1000 18,78 11.952 126.218 128,293 = 2T.184 .
v Bond Distance: Al-0 = [1.66] A
1100 18,568 86,121 73,535 126,246 124,0 . 24,656 > f p 4 .
1200 19.102  B7.TT7  7a.eS8 126.281 123.902 = 22.566 Bond Angle: 0-A1-0 = [30%) Al-0-A1 = [30°) - o = [4)
1300 19.511 B9 311 Ts,727 128.019% 123,702 = 320.794 Product of the Moments of Inertia: IAIBIC = [1.777 x 107 ] 33 cns
1400 19,799 90,738 TE. TaR 126,360 123,500 = 19.279
1500 19,370 92,072 17726 126,402 121,292 = 17,%6a
Heat of Formation
1600 19.429 §3.32a 78,667 126,808 123,088 = 16.812 : oy -
1700 19,479 $a8,503 79,5860 126,888 122,873 = 15,798 G. DeMaria, J. Dpowart, and M. G. Inghram, J. Chem. Phys. 30, 318 (1959),have reported an ionization potential for AL,0, of
1800 19,520 95,618 80,421 126.527 122,661 = (a.0893 9.9 ¢ 0.5eV(228 kecal). Using this value in conjunction with nu!;gatalzoz. £) = -97 kcal/mol, we obtain AHf,_ (Al.O '.gJ = 131 ¢
1900 19,555 S8.6T8 81,289 126.56% 122,445 = 14,088 20 keal/mol 298" 22
2000 19,586 §7.678 82,008 31,265 126,801 122,225 = 13,358 »
2100 19,612 98,630 82,813 33,225 126,635 122,004 = 42,697
2200 19.635 99,587 83,553 35,187 126,668 121,762 - 12,098 Heat Capacity and Entroj
2300 19,654 100,420 Ba 24T ar.152 126,691 121.563 = 11.551 The molecular configuration is assumed to be the same as that used for Al1,0,. The bond 1 th i d
2000 19.672  101.257  Ba,§5€ 35.118 126.716 121,342 = 11,050 Z 3 Length Su ausumed 3o be. donger than
2500 19,687 102,061 85,426 41,086 126,735 121,111 = 10.588 that in Al,0, and is made equal to that reported for Al,0. The bond angle is arbitrarily estimated to be the same as that in
Al,0,. The vibrational frequencies are estimated to be slightly lower than those for Al,0,,since t 1 i 1
2600 19.701 102,833 86,273 43,056 126,752 120.888 = 10.162 et B 5 ShLLy 2021 hecdla0, " Molsohle sheuld La
2700 19,713 103.577 86,90 45,026 126.763 120,862 =  9.Ts7 ess rigidly bound. The ground state is assumed to be doublet,since there is an odd number of electrons.
2800 19,726 104,294 87,506 46,958 = 12,089 122,097 =  9.530 The individual moments of inertia are I, = 7.32 x 10°°% g em?, I, = 1.234 x 10-8 H 5 -38 2
2900 19.734  104.986  BE.100 a8.971 = [1.522 126,877 = 9.562 e g 56 1 A £ B * /oW and Lo w1 006 X A0 g o
3000 19,743 105.856 88,674 50,945 = 10,998 131,682 = 9,590 e enthalpy at 0 § -3.010 keal/mole.
3100 19.751 106,301 89,232 52,920 = 10,477 136,388 = 9,615
3200 19.759 106,930 89.775 54,895 - 9.961 181,120 = 9.638
3300 19,765  107.538 90,305 5,871 = 9.4a8 145,833 = 9,858
300 19,771 108,128 90,820 58,808 = B8.9a2 150,527 = 9.876
3500 19.777 108,702 91,323 60,828 - 8.835 155,209 = 9692
3600 19,782 109,259 91,813 62,808 = 7.93a 159,688 = 9,706
3760 19,787 109,801 92,292 62,782 = 7,837 164,532 = 9,718
3800 19,791 110,329 92,740 66,781 = s.9aa 169,176 = 9,730
00 19.795 110,843 93,217 s8,.7a3 - 6,852 173.807 = 9.740
4000 19,799 111,344 93,668 70,720 =~ 5,968 178,816 =  9.7a8
4100 19,803 111,833 94,101 T2,.700 - S.484 183,016 = $.756
2200 19,806 112,310 98,52 TE,681 = 5,005 187,618 = 9,763
300 19,809 112778 94,948 Té.661 = 4,532 192,197 = 9,780
2800 19,812 113.232 95,358 78,602 = 2,061 196,770 = 9,772
4500 19,818 113.877 95,761 80.628 =  1.596 201,325 =, 9.778
2600 19,817  11a.113 96,155 82,605 = 3,133 205.880 =  9.782
aroo 15,819 114,839 96,541 84,587 = 2,678 210,407 =  9.782
ag00 19,821 114,958 94,921 86,569 = 2,226 214,936 = 9,786
4900 19,823 115.365 97,293 88,551 = 1.778 219,464 = 9,789
5000 19.825 115.765 97,4858 %0,534 - 1.338 223,911 - 9790
5100 10,827  118.158 08,017 92.516 = 904 228,475 = 9.791
a9d - WATS 232,963 = 9,791
- 055 - 9,791
« 380 - .79
«TeS - 9.7T91
talai A :-::2




uminum Oxide (alpha Al,05)
rystal ) Mol. Wt. = 101.960

r—h—————eﬂ.-nh“dq;‘h———————\

T, 'K

L
100

200
298
300

400
500

800
700
800
900

1100
1200
1300
1400
1500

1800
1100
1800
1900
2000

2100
2200

T
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
1500

c, §'  =(F'-Hi)/T H*-Hiy

+000 +000 INFINITE = 2.394
3,089 12024 24e184 = 24316
12,223 5.948 13+711 = 1.553
18.889 124174 124174 =000
18,979 12291 12+174 033
22,986 18.339 12.972 2al4y
25,345 23.752 144598 4577
26.889 284517 16+529 Te193
27.969 32e 749 18549 94040
28,758 364537 20.%6% 12.778
29,354 39.961 22.533 15,685
29.814 43,078 240434 184644
30,176 45,938 264761 2labas
30464 48574 28+012 2haBT4
30,995 51,032 29689 27.74%
31.290 534339 A1.297 30,859
31.620 55.509 324839 344004
31l.920 5T« 559 Jhe321 37.181
324220 50,503 35,745 40,388
32,490 614353 37117 43,624
32,760 63s116 38,439 46,886
33,000 64,803 394716 50.175

33,220 664410 404949
33,450 67969  42.142

13,6 T Qb a8
Hwa- 18
34,100 T2.286 45505

34,310 T3e627 46561
38,520 The928 4T.588
34,735 764186 48587
34,940 TTs408 49560

35,140 78598 50.508 Baa264
35,340 T9.751 51+433 87.788
35,530 80.876 52+3%5 91.332
35,720 81.973 53,217 944804
35,906 834042 54078 IBaaTE

38,0958 B4.085 542921 102.076

L B I

———keal. mole ™!

AH}

397494
3984497
399.p38
4004400

400408
4004555
400475

4004204
4004098
199.580
3904497
404,822

40hq18]
&403.p23
4034437
403,019
4024581

4024119
401en35
4014133
400413
400075

399.521
3984956
198,374

187,779
97172

396.550
395.915
5364375
535,307
534.227

533.132
532.028
530.908
5204777
528534

LI I A

'

L

AF}

307404
392424l
385.329
378.078

377940
3704418
362.891

355,389
347,920
340,481
333,066
325,301

317.396
309.522
301,680
293.868
286.086

2TBe334
270.612
262.920
2558254
24T619

240,011
232,427

- %4872
35355

209.834

2024354
194.898
1844157
171.598
159.072

la6.584
134,135
121.718
109.338

96992

Dec. 51, 1960; Sept. 50, 1961 Mar. 31, 1964

Log Kp

INFINITE
B857.201
421047
277125

275316
2024378
158.612

129w hai
1084620
93,011
B80.875
Tle0g1

63,058
564360
504715
45.873
41.881

384017
34788
3l.921
292359
274057

26977
23.088

338k

184343

17009
15,775
144373
12.931
1l.3588

10.334
P9e161
8,061
T.028
G056

Al 2()5

ALUMINUM OXIDE (ALPHA 31205] ( CRYSTAL) MOL. WT. = 101.960

8Hp ) = -397.5 + 0.3 keal. mole™!

1 1 1

= 12.174 cal. deg.” mole” MR 505,15 = -400.4 + 0.3 keal. mole”

"
5298.15
T, = 2515°K. GH_ = 20.30 + 0.55 keal. mole™t

Heat of FPormation.

The value of N:r derived from the direct combustion of pure aluminum in oxygen was taken from A. D. Mah,
J. Phys. Chem. B1, 1572 (1957). Other values for A obtained in the same way are: =-399.04 + .24 keal. mole™)
reported by P. E. Snyder and H. Seltz, J. Am. Chem. Soc. 67, 683 (1945); -400.4 + .3 kecal. m:e']' reported by
C. E. Holley, Jr., and E. J. Huber, Jr-, J. Am. Chem. Soc. 73, 5577 (1951); snd -402 + 2 keal. mole™t reported
by A. Schneider end G. Gattow, Z. snorg. u. allgem. Chem. 277, 41 (1854).

Heat Capacity and Entropy.

The heat capacity measurements reported by G. T. Purukawa, T- B. Douglas, R. E. McCoskey, and D. C. Ginnings,
(15® to 1200"K.), J. Research Natl. Bur. Standards 57, 67 (1956), were employed in this table. Low temperature
messurements were also made by P. Simon end R. C. Swain (30-280°K.), Z. Physik. Chem. 28B, 185 (1935); E. C.

Kerr, H. L. Johnston, and N. C. Hallett (20° to 295°K.), J. Am. Chem. Soc. 72, 4740 (1850); J. W. Edwards and
G. L. Kingston (S3-291°K.), Trans. Faraday Soc. 58, 1313-22 (1962); E. N. Rodigina and K. Z. Gomel'skii, (100-
900°K.), Zhur. Piz. Khim. 32, 1858-62 (1958); B. E. Welker, J. A. Grand, and R. R. Miller (300-900°K.), J. Phys.
Chem. 60, 231-3 (1956); R. D E. B. B , and T. E. Brackett (700-1400°K.), J. Phys. Chem. £7, 1669
(1963), end L. Terebest (0-1300°K.), Helv. Chim. Acta. 17, 804 (1934). All of the above low temperature data
are in good agreement with Purukawe's work.

The heat capacities above 1200°K. (1200-2500°K.) were taken from the enthalpy measurements of P. B. Kantor,
L. 5. Lazareva, V. V. Kandyba, and E. M. Fomichov, Ukr. Fiz. Zh. 7, 205-10 (1962). The heat capacity values
above 2500°K. were extrapolated. High tempersture measurements were plao made by the following investigators:
V. Ya. Chekhovskol (500-2000°K.), Inzh. Fiz. Zh., Akad. Neuk. Belorussk SSR 5, 62-5 (1962); A. Perrier and M.
Olette (1100-2300"K.), Compt. Rend. 254, 4293-95 (1962); C. H. Shomate snd B. F. Naylor (500-1800°K.), J. Am.
Chem. Soc. 67, 72 (1945) and H. L Johnston and M. Hoch (1000-2000°K.), J. Phys. Chem. 65, 1184-5 (1961); and
V. A. Kirillin, A. B. Sheidlin, and V. Ys. Chekhovskii (500-2000°K.), Doklady Akad. Neuk. SSSR 135, 125-8 (1960).
Numerical values were not available from Kirillin, et al., but graphicel values were in close agreement with an
extrapolation of Purukawa's data. The entropy at 298.15 was reported by T. Furukawa, et al., loc. ecit., using
S3g = 0.0105 cal. deg.”  mole™.

Melt: Data.

The melting data were cbtained from the measurements of P. B. Kantor, L. 5. Lazareva, V. V. Kandyba, and
E. M. Fomichov, loc. cilt. 8. J. Schneider "Compilation of the Melting Points of the Metal Oxides,” NBS Monograph
68, p- 6, Oct. 10, 1963, gives a review of the melting points that range from 2267 to 2345°K.

Al
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Aluminum Oxide, Gamma (6 -
(Crystal) Mol. Wt. = 10

A1205)
1.9612

——¢al. mole deg. "' ———

T, *K. c §*  =(F°-H3e)/T
Q

100

200

298 19.8%3 12550 12-550
300 19.928 12.673 12.550
400 24,135 19.023 13.388
500 26.612 28,691 15.093
600 28,233 294694 17-118
700 29,367 44135 19.238
800 3I0.196 3B.112 21353
900 30,804 414705 23.418
1000 31.305 44,977 25.413
1100 314623 4T«876 27330
1200 31.987 50.T43 29.167
1300 EFTLTY 53.321 30.927
1400 32,855 55+ T4l IZ2«614
1500 33.193 58.020 344232
1600 33,516 60a172 35.787
1700 33.824 624213 AT«282
1800 34,115 Bha 155 38721
1800 34,390 65007 40+109
2000 344650 67778 Lleba®
2100 34 4889 69.4T4
2200 35,123 714102
2300 35,348 T2«669

2500 35.801 75.635 47525
2600 36,026 TT4043 4B.533
2700 36,252 TB4407 49.711
2800 36,472 79.730 50.760
2900 36.687 B1l.013 51«71
3000 36,897 82.260 52776

f——————ktd.-nh'L———————_\

H*-H3g AH} AF}
L000 = 3964000 = 373,790
2037 - 3964005 = 373.652

2,254 = 396.052 - 366.184

4,799 - 305,866 - 358,736

Ta5645 = 395,570 =~ 351,337

10,428 = 395.224 - 343,991
13,407 = 304.876 - 336,697
164458 = 3944570 = 329.443
19,565 = 399.370 - 321,853
22,711 - 399,000 = 314.122
25,891 - 30B,.610 - 306,423
259,413 - 398,190 - 29B.756
32,378 = 397.738 - 291.123
35.681 = 307.260 - 283.527
39,016 - 396,758 - 275.960
42,384 = 3964232 - 2684425
45,781 - 395.684 - 260,921
49,206 = 395.119 - 253.451
52.658 - 304.535 = 2464013
56,135 = 393,934 = 238.601
59,636 = 303.319 = 211,219
63,159 392,686

8.0 T = 392,040 T 218.533
70,274 = 391,382 - 209.242
T3.866 = 390.706 = 201.965
77.480 = 390.017 - 194.721
81,116 - 52B.134 = 185.84l
B4.T74 = 5264892 = 173.637
8B.453 = 525.636 — lAl.473

Log Kp

273.982

272.193
200.064
156,796

12T7.9868
107.394
91.977
T79.996
To.338

62,407
55.805
50.223
45,444
4le308

37.693
344507
31.679
294152
26882

264830
22.968

18.291

16.976
15.761
14.505
13.085%
11.763

ALUMINUM OXIDE, GAMMA (¥~ 21,0,) (CRYSTAL)

1 1

= [12.55] cal. deg.” mole™

S398.15
Ll
™, = 2323°K.

Heat of Formation.

The enthalpy change (&H}) for the transition AL04( ¥

Kostomaroff and M. Rey, Silicates Ind. 28, 9 (1963); and (2) T.
The resulte cbtained are presented in the table.
Al(c) in 2N KOH{ag.) have been measured by (3) K. K. Kelley, C.

3246 (1964).

and E. H. Huffman, U. S. Bur. Mines Tech. Rept. 688 (1946)

MZOE

MOL. WT. = 101.9612

&3 o = Unknown

T -1
BHE poq.15 = [-396.0 + 0.5] keal. mole

oy = [20.9] keal. mole™t

, e) - 11205(.{, ¢) has been determined by (1) V.
Yokokawa and O. J. Kleppa, J. Phys. Chem. 68,

. Based on their reported values, -16.13 + 1.0 and

The enthalpies of soluticn for 11205( ¥, c) and
H. Shomate, F. E. Young, B. P. Naylor, A. E. Salo

-196.02 + 0.25 keal. mole™l, respectively, the heat of formation {m; 298.15) for .uzos( ¥, ¢) was evaluated to

be -384.84 + 1.1 keal. mole L.

Hence, the enthalpy of transition ( & — of) was calculeted ss -15.6 + 1.1 keal.

mole”d, using OH} pgq 1s (AlpOgs of 4 ¢) = =400.4 keal. mole™ .
Source Method Temperature, *K. M7, kcal. mole™>  &HY ,oo o, keal. mole™t
(2) solution calorimetry 978 -5.3 4.4
(1) differential thermal analysis 1475 -11.0 -9.4
(3) solution calorimetry 298.15 -15.6 -15.6

The heat of formation for “2"5( Y, c) was calculated from that for uza_,,{a&. ¢) and the m; value reported by

Yokokaws and Kleppa, loc. cit., which was arbitrarily selected.

Heat Capacity and Entropy.

The heat capacities were assumed to be larger than those for Al,0s(el, c) by 5% at each temperature. The

value of Sjgg 5 Was estimated such that at T, ary (M504

T, was reported by M. Plummer, J. Appl. Chem. B, 35 (
and A1,04 (1) at T, 1s &H3-

» &4 e) > AP (M05, oL, o).

1858). The difference between &Hp for Al0y (¥, ¢)

Al

2

3



Carbon Monoxide (CO)

(Ideal Gas) Mol. ¥t. = 28.01055
1 =1,
o cal. mole" deg, ' ———— keal. mole -
K 5% = (F*-Hig)/T H*-Hiy  AH} AFy
0 «000 WUUD  INFINITE - 24072 = 27.200 = 27.200
100 64956 39.613 53e4n1 = 14379 = 26,876 - 28474l
200 654957 Lhebds 474881 = =683 = 264599 = 30.718
298 64965 4Te2le 7e 14 =000 = 26.417 - 32.783
300 64965 4Ta257 8Tesz «0l3 - 26.4lk - 32.823
400 7.013 494265 4Tea88 ST11 = 264318 - 34.975
500 Tal2l SULB4] 4Bagoé 1etl? = 264296 - 37«ldd
600 Te276 52a152 4Be551 22437 = 26,332 - 39,311
700 7450 $3.287 494182 ;-i:; = :g-;\;: e :;o:?g
800 Teb28 564293 45.759 . = . = .
900 74786 554200 50e31% geddy - R6eER); T S3elas
1000 74931 564028 50845 50183 = 2677l - 474859
1100 B8.057 564790 51.351 5.983 = 264914 - 49.962
1200 Bal6B 574496  51.a34 S.T00 - 37.082 - 52040
1300 8,263 SBal54 524795 . - . - .
1400 B.346 584760 52.736 Babsb - 27.376 - 56.189
1500 Besl? 59.348 534158 94285 = 274537 - 5B.241
10,130 - 2TTU0 = BU.284&
9 56 . .
1980 8835 SIS B3I3RE solsew - Zrlses - eaidis
1800 Ba583 60BYE 544322 ilab36 - 28.032 - 6&.337
1900 81626 6la3b3 SGagBl l2.887 = 2B.201 - 664349
2000 T 61.8u7 55.026 13.561 - 284372 - 684353
14430 = 284543 = T0.346
2100 8,698 62230 55.35%%
2200 3:723 62at35 ESemAD 15.301 - 2B.719 = 72.33%
2300 B.756 63028 584901 L6a175 - 28.804 - Ta.311
2400 84781 634397 6202 174052 = 294974 - 764282
2500 B.B0& 63756 564584 17.931 - 20,254 = TB.247
2606 8.825 644102 564866 184813 - 29.438 - AQ.202
2700 B.Bak Y TE D) 57a140 19,606 = 29.623 - 82.153
2800 8,863 640757 57e407 204582 - 294810 - B4.ugd
2900 B.B879 65.065 5Tenbb 21.069 - 3u.UU] = B6.UZE8
3po0 84895 654370 57.017 22.357 = 304198 - B7.957
23.248 - 30,388 = B9.478
3100 8.910 654662 584163
3200 Ba924 55.5945 584401 24.130 - 30.588 - 91.79%
3300 B4937 664220 EE T 25,032 - 304786 - 934767
3400 Ba949 66a487 584861 25,927 - 30,988 - 95.6u9
3500 Ba961 66.T45 59083 26,822 - 31.192 = 97.5u9
3600 B.973 56.999 59,709 27.719 = 31.389 - Q0.400
3700 Ba984 AT w2is 594611 £B.61T = 3l.608 - 101.286
1800 8,594 672485 59,717 28,516 < 31.A18 = 103.14s
3900 9.004 67.718 59.919 3ueale - 32,031 - 105.u39
4000 G.0l4 67966 60.117 31.316 - 324247 - 106.9u8
.2 - 32.484 = 108.77s
4100 G.026 6Bsl69 60s311 32.218 3
4200 94033 684387 60e501 33,121 = 32,684 = 110.83u
&300 Ga042 684599 504687 34,025 = 32.9U8 = 112.483
4400 94051 584807 60.R69 34,930 - 33,130 = 114,333
4500 94059 59.011 6leghT 35,835 - 33,388 = 116,177
36,741 = 33,584 - 118.012
4600 94068 69.210 61.223
4700 9.076 692405 612395 374649 = 33.816 - 1194845
4800 9,084 692596 £1a566 38,557 = 344066 = 1214672
4900 2.092 69.784 81.729 39,465 - 344280 - 123.497
5000 9,100 6£9.967 6lerna? 40275 - 34516 = 125315
285 = 34,755 = 127.132
5100 9,107 70148  62.052 “1a
5200 9.115 704325 624210 420196 = 344995 - 1284941
5300 9.123 TO.498 62.365 43,108 - 35.237 - 130474l
5400 9.130 T0=66G 624517 44e021 =  35.4B0 = 132542
5500 9,138 704836 62.5867 4ha¥34 = 35,727 - 134.336
SB4S = 35,974 = 1364129
5600 9al45 Tlewu] 62.814 o
5700 9,153 71.163 524959 :g-:g: * ;:-Ef: = :33':;:
80 60 «3 . b . - .
:ggg ::io'r ;:,;.33 23325 48,505 = 36.730 = 141.473
6000 04175 714633 634381 494513 = 364985 - 1434249

Dec. 31, 1960; Mar. 31, 1961; Sept. 30, 1965

Log Kp

INFINITE
62.809
33.566
244029

23.910
19.109
16e235

laa318
12946
11.914
li-.108
102459

9.926
GeuTa
9.099
B8.771
Ba685

Be234
8.011

Lo

CARBON MONOXIDE (co) { IDEAL GAS) MOL. WT. = 28.01055

Ground State Configuration lz ¥
-1

t o™ -27.20 + 0.04 kecal. mo1e™d

'SEQB.IS = 47.21 + 0.01 cal. deg.” mole™t auy 2e8.15 = ~26.42 + 0,04 kcal. mofad

1 1

W, = 2169.52 ca.” T =1

Loz, = 15.453 em.

=y ..
B, = 1.9302 cn. oC, = 0.01746 cm, "t r, = 1.1281 A

Heat of Pormation.

The entna:lpflr:hsnse [M; 298‘15) for the reaction: Co(g) + 1/2 Oz(g) - Cozlsl wes reported to be -B7.636 +
0.029 keal. nole ~, based on molecular welght of l’:{l2 = 44.010, by F. D. Roasinl, J. Research Nat. Bur. Standards
22, 407 (1953). It was recalculated to be -67.638 + 0.03 keal. mole™ , using moleeular welght of CO, = 44.011,
for internal consistency. Pmm_tlme value of MH7 23g.15+ the hest of formation (AHL 29g.15) for €o(x) wes derived
to be -26.417 + 0,04 keal. mole™, which ylelds Dylee) = 11.09 e.v.

The DO(CU) vaelue has been proposed to be 6.92 to 11.11 e.v. in the past few decades in order to explain data
collected from spectroscoplc, flame, shock-wave, detonation, and electron-impéct studies. Recent evalustions by
L. Brewer and A, Searcy, Ann. Rev. Phys. Chem. 7, 259 (1956); M. A. Pineman and A. W. Petrocelll, J. Chem. Phys.
36, 25 (1962); end C. F. Glese and W. B. Maler II, J. Chem. Phys. 39, 137 (1863) favoped the value 11.11 eV,
reported by A. 0. Gayden, "Dissoclation Energles”, Chapman snd Hall Ltd., 1953.

Tne heat of combustion of CO(g) was also determined by J. H. Awbery and E. Griffiths, Proc. Roy. Soe. (London)
[#] 141, 1 (1933), R. W. Fenning and F. T. Cotten, 1bid., [A] 141, 17 (1933}, snd W. A. Roth and H. Banse, Arch.
Eisenhutten 6, 45 (1532-33).

Heat Capecity and Entropy.

The functions adopted here were obtained from J. Belzer, L. G. Savedol{ and H. L. Johnsten, Ohic State Uni-
veralty, TR 316-6, May 1, 1953, assuming the thermodynamic functlons for the nBturally occurring isotoplc mixture
to be the same as those for Clzolsfs}- The spectroscoplc constants employed lor calculation were reported by
G. Herzberg, "Spectra of Diatomlc Moclecules , D. Van Nostrand Compeny, Inc., 195C. The tabuleted functions include
the second order corrections to the rigld-rotator and harmonic-osclllstor moleculsr model for vibrational anhar-
moniclty, rotational stretching and rotatlonal-vibrationsl interaction.

The spectroscopic constants lilsted above are for the naturally occurring lsotople composition given by D.
Strominger, J. M. Hollander and G. T. Seaborg, Rev. Mod. Phys. 30, 585 {1958).

Thermodynamic properties for CO from 70 to 300°K., with pressures to 300 atmospheres were reported by J. G.
Huat and K. B. Stewart, NBS-TN-202, National Bureau of Standards, 1963. Calculations of the vapor pressure and
neats of vaporizetion and sublimation of CO and (,‘Oz below one atmosphere were reported by J. €. Mullins, B. 3.
Kirk and W. T. Ziegler, U. 5. Atomlc Energy Commisslon NP-13862 11963) .

co



Carbnn Dioxide

’

(Ideal Gas)

T, "K.

Q
a0
200
298

300
w00
500

600
ToO
800
o990
Lodo

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2560

2400
2700
2800
2a00
3000

3100
3200
3300
3400
3500

36d0
3700
3BOG
3530
4000

4100
4200
&300
4400
4500

4600
4700
4800
4900
5000

5100
5700
5300
5400
5500

5600
5700
5800
5900
6000

10686

11.310
11aB48
174293
12.667
17580

134243
13.466
13.636
17,815
11.553

144074
14.177
14,269
144352
That2a

la.485
144547
14a600
l4aEa8
la.tb2

144734
14,771
164807
144861
la.873

la.502
144930
14,5598
la 582
150Ut

154630
15.053
154075
15,097
184119

15.1349
154159
14,179
154187
15.216

15244
154254
19.272
194290
1542068

154327
184249
15,371
15,3593
154415

15.437
15.459
15.481
15.5U3
15.525

e cal. mole deg. ™!

g*

«0up
42758
4T« 760
SleuUTZ

5lal27
53,8130
Shiel2p

S8.126
59910
61522
629592
LT

ES.50L
EbaThE
AT«84]
AB.850
BO.HLT

U727
Tle57%
T2.3G)
TI.16%
T390

Thabuf
The28e
75931
Thabba
TTalb3

77730
TB.286
TR.B24
THadan
T9.848

AL L334
Bu.BlD
Bl«270
B8l.717
AZe151

B2.57a
B2.984
A3s38R
A3.TH0
LETS L]

Blehin
Raatul
LEPFEY ]
BSabuy
Bha049

A6 284
Rbafil]
AHa93%
87.248
87.957

AT«B60
RB.158
FR.L5]
BRT73R
ROLUPL

AQ.799
892572
BYaRL]
Ql.1um
0. 367

(co

2)

Mol. 4t. = 44.00995

keal, mole ™"

™ i~ ™\
~(F*-H3) /T H*=-H3y  AH} aF;

INFINITE - 24238 = 93,965 = 03,485
GBeIBE - 1a543 = §3.997 =~ Q4,100
514849 - #8146 - Q4,028 - 94,191
514072 000 = 9a.USE - Q4265
514072 <016 G 4I5S = Qa.267
5ledis « 958 GheUTU = 94.335%
52« 14P 1987 - Gu,09] - G4.,399
52.081 3,087 = 044124 =~ Q4458
S3efa5 Gad B = Ga.lme -~ Ga.51lu
S4.T06 S.457 = B4L7IB - T4.556
LYY 6,702 = G4,2T0 = Q4,596
Shs155 TewB4 = Gaa3?l - G628
57.143 9.296 = GL,3TL = G4.6b8
57896 10,632 = 944419 = O4.481
SBeb20 11,988 = Qu.469 = 94.7ul
594315 13,362 = Gn,518 = 94,716
574984 1a.78%0 = GuuSAhZ = 94,728
EDef27 16482 = Qa.ALT - Qul739
flazak 17.5¢85 -  G4.A%0 = QhJTah
AlaB43 18,987 - Qa.A0A - O4.ThU
A2441F 20,418 = 94,742 = Q4.71
L 21,857 - Q4.7BE = G4.T42
£1.512 23,302 = 94,834 = 94.T4E
finendl €4.75% = GLLBAS = G4.T44
66,535 6,217 - G4.936 = Q4,735
Ab.027 2T.676 - Q4e99]1 - Q4,724
65.40¢ 29,14 - 95.0s8 - Qa.Tlh
A5205L 3uabl3 - 95,107 = 94,698
Ala4n? 32,08R - 95,170 - G4.683
AALB3F 33,567 = 854735 = Q4,662
674299 3,069 - 65,105 - Q4,639
ATeRTD 362535 = §5,377 = QL.61S
ABanT1 IR.028 = 95,451 = Q4,587
ARuAA ] 39.51% = 95,530 - 94,560
ABLBLT 4lagll = 95,811 - 94,531
69215 424007 - 95,896 - Gha.49%
69.57F 6.00K = 08,784 = QL.ab2
69.937 45,508 - 9%.874 = BasbZ]
T0«280 47e012 = 85,94R = Q4.37%
T0+62C 4H.51R = 96.066 = 98,33
704953 50,027 = 964162 = Q4,286
Tle278 51.53A = 64263 = 094,237
71597 53,051 - GA.I67 - 04186
71009 S4e566 = GR.473 = 04,130
T2a216 564082 = GH.5B3 = 94,072
72.516 57.601 - 96.604 = 94,015
72.R11 S59.122 - GA.BUT -~ 93,954
73.100 G0.646 = GH.NZI -~ 43,885
73.384 62410 = G7.0s0 - 03.B18
T3.R67 63,695 = 97,160 = 93,746
73.937 65,423 - 97.281 - 93.678
T4.206 66,793 = Q7.4U4 = 93,603
ThatT] 68.285 = 97.53u = 93,528
ThaT31 69,819 = 97.A56 = 93.450
T4.988 71,356 = 07.783 =~ 93,36l
754239 72.893 = 97,912 - 93,280
TaeuRE Ta,633 = GB.0u2 = 93,1%0
154732 18,578 = 98.173 = 33,104
T5.972 TTe321 = 4YB.30% = F3.017
760209 T9.068 -~ GH.438 -~ 02,918
Thenal H0.617 = GB.5T2 - 92,820
76.672 B2.168. - ©8.707 = 02.724

Dec. 31, 1960; Mar. 31, 1961; Sept. 30, 1965

Log Kp

INFINITE
2US. 645
LUZe922
LT

BB.6TU
Sleb4u
ale260

3uekls
29.506
25.830
224970
2U«880

1B.B06
17243
154920
la.78%
13.801

17s8940
12.180
11504
10.898
10.353

9.860
Setll
94001
Be625
84280

Ta96U
Tebb4
T« 388
7132
6892

6ah68
Gati 58
be260
beD T4
SeBYB

ba732
SabT4
a2
SezB3
5e149

S.020
haB98
4s781
LaT0
ha563

habbl
4a382
ha 268
4al7B
4a091

4a008
3527
3850
3775
3.703

3.633
ERR-1.1.]
3.501
3.438
3.377

CO2

CARBON DIOXIDE (CO,) (IDEAL GAS) MOL. WT. = 44,00995

Point Group D G} o = -93.965 4 0.011 keal. mole™l

=1 -1 . " =1
5558.15 = 51.07 + 0.03 cal. deg. = mole BHE pog.1s = —94.054 + 0.011 keal. mole
Vibrational Frequencles snd Degeneracies
W, em. "3
1342.86 (1)
667.30 (2)
2549.30 (1)
°
Bond Distance: C-0 = 1.16 A
Bond Angle: 0-C-0 = 180" o =2

Rotational Constsnt: B, = 0.39038 em. "1

Heat of Formation.

The enthalpy change tau; 298.15
Dewey and D. K. Harper, J. Res. Natl. Bur. Std. 21, 457 (1938), R. &. Jessup, lbid. 21,
¢ an®

and F. D. Rossinl, ibid., 33, 439 (1944). Besed on these data, the heat of formaticn (&HY 293.153 for coztg} was
+ 0.0108 kcal. uole'l, using molecular weight of COB = 44.010, by E. J. Prosen, R. 5. Jeasup

reported to be -94.0518 +
and F. D. Rossini, J. Research Natl. Bur. Standards 33, 447 (1944). Tnis value was recalculated to be -954.054 &

0.011 keal. mole'l, pased on molecular weignt of CO2 = 44.011, for internal conslatency.

) of the reaction Cle, graphite) + 0,(g) = CO,(g) has been measured by F. H.
431 {1538), snd E. J. Frosen

Heat Capacity and Entropy.

The functions adopted here were obtained from H. W. Woolley, J. Research Nat. Bur. Standards 52, 289 (1954) who
caleuloted the thermodynamic functions by means of 3 direct summatlon for the naturally cccurring isotopic composition.
The spectroscopic constants used are essentially those selected by T. Wentnik, Jr., J. Chem. Pnys. 30, 105 (1958).
Slightly different sets of spectroscople constants were obtained by C. P. Courtoy, Mem. scc. roy. Liege 18, 436 (1957)
and V. R. Stull, P. J. Wyatt and G. N. Plass, J. Chem. Phys. 37, 1442 (1962). The high-resolution !nirared spectrum
of 018 = enriched 002 was examined in the region 5400-1620 em. ~, using an Ebert grating Spectrometer with spectral
Blit widths ranging from 0.4 to 0.2 em, "t by C. V. Berney, Ph. D. Thesis, Unlverslty of Washington, 1362.

Tne molecular structure was reported by G. Herzberg, “Infrared and Raman Spectra", D. Van Nostrand Company, Inc.
1945. ‘The rotational constant, B, wis cbtalned from H. W. Woolley, loi- ¢lt. The value of bond distence, T, Was
caéleulated from B, which was derived from B , using Be-Bo = 0.0011 cm, ~ given in G. Herzberg, loc. c¢it. The principel
39

moment of inertis is I = 7.1435 X 10777 g. cm.

Heat cepacities of CO,(g) at high pressures were reported by M. P. Vukalovich, V. V. Altunin end A. N. Gureev,
Teploenergetika, 12 (7), 58 (1965); K. Krueger, Ver. Deut. Ingr. 2., 106 (22) 1620 (1964), and M, P. Vukalovich and
A. M. Oureev, Teploenergetiks, 11 (8), BO (1964).

ce



Acetylene

([deal Gas)
T, "K. cy
0 $000
100 rto&n
200 §,50%
298 10,539
100 10,571
400 12,065
500 13,118
600 13,931
100 18,6818
800 15,239
900 15,80}
1000 16,318
1100 16,789
1200 17,229
1300 17,613
1400 17,968
1500 18,29
1400 18,582
1700 18,845
1800 19,088
1700 19,302
2000 19,508
2100 19,68
2200 19,853
2300 20,008
2400 20,151
2500 20,282
2600 20,808
2100 20,519
2800 20,825
2900 20,726
1000 20,820
3100 20,910
3200 20,996
3300 21.078
1200 21,158
3500 21,225
3600 21,297
3700 21,367
3800 21,431
3900 21,498
4000 21,597
4100 21.815
4200 21,670
4300 21,728
4200 21,782
8500 21,018
4800 21,983
4700 21.%35
4800 21,985
4500 22,016
5000 22,077
5100 22,129
5200 224178
5300 22,219
5300 22,263
500 22,309
5600 22,49
5700 22,393
SB00 22,013
5900 22,474
8000 22,521

(C,H,)

Z
Mol. Wt. = 26.028
e T = - _——
cal. mole”'deg. ' ————  ————keal. mole '———
§° = (F®=H3g)/T H®-Hig AHG AF; Log Kp
’g.uso :n; u;;g }.3:; ;;.!ig a;.ai; ltréniii |
e po2 = e 3 PO 38.%33._ . .= 4
i1y A0S A1l $a1234 TR et
48,008 48,008 000 58,190 49,993 = 36,684
a8, 069 48,008 020 54,189 49,966 = 36,399
51,326 a8, 438 1.1%% 54,138 48,587 = 26,338
54,139 49,303 2,418 54,064 47,181 = 20,622
56,608 50,319 1,771 53,961 45,813 = 16,087
58,809 81,377 5,199 53,837 44,866 = 13,882
80,798 52,832 4,693 53,707 43,137 = 11.78a
62,625 53,848 8,748 53,573 41,821 = 10,15%
a4, 917 54,468 9,852 51,450 40,522 -  B,05%
65,895 5%, 838 11,507 51,333 9,238 - T,T9%
87,375 56,368 13,208 53,228 37,960 = 6,913
68,769 57,269 14,950 53,128 34,890 = 6,168
70,087 58,118 16,729 53,08y 38,432 = 5,53y
Ti,338 58, 97T 148,583 537,981 34,177 = 48,979
72,528 59,787 20,387 52,087 32,923 = 4,497
73,863 80,870 22,258 52,823 11,679 = &,072
Ta,TAT 81,327 28,1%% 52,765 30,838 = 3,698
75,785 62,061 26,074 52.712 29,199 = 3,358
76,780 62,772 28,015 52,670 27,942 = 3,05%
TT, 136 63,462 29,974 52,6831 26,730 = 2,782
TB,656 65,132 31,951 52,594 25,993 = 2,532
79,541 68,783 33,944 52,5468 28,266 = 2,308
40,398 5 416 35,952 52,%1% 23,037 - 2,098
By,z221 68,032 37,978 52,510 214808 = 1,908 |
82,019 88,631 20,008 52,088 20,579 = 1.130
82,791 67,216 42,055 52,466 19,389 = 1,566
83,540 87,785 48,112 52,448 18,120 = 1,415
848,265 68,344 6,179 52,429 16,901 = 1.27e
84,949 58,880 48,257 52,413 15,878 = 1,182
RS, 854 69,4818 50,343 52,399 14,851 = 1,019 |
86,319 89,932 52,439 52,3185 13,227 - 903
86,586 Tn.438 54,582 52,369 12,000 = 795
BT ,598 70,938 56,458 52,358 10,779 = 691
AR, 211 Tr.418 58,773 52,340 9,550 = J59T
LLA N 71,893 60,899 52,325 8,331 = 308
89,1594 72,358 63,032 52.307 7.1 = JB20 |
89,985 72,814 85,172 52,291 5,898 - (339
90,522 Ty, 281 &7,319 52,272 8,475 = 262
91,087 73,899 89,4714 52,252 3.85% - L18%
91,400 Ta,130 71,630 52,231 2.230 = 119
92,122 74,552 T3, 798 52,206 1,017 = 4053
92,632 Ta 968 TS.964 52.179 - L2038 010 |
93,10 75,378 T, 139 72,151 = 1,825 L0T)y \
531,823 78,774 80,320 52,120 - 2,648 29 1
98,403 Ta, 187 82,506 52.087 - 3,858 L1873
94,574 T4, 554 84,897 52,052 =~ 5,073 L2186
95,017 Ta, 934 86,893 52,013 = 6,288 L2868
95,490 77,308 89,098 51,973 = 7,500 L3135
95,934 TT.6T8 91,300 51,930 = B,T18 L35
96,178 TA, 038 91,510 31,88y - 9,935 Lhz8
96,808 TA, 195 95,725 51,832 = 1i,1a8 T |
oF 227 T, Tab 97,988 51,780 = 12,348 509 |
97,842 Te 093 100,169 51,720 = 13,5%9 J5av
98,051 Te,834 102,397 51,663 = 1a,T&T 38T i
96,854 Te, 770 104,630 51,6801 - 15,917 G2
98,850 80,101 106,867 51,53 - {7,188 RTL]
99,239 B0,428 109,108 51,863 =~ 18,39 893
99,621 80,750 111,35¢ 51,390 = 19,588 T8
106,001 By, 087 113,603 51,312 - 20,802 L7158
I

March 31, 1351

ACETYLENE

A%, = 5433 + 0.19 keal. mole™

Point Group D

Rotatlonal

ground State Multiplicity = 1

%2
s
X314
x

{cpiy)

coh

3
2

H
A

{IDEAL oaAs) MOL. WT. = 26.038

BHY ngg 15 = S4.19 + 0.19 keal. mole™!

5559‘15 = 48.004 cal. deg.'J mole™?

Vibtrational Levels and Multiplicities
@, em. ™2
3373.7 {1)
1973.8 (1)
32681.2 (1)
511.6 (2}
729.3 (2)

Constant By = 1.17884 4 0.00016 cr»” o=z

-24.08
=16.94
=35.01
-16.46

-11.7%

X

X

2z
23

x?q

o

X

Jpectroscople constants used In caleulatlng corrections to rleld rotator-harmonie osciliator approximation | om.
- 732 Xgy = - 9.08 D = 2.12 X 107°
- 1.38 Xgg = = 5473 Bag = 1.1
- f.18 Xeg = .38 Lyg = ZW4F
- 0.85 Kgg = =12.75
-25.6% Repg = = 2,27

15

Yalues of

Taken

oC, not avallable.

Heat of Formation

r

om L. D. Yagman,

dards 35, 467 (1945).

Heat Capacity and Entropy

Je

335

E.

K

llpatrick, K.

Pitzer, and F. D. Foseint, J. Research Hatli. Bureau Stane-

J« 5. Gordon (private communication, Pebrusry, i981) has used tne constents ilsted above *o calculate C

from 238.15" to S000°K by the method of R- E. Pennir

rton and K. A. Kobe, J. Chem. F

22, 1442 (1954). The

constants are from E. E. Bell and #H. H. Nielsen, J. Chem. Pnys. lﬁ, 1382 {1350) and 4. €. Allen, E. D. Tidwell,
and E. K. Plyler, J. Hesearch Netl. Bureau 5tandards 57, 213 11956). Heat capacitlies below 298.15°K nave heen
calculated for a rigidly rotating harmonic ¢scillator.

-1)



Chlorine, Diatomic LCIZ)

(Geference State - I[deal

——sal. mole ' deg, "' ——————

T, *K. cL §* -~ (F'-Hi)/T
a 000 «000  INFINITE -
100 74001 454150 60.130 -
200 T«576 50156 544016 -
298 Balll 53+209 53.289
300 Ba.119 53,339 53.289
400 Be437 55.724 53.612
500 Bab2a 57.028 S4s731
400 .74l 59.212 54.913
700 Ba.821 60565 55.A63
800 8,878 61747 S6s324
900 Ba922 62.796 56.995
1000 8,956 63,737 57623
1100 8,985 Bhab92 s8.218
1200 2.010 654375 584782
1300 9,032 BE.UYT 59.318
1400 Ge051 66.767 594826
1500 9.069 67.392 60310
1600 9.086 67978 60771
1700 94102 68530 61e211
1800 9117 69.050 6la633
1900 94133 69,564 hZe076
2000 Galas J0=013 GBFeugd
7100 G166 TOak 99 62795
2200 GelB4 T0.886 Bl.154
2300 9,203 Tia29% 632495
2400 9,223 71.687 6534832
2500 9245 TZeubu Ghalhé
2600 9.268 T2.427 Bhedbs
2700 9.293 72777 BaeThE
2800 9.319 73116 650058
2900 Fadbb T3.46% 65342
3000 Da3Th T3.760 65617
3100 9.403 T4a 068 65.A85
3200 9e432 T4a367 LI
3300 TGalibl Te«b58 LR L1
3400 9,490 ThaOa] LR T
3500 9.518 75.216 56.887
3600 9,566 75085 674122
3700 9.573 75:747 £7e387
3800 Q.598 Th.002 BTe5TE
3900 Yebdd Thedb2 6T«7495
%000 ER Thetbt 5B.01C
4100 Setbb T6aT34 6Ba220
%200 9.885 The96T 6Bea?S
4300 9702 774195 6BaATE
400 9718 TTebl9 BBRZY
4500 2,732 77637 69.017
“600 94743 TTeB5] 69:707
4700 9754 T8.06] £9s3972
4800 G.762 TBe266 695 TE
4990 G.768 TB.468 69755
5000 GuTT74 TBabO%s 69931
5100 9.778 TB.859 T0105
5200 9.783 79.049 70275
5300 9.787 794235 TOs 442
5400 9,790 79418 T0en07
5500 9.792 79.59%8 TO«768
5600 G.794 79774 70.928
5700 0,795 TIaWaT Tl=0B4
5800 94797 BO.118 11739
5900 94797 80.285 71391
6000 9,798 BO.450 71540

Gas) Mol. Jt. = 70.
————keal, mole ' —
H* -Hi AHY AF]
2.194 «000 000
l.498 » 00 LU

<172 «0UQ T

«000 T Y

«015 =000 »000

«Has L000 00U
l.698 000 «000
2.567 000 000
T 000 «Ouu
4a33] « 000 « 00U
5.221 +000 000
Balls « 000 000
Te0l2 «000 -« 000
Ta?ll «000 «000
B.814 .000 000
9.718 <000 « 000

10,624 «000 000

11.532 «000 » 000

12.041 .000 000

13,352 «000 000

listh «000 £ 000

154179 «000 £ 000

16,094 £ 000 «000

17.012 £ 000 000

17.931 - 000 « 000

1R,852 « 000 « 000

19,776 «000 +000

20, Tul <000 « 000

21,629 «000 +000

22,560 +000 +000

23,493 000 + 000

26,429 -0U0 «000

25,348 . 000 000

264310 $000 L0U0

274255 »0UD + 000

B.202 «000 s UUY

9,153 SU0D « 000

30,108 L000 JUOU

3l.062 <000 «Oou

32,029 - 000 L OUY

32,981 =000 « 00U

33,925 2000 .000

34,910 MTeTs « 000

35,878 sl » 000

b. 06T «000 «000

37.918 sUVY « 000

38791 «000 $000

39. T4 aULD 000

4,739 sLUo «000

41,715 U0 « 000

42.692 JOUD £ 00U

43,669 000 000

“hyb46 sUul « 000

45.624 L0000 .000

4ha6U3 + 000 « 000

47.582 .000 .000

484561 «000 « 000

49,540 000 000

50,520 00U «000

514499 £000 000

52479 UL #000

534459 +0UQ £000

Log Ky

«000
000
«00U
sUUY

LU0
«0u0
«0UD

«00U
«0U0
#0000
sOUL
«0U

000
#0000
=U0U
U000
000

000
=000
QU0
UL
=000

«000
Suuu
£000
«00U
000

«000
v
000
=0UD
000

000
«000
<000
#0000
000

sUUD
000
200
LU0
=0LD

$0UD
=UU0
«000
s
=000

T
«000
2 0U0
00U
«000

00U
=L0U
« 000
«0Uw
#0000

«000
«000
000
«0UY
« 00U

Ci

2]

CHLORINE, DIATOMIC (Cl,) ( IDEAL GAS - REFERENCE STATE) MOL. WT. = 70.908

+
Ground State Conflguration s ml;. 00

G -1 -1 2 .
Soag.1s ™ 53.29 + 0.01 cal. deg- mole BHY en Q

Electronic Levels and Multiplicitles

State € cn."? &y
lx* o 1
*m 18,147 + 500 1
*m, 17,841 + 500 2
"1y 17,560 + 500 z
W, = S61.1 em.”1 Wox, = 4.0 ik =2
&
E, = 0.2408 cm."} ol = 0.0017 cm. "t r, = 1.985 A

Heat of Formation.

The neat of formatilon (ﬁﬂ;] for Clz{g} is zero at all temperatures, by definmition.

Heat Capscity and Entropy.

The functions adopted here were calculated by R. L. Potter, J. Chem. Fhye. 31, 1100 (1959) using & direct
summation over the energy levels not including those of non-bonding states. The functions are for the neturally
cccurring lsotoplc composition.

The absorption spectrum of chlorine has been observed by A. Elliott, Proc. Roy. Soc. A 127, 638 {1%30); C. F.
Goodeve and B. A. Stephens, Trans. Paraday Soc. 32, 1517 (1936); H. Stammrelch, R. Porneris and Y. Tavares, 3Spectro-
chim. Acta, 17, 775 (1961); Y. V. Rao end P. Venkateswarlu, J. Mol. Spectr. 8, 173 (1962); and A. E. Douglas, C. K.
Moller and BT_}. Stolcheff, Can. J. Pnys. 41, 1174 (1963). There is disagreement over the vibrational assignments.
The 1isted ground state spectroscoplc constants for the naturally occurring lsotoplc compositlion are based upon the
abundances given by D. Strominger, J. M. Hollander and G. T. Seaborg, Rev. Mod. Phys. 30, 585 (1958).

The molecular structure of gaseous chlorine was determined by the sector-microphotometer method of e]gctron
diffraction by $. Shibata, J. Phys. Chem. 67, 2256 (1963)., The value of r (C1-Cl1) was found to be 1.986 A. The
other r, values, 1.583 - 1.389 A, were reported by G. Herzberg, "Spectra of Dlatomic Molecules™, D. Van Nostrand
Co., Inc., 1950; W. G. Richards and R. F. Barrow, Proc. Chem. Soc., 297 (1962), and L. S. Bartell and K. Kuchltsu,
presented at the International Conference on Magnetism and Crystallography, 18951,quoted by 5. Shibata, loc. cit.



Titanium Tetrachloride (TICIA) ClaTi
(Liquid) GFW = 189.712

TITANIUM TETRACHLORIDE (TiCi“ (LIQUID) GFW = 189.712
Ribbs/mol keal/mol Siss.ls = 60,326 gibbs/mol QHEEQE.IS = -182,2 ¢ 0.9 kcal/mol
T.°K Cp* 5 —G'—H sl T  H-H'zs AHP Acr Log Kp
Tm = 249.05°K AHm® = 2,382 kcal/mol
R i1 Tb = 4pa'K BHYV® = 8.55 keal/mol
S B SR LI 1S T P 11 ass of Focmien
L T B T L TE P8 T TBe.2T4 FL0817 TS eV N2 = T188,0%1 T2.598 The heat of formation, AHfj.. ;.. of TiCl,(¢) is calculated from that of TiCl,(g) and the value of aHvjg, .. The value
00 35,370 24,408 87,178 10,577 - y8d,eve - 181,852 58,809 of aHv;gs is determined from second and third law analyses of fugacity as follows.
700 35,580 0,273 T0.0%5 18,125 - 187,592 = 156,99¥ 49,017
a0 35,8013 ¥5.013% r2.921 17,494 = 186,505 = 152,704 ag.T17 AHw®
500 36,020 59,289 Th.618 21,28% = 185,430 = 148,542 36.07) 298 AHE®
1000 36,237 163,075 7e.AI7 2a.898 - qea,380 - 144,503 ettt Source Hethod Range Mo. Pts. 2nd Law ard Law Drift, eu 298
1. Pike and Foater (1959)(1) Manometric 363-415 is* 9,82+0.00 9.83 0.0+0.1 -192.2
2. Seryakov et al. (1%60)(2) Manometric 358-412 B 9.7920.03 9.8y 0.10.1 -192.2
3. Schafer et al. (1953) (3) Isoteniscope 313-358 17+ 9.86:0.02 9.82 =0.120.0 -192.2
4. Schafer et al. (1953) (3) Iscteniscope  313-357 16% 9,80:0.01 9.82 0.0:0.0 -192,2
5. Schafer et al. (1953) (3) Isoteniscope  313-357 16 9.91+0.02 9,83 -0.2:0,1 -182.2
6, Schafer et al. (1953) (3) Isoteniscope 312-359 17 9.90:0.02 9.63 -0.2:0.1 =192.2
7. Weed (1357) (4) Manometric 298-318 .- 9.79:0.01 9.82 0.120.0 -192.2
B, Weed (1957) (4) Manometric 298-319 — 9.81+0.01 9.82 0.0:0.0 -192.2
9. Weed (1357) (4) Spectra 250-302 ikl 5.62+0.01 9.80 0.%:0.0 =-192.2
* two points rejected due to failure of a statistical test
** three points rejected due to failure of a statistical test
*** gelected points from extensive data
Third law analyses of the several vapor pressure sets result in drifts which are propertional to the mean temperatures.
Conversion of these data to fugacity eliminates this temperature dependence and the drifts are then scattered randomly about
a constant value. This constant value is made te be essentially zere by methods described on the Ticlntg) table. The
conversion to fugacity was made using Pitzer's method for normal fluids (5). The calculation was carried out using the value
of 45.7 atm for the critical pressure, Pc‘ reported by Minzer (B) and estimated values of 643 + 15°K for the critical
temperature, Tc' and 0.23 ¢ 0.03 for the acentric constant, w. Schafer et al. (J) reported a calorimetric determination of
a"";ss' Their value of 9.9 ¢ 0.2 keal/mol was used to check the reliability of their equipment, assuming that the vapor
pressure data {(3) gave a more accurate determination of nﬂv;ga. The adopted value of AHvjgy is 9.82 % 0.02 kcal/mol.
Heat Capacity and Entropy
The entropy and heat capacity of TiCl,(£) has been measured by Furukawa (8). His reported values are adopted.
Melting Data
See TiCl,(e) table for details.
Vaporization Data
The boiling temperature, Th, is taken as the temperature at which Kp = 1 for the reaction T101u(&! = Ticl, {g). The
vapor pressure data are discussed above.
References
1. F. P. Pike and C. T. Foster, Jr., J. Chem. Eng. Data 4, 305 (1959),
2. G. V. Seryakov, 5. A. Vaks, L. 5. Sidorina, Zhur. Obshch. Khim 30, 2130 (1960).
"3, H. Schafer and F. Zeppenick, Z. Anorg. Chem. 272, 274 (1853).
4. H. C. Weed, Ph.D. Thesis, The Ohioc State University, 1957.
5. 6. N. Lewis and M. Randall, "Thermodynamics," McGraw-Hill Book Co., Inc., New York, 1981,
6. W. Minzer, Maturwissenschaften 45, 126 (1958),
7. H Schafer, G. Breil and G. Pfeffer, Z. Anorg. Chem. 276, 325 (1954).
8. ©G. T. Furukawa, private communication, U. 5. Natl. Bur. Std., 1964,
Sept. 30, 1961; Mar. 31, 1964; Dec. 31, 1967 CI Ti




anium Tetrachloride (TiCId) C|‘Ti
eal Gas) GFW = 189.712

TITANIUM TETRACHLORIDE (TiCl,) (IDEAL GAS) GFW = 189,712
ey keal Point Group T £5 e -182; ¥
K cp° 5 —(G°-Homal/T  H—Meee AHF AGF Log Kp P T4 BHE 2.0 ¢ 0.9 kcal/mol
0 000 4000 INFINITE = S.166 = 182,026 = 162,026  INFINITE Siqg = B4.8 & 0.7 gibbs/mol BHES s g = -182.4 2 0.9 keal/mol
100 16,117 43,8312 103.421 = 4,001 - 182.387 = 179,501 192,299 )
200 20,582 76,098 8e,82z = 2,185 - 182.88] = 176,584 192,962
298 22.852 Ba, 793 Ba, TV} L000 = 12,800 = 173,721 127,381 Ground State Quantum Weight = 1
300 22,881 84,935 84,7594 L0842 = 182,39% = 173,667 126,516 . : .
100 20,008 81430 85,701 2,393 - 182,326 = 170,767 93,303 Yibrational Frequencies and Negeneracies
50 24,610 §7.118 LN T 4,82 = i87.264 =187, bEs 73,383 @y omot A
&00 26,562 101.439 B9, 861 T.307 - 182,188 = 185,022 &0.109 388 (1) 498.5 (3)
700 25,183 105,504 91,681 9.815 - 182,108 = 162,171 50,432 111 () 131 (3)
800 25,330 108,877 93,451 12,361 = (82,058 = 159 320 43,526
$00 25,433 1114487 95,334 14,879 = 102,036 = 150,486 38,000 “
1g00 25,507 114.551 97,128 17,827 = 182,080 = 353,650 33,580 Bond Distance: Ti-Cl = 2,185 A
1100 25,563 116.98% 98,821 19,980 = 182.070 = 150,808 29,563 Bond Angle: C1-Ti-Cl = 109° 28' g =12
1200 25,805 11¥.311 10C.428 22,53% - 183,063 = qaf 9l 26,591 Product of the Moments of Tnertia: T .T.T. = 4,2092 x 10”112 g3 cpf
1300 25,639  121.762 101,953 25,101 = 183,019 = qai,001 24,377 ATBTC
1400 25,665 123.163 103,80 27.666 = 182,991 = 182,070 22,179
1500 25,688 126,936 106,778 30,234 - 182,980 - 139,158 20,275 Heat of Formatien
1600 25,704 126.992  108,0%C 32,803 = 182,990 = 136,234 18,409 The heat of formation, AMfj,.., of TiCl (g) and TiCl (&) has been measured by several investigators, The results of these
1700 25,719 128.151 107,343 315,375 - 183,019 - 133,304 17,138 meagurements are as follows,
1800 75,731  125.422 108,540 37,987 - 183,078 = 130,385 15831 -
1900 25,741 131.81) 109,688 a0 ,521 - 183,151 - 127,453 14,860 "Mzgs' keal/mol
2000 25,750 132.338 110,788 €3,095 - (B.70% - 120, 388 13.59%0 :
Investigators Method Reacticn T!Clu( L) TiCI“tg}
2100 25,750 133,5%0 111,882 &5, 671 - 187,809 = 121.1%8 12.813 z z
2200 25,785  134.78% 112,856 aBizal - j87.¥1¥ = 118,028 11.725 Johnson et al. (1953) (1) Calorimetric Ti(e)+2Cl,(g) = Ticl,(g) (-192.2) -182.4¢0.7
2300 25,7710 135.%3a 114,037 sC,824 =- 1b8,030 = 110, 842 1u,512 Farber and Darneil (1955) (2) Equilibri Tio.(c)+4Hollg) = Ticl, (g)+2H.0(g) (-192.7) M )
2000 25,074 137,031 114,78] 93,401 = 1BE,185 = 111,650 10,160 i . = guiLibrEum 105t 8) = Ticl,(g)+ak,0lg 182. 92
2500 25,780  138.083 113,69 55,916 - 188,263 - 108,480 y.882 Skinner and Ruehrwein (1955) (3) Calorimetric Ti(e) #xCl,(g) = [TiCl #(x-2)Cl,) soln -190.3:3.0 (-180,5)
£ . . n
" 4 T = [Ti - - 3 -181.7
2600 25,784 139,094 118,573 su.887 - jed.38t - j0s,27h i Gross et al. (1357) (4) Cal.or.lunetr?c 1(:1“::12({} [TTC!.,‘Hx 2)c1,] soln 191,520.3 (-181.72
700 25.7e8  140.068  117.42% 61,135 = 168,515 = 102,076 Hoze2 Krieve et al. (1958) (5) Calorimetric Tilel+xCl,(g) = [TiCl,+(x-2)C1,] soln -190.0+0.4 (-180.2)
2600 75,751 141.008 118,290 831,718 = (BE,p8uE = wd W70 7.717 % v : _
2900 25,7%4  1al.vil 119,051 66,294 - 1b6.TBS = 95,661 7,20y Fiomacy. (1082) (6> TiCL ()421,008) = WHCLy, n5a ) *T10,0cH -19%,5 10,7
000 25,798  142.785  11¥,0827 68,873 = (He,527 = 52,450 64135
Th hi 1 £ AHED i h. is i 3
3100 25,799 183631 12C.582 71,453 - Lu9.07% - 9,230 6,391 . e chosen value o foas 38 t.at raported‘by Johnsen et al. (1). This investigation has the advantage of being
3700 2% ,E01 168,450 121,315 Tu.033 = (E¥.22% = @6,010 5. ETH independent of the heat of vaporization of chlorine and any heats of solution in deriving the value of tha heat of fermation.
33100 25,604 145,508 122,028 Te, 813 - 1H¥,34% - a2, 77v¥ 5,082
3500 25 ,ECa 148,018 122.T2z 19,193 = 18¥,553 = 79,543 5.113 .
3500 25,806  1he.76E  123,3%¢ 81,774 = 18Y.728 = 78,311 beToy Heat Capacity and Entropy
dopted value f i i i T 2 PR
3s00 25,807 147448y 124,058 84,355 = 291,525 - 72,808 4,420 T':IG adopte _va ue for the interatomic distance is that reported by xim_ma et al. (1) The tetrahedral structure was
700 ?5.80y 148,197 124,70¢ 46,539 = 291.87% = 86,724 31,941 established by the Raman work of Bhagavantam (8). The vibrational frequencies determined from the infrared and Raman spectra
3333 ;3:::? i::::g; i:;:gsi E::ga; 2 g:;::;: ! ;E:g;: ;:;g? of Ticl, by Hawkins and Carpenter (3) are adjusted downward 8 em™t for v, and v, so that the heats of vaporization determined
4000 25,8127  150.20%  12e,53% w4, e = 292,285 - ap abd LY by both second and third law methods are in agreement, See TiCl (t) table for details. The principal moments of inertia
-39 7
: I, = = Tu, !
4100 P5,E13  150.e46 127,126 97,260 = 292,460 = 42,36V 2,258 avgr: Ly dp = Ip = 7H043 % 107" g en
azoo 25,614 151 ue8 12/.69¢ LA -THY - 242.70% = is,2fu 1.887
8300 75,815 {Sz.ufe  12e,25¢ 102,823 = 297,563 = 30,184 14533 Bafaranses
8400 75,816 132.t8v  17E,808 105,004 = 293,233 = 24,081 1,198 i
4500 2%, k17 154.78% 129,34 107,588 = 243,517 - 17,924 LBTL 1. W. H. Johnson, R. A. Melson, and E. J. Frosen, J. Res. Matl. Bur. Std. 624, 49 (1859).
2. M. Farb d M. Da: G . - 23 b 9 .
4800 25,817 153.817 124,887 110,168 - 293,811 = 11,793 1560 i Kiielly.d: Bhieot, Fiys 28, 0850 (1965)
4700 29,818 54,372 130,383 112,74% = pva,120 = 5,857 L2683 3. G. B. Skinner and R, A. Ruehrwein, J. Phys. Chem. 53, 113 (1955).
SR00 25,B1% 154,516 130,88 115,231 = 294,440 La80 - Juzz :
4500 25,819 195,808 111,384 1”:9” - 398,771 sle2v - t555 4. P. Gr‘oss: C. Hayman, and D. L. Levi, Trans. Faraday Soc. §3, 1601 (1357).
5000 25, E20 155 .v89 131,870 120, a%% = 295,110 12,7d4 = 859 5. W. F. Krieve, 5. P. Vango, and D. M. Mason, J. Chem. Phys. 25, 519 (1986).
5100 25,620 156081 132,340 123,077 = 295,457 18,949 = 812 6. J. Thomsen, Thaf"mocbmuache l‘Jntersuchung?n. I. {Verlag, J. A. Barth, Leipzig, 1882).
53200 25,821 158.582 13,817 125,859 = 298,818 25,119 = 1,058 7. M. Kimura, K. Kimura, M. Aoki, and 5. Shibata, Bull. Chem. Soc. Japan 29, 95 (1956).
5300 25,821 137.u74 133,27¢ 128,241 = 796,180 31,288 = 1.290 §. 5. Bh + Tndi . Phys. 7, 79 93
5400 25.8ez  157.s57  133.73C 130,824 = 396.553 w.ar2 = 1,817 agavantsn, Indian J: Physs 3, 78(1942),
5500 25.822 158,031 138,175 133,808 - 296,930 41 686 = 1.735 9. MN. J. Hawkins and D. R. Carpenter, J. Chem. Phys. 23, 1700 (1955).
5600 25,823 138,.96 136,812 135,988 = 397,315 49,853 = 1,586
5700 25,823 155,253 135,04; 138,570 = 297,708 56,054 = z.189
SEQ0 25,823 135,802 135,865 181,152 = 298,101 62,271 = 24388
5500 25 ,82a 160.783 13%.882 183,735 = 298.501 68, 484 = 24537
&000 25,824 160827 138.2V] 148,317 = 298,908 ra,r06 = 2./21
Sept. 30, 1961; Mar. 31, 1964; Dec, 31, 1867 |C|4TI




Copper (Cu)

(Reference State)

At

it. = 63.54

——cal. moleeg. ' ———, ————keal. mole!—————

T, *K. 8% - (F*-Hi)/T H° -Hiym AHY AF?

Q #0000 000 INFINITE - leiuny «0UQ e
100 1,826 2,392 17.74% - l.036 «000 L0UD
200 54399 Se661 Ba437 - + 955 LUy +00u
258 5,B8u3 Tawi2 74913 « 00U U0 «Qul
300 54846 Tabad Ta413 «011 sluy «00u
400 6.077 Y665 Belf « 608 = 0UD 000
500 6,250 11.040 Ba%01 1.224 s Ul sy
600 Be394 12.193 Ga Q9B 1.857 ULy «00u
oo 506 13.188 Hefl3 24502 sUnL «000
8OO Gab20 l1éa0ba 10116 .15 sbuy Q00
00 6.72% 14.850 1045495 3,826 abun B

1000 6.822 15,564 11.060C 4. 504 «G00 <000
1100 6e910 164218 11=500 5,190 SUug 00U
1200 45498 16,823 11+91E 5.886 0L »u00
1300 7086 17+387 12+31E b, 590 «000 « Quo
1e0C T .500 20+263 12.772 ToLw <G00 LT
1500 Ta500 20e780 13288 1l.238 « 00U «Oul
1600 T+500 214264 13772 11.988 +0u0 suLl
1700 Tadul 21e719 ICTEFL 12.738 aUuy qelel-]
1800 Ta50U0 224148 laafhb 13,688 sUug «0oU
1900 Ta500 224553 15.060 16,238 sUud Ouy
2000 Ta500 22938 15ea84 14,988 sl «OU0
2100 74500 23.304 15810 15.738 «0uQ JOuy
2200 7500 234653 16+15E 16,488 L] T
2300 74500 23.986 16491 17.238 J0UD NI
2400 T+500 Phe 305 16-81C 17.988 wUUo DU
2500 7.500 2h.617 17+11¢ 18,738 Jougp N
2600 Teau0 264906 17+510 19,488 000 .000
2700 74500 254149 17+693 20,238 R T
2800 7500 254882 17966 20.788 S OU0 Ul
2900 S.692 51.236 1B.ABE 94,396 2000 N
3000 6010 51.038 19.774 94,991 .000 W00
3100 64131 51.637 20799 95,598 N 000
3200 6,253 514834 214766 96,217 ML I
3300 64375 52.028 22.680 96,849 LU0 SUUL
3400 Batb S2.220 234546 97,492 »OUG wuu
3500 6a.616 52e4l0 249368 98,148 -0U0 PN
3600 6.732 52+598 252149 98.815 »UUD MV
1700 64846 52784 25+8906 99,494 T NIV
3800 64954 52.968 26.H04 100.184 JUog AUu0
3900 7.059 53.150 27.782 100,885 T RV
4000 T+158 53.330 27s93%1 101.596 oun INVIVS)
4100 74251 534508 28.553 102.316 MV OuL
4200 72339 53,684 29.14% 103.046 TP DUl
4300 T2l 53,858 29.722 103,784 »OU0 woug
4400 Tyl 54.029 10272 104,530 « QU0 «UuQ
4500 Te568 G4el08 30+A02 105,283 LU SUuL
4600 7633 S4.365 11.312 106,043 AUUD M
4700 Te693 S4ab30 311.805 106.810 L0UD L0UD
4800 TaT47 S4ab93 32280 197.582 000 wlodid
4900 T.797 54,853 32.739 108.359 LUV PO
5000 TeBa2 554011 13.183 109,141 LUUD SUU0
5100 TeBBA 554167 33.612 109,927 auuy LULD
5200 T«521 55320 Fua02E 110.718 » 000 «0UQ
5300 74955 55.471 3bes3] 111.512 P avug
5400 74987 554620 14R22 142,309 QU 2UuQ
5500 8.016 55767 315202 1i3. 109 vy Y]
5600 B.043 554912 35.570 113,912 «UUD VT
5700 8.069 56aUb4 3154929 1la.717 SUug UL
5800 8.0%4 564195 164277 115,528 L0UD UG
5900 8.118 56.334 36616 1164336 2000 SLUU
6000 Bala2 56470 362945 1174149 L0UQ VT

Dec. 31, 1965

LogKp |
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2848 to BOOO°K. Ideal Monatomic Gae

See crystal, liguid snd monatomic gas tables for detalls.
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ﬁﬁpppr (Cu)

(Crystal)

T, ‘K.

?9R8

«000
1.826
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Safud

SeB4b
Lk
6.2%0

LIEAL
f.518
B.620
BaT2%
haB22

B.910

Te3nu
EELEL]
Ta52t
Tatla
TaT02

sUun INFINITE = lelys
243927 1724749 = 1.0
Sa68] 8637 = ,55%
Te%l1 7.913 000
Tatin T+5813 0Ll
QebB5 Balab «BOB
11a040 Ba8g1 lad?a
124193 9098 1.857
13.188 Geb13 2.502
lasuba 10116 1,159
144850 104595 3,626
15.964 1ie0R0 .y i
1ha21R 11500 S lan
164823 1l.918 5.8a6
__1T«287 12+31F 54500
UL R T T I 11 e
18013 13.043 4025
1B.H85 13613 Ba7ae
149333 13.76E Yeaus
19.761 16.070 10.243
WalTo 14e3BC 11.000
2La583 la.tR0 LiaThe
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COPPER (Cu) {CRYSTAL) AT. WT. = 63.54
AH® | = 0 keal. mole™}
ro
S3ga.15 = 7-913 + 0.04 cal. deg.” mole™ 42 pgg.y5 = O keal. mole”)
T, = 1356.6°K. NS = 3.17 + 0.15 keal. mole™t
BHY 5gg.95 = 81 * 0.4 keal. mole™

Hest of Formation.

Zero by definition.

Heat Capacity and Entropy.

The low tempersture specific heat of copper has been measured by several workers snd generally there is
good agreement. The selected values lle close to the determinstions of J. A. Kok and W. M. Keesom ({1.2-20°K),
Physica 3, 1035 {1936); D. L. Martin (20-300°K), Cen. J. Phys. 38, 17 (1960); C. B. Satterthwaite, HR. 5. Craig
snd W. E. Wallace, J. Am. Chem. Soc. 76, 232 (1954), and S. M. Dockerty, Can. J. Research 9, 84 (1933) and 154,
59 {1937). Several other workers have reported values of C_ slightly higher than the adopted values especlally
W. F. Glaugue and F. F. Meads, J. Am. Chem. Soc. 83, 1887 (1941), however these measurements were not used for
reasons discussed by Msrtin. The heat capacity sbove room temperature has been determined directly by several
workers, the values of A. E. Pawel &and E. E. Stansbury, J. Phys. Chem. Sollds 26, 607 (1965) Join well with
the low temperature date and are adopted. These values lle within 1% of the velues edpoted by R. Hultgren,

R. L. Orr, P. D. Anderson, and K. K. Kelley "Selected Values of Thermodynamic Fropertles of Metals and Alloys",
John Wiley and Sons, Inc., New York,1963. Several determinations of the sclid enthelpy are also in good agree-

ment with selected heat capacity curve. For references to these determinations refer to Hultgren et al. loc. cit.

Melting Data.

The melting polnt of copper 18 well eatablished and the recent determlnation of W. Heyne, Exptl. Tech.
Physik. 12, qT (1964) is sdopted. The heat of fusion was obtained from the calculated enthalpy of the solid
at the melting polnt and the liquld enthalpy measurements of F. Wust, A&. Meuthen and R. Durrer, Porach. Geb.
Ingenieurw. VDI-Forsch. 204 (1918}. The liguid enthalpies of I. B. Pieldnouse, J. C. Hedge, J. 1. Lang and
T. E. Waterman, ASTIA Doc. No. A. D. 150954 are somewhat higher than the adopted values.

Sublimation Deta.

See Culg) for details.

Cu



Copper (Cu)

(Liguid) At. VL. = 65.54
(————-—cﬂ- mole'deg. ' ————,  ———keal. mole ' ———
T, "K. ci s* =~ {F*=H3gg) /T 1* -H% AHY AFY K
s b (F*-Heq) H® ~Hie [ i L X COPPER  (Cu) (LIQUID) AT. WT. = B3.54
0
100
200 -1 -1 -1
298 7500 Ra663 Betbd 00U 2.224 2,000 = Letbb 5598_15 = 8,663 cal. deg. = mole nﬂ; 298.15 = 2.224 kcal. mole
300 T.500 8.709 Raf63 «0l4 2.227 1,999 - l.456 - 6.6°K. . 17 2 : -1
400 7.500 10.867 Begs7 LT64 2.38u 1,899 - l.0%8 TR EEETK Mg = 3:17 £ 015 keal. mole
500 7,500 124541 9.513 1514 24514 1.763 = .11 . i
T"’ = 2848°K, dH; = 72.743 keal. mole
600 7.5U0 13.%08 10135 F. 2.631 lebu2 = +583
700 T.500 154064 10759 24736 1a423 - shbh
800 7.500 16.068 112361 2.829 1.227 - +335
q00 T.50u l6.94a 11.934 2.912 l.w23 - 248
looo 7500 17739 12:475 2.984 +Bus = «177 Heat of Formation.
1100 T o500 1Ba454 12.587 3,048 588 - S117 .
1200 7.500 19.107 13470 3.102 A6 = 086 The heat of formation was calculated from that of the crystal by adding Ml and the difference between
Hy3g5.5Hagg Tor {e) and (1).
1500 T.500 20780 162771 «UUg Uy « DUl
1600 7,500 2l.260 15+162 LUL0 L0000 T
1700 7.500 21.719 152534 £ 000 #0060 +000 Heat Capacity and Entropy.
1800 T.500 22.168 15.890 VST PRI ] 0U0
1900 7.500 22.553 16.230 1Z.0l4 «Uug ~OUo - 000 The heat capacity was calculated from the enthalpy data of F. Wust, A. Meuthen and R. Durrer, Forsch. Geb.
2000 T+500 22.938 16556 12. 784 « VU ahnp =0boo Ingenleurw. VDI-Forsch. 204 (1518). The entropy was obt&ined in & manner analagous to the heat of formation.
2100 72500 234304 164869 13.514 . 00u suvu OUL !
2200 7500 23,651 17+165 lua264 LUL0 aun0 » UG
2300 7.500 23.988 17.45€ 1s.014 WUua Oouo .00C
2600 To500 2as305 17737 15. T84 - OUD UL «0UU
2500 7.500  24.611  18.006 164514 0u0 R 000 Melting Data.
2600 7.500 26906 18,266 17,264 000 LU0 L0060 See crystal table for details.
2700 T o500 25.189 18.517
2800 T.500 25+0461_ _ 18.780 ___ L
2900 74500 25.72% 18.99¢ 1
3000 T.500 ?5.979 192224 0264 = 72.503 3.874 - 282 Vaporization Data.
3100 74500 264225 19+446 2l.01& - 724360 Gansl7 - 652
1200 -.-:55,U 264463 lg:hbz 21:7“ = -_.2:;?9 8.958 = L6112 Tne boiling point and heat of vaporization were calculated from the adopted functlons and heat of
3300 7500 ELT LT 19.871 22.514 - 72.111 11.491 = « 761 sublimation in order to maintain proper thermodynamic consistency.
1400 74500 ?6.918 20.075 €3.264 = TZ.Uua la,u2d = «801
1500 T.500 274135 20.274 24,014 = 71.910 16.552 =  L.03s
3600 74500 27344 20467 264 Tbu - 7i.827 19.wBu = 1.158
3700 7.500 274552 20+856 25.514 =  T1.7%6 21.602 = 1.276
3800 74500 27.752 204840 26,266 = T7l.496 264125 = 1,387
3900 Te500 27947 Zlen20 274014 = TlefaT FL LD Lea@?
4000 T.500 28.138 214195 27.764 =~ 7l.608 29.168 =  1.594

l Dec. 31, 1965 Cu




Copper (Cu) COPPER (Cu) (IDEAL GAS) AT. WT. = 63.54

(ldeal Gas) At., Wt. = 65.54

Oround Stete Configurstion S, SH} o = 80.714 + 0.5 keal. mole™
-1 =1 -1
55g9,15 = 39-744 cal. deg.” mole 8HY 59,15 = 81-0 + 0.5 keal. mole
——ral. mole deg. "
T, *K. ci §° = (F*-Hig)/T AF; Log Kp Electronic Levels and ntum Welght
-1 =1 =1 -1
K 1050 2000 INFINITE - l.4ad 0. 714 BU.TI4  INFINITE Eqp ome ™ By €qr SMe By €y 6B~ & €yr SO By
100 4.9 344317 44.161 = .9Ba B1.052 77.859 = 170,153 T pres
200 4,968 37.760 404198 -  .488 B1.067 Te.648 - Bl.567 s & i v Tiresio 3 it
298 4,968 39.T4a  30.744 000 B1.000 71510 = 52.418 I & sihe iz SezsT. T 4 sr8e5.1 &
300 40968 39,775 39.744 +009 80,998 T1.e5C = 52.049 ey Yt 8 Soael & prase &
400 4,968 wle20a 319,939 « 506 RO 898 684282 - 37.3086 39018.7 6 45821.0 2 55‘29‘5 & 585“' 2
500 4,968 4Ze313 404307 la003 BULTT9 69167 - F8B.aT? &0116.0 e 15879'-5 3 55050:0 8 59249:5 4
400 4,968 43218 40-T19 14500 BU.B43 42,028 = 22,592 40943.7 2 46172.8 4 24119.3 8 $9280.7 s
100 4.968  43.984 41.132 1.598 BO.494 58.937 = 1B.400 40%08.1 10 46598.4 f g“’;i'; 4 ggﬂs g *
800 4,968 44.b48  41.531 2,403 A0.334 55.867 - 15,261 es.e & I ean % Sers & s .
%00 42968 45,233 al.gll 2.%90 Bua 164 52.819 - 12.828 1396-3 & 2 2 See 3 g el H
1000 4,968 5. 756 422269 1.487 19,983 49,791 = 10.881 :gﬂ'ﬁ;'g H ::\gi‘g'f : 535?'?'4 2 &nsg‘g is
1100 4,969 4B.230 424808 3.984 79.794 46.7B1 - 9.284 435140 8 Foldn.g: B AeL8S 2 61150:0 28
46062 42.978 GouBl 794595 43,788 = T.974
47080 434231 44978 79.388 40.813 =  #.861
4Te429 432518 Se475 154987 3T.953 = 9,925
L1.772 43.700 5.973 75.73% 35,247 = 5,135 Heat of Pormation.
hB.UD4 ha.Qud Gaa72 T5eiBa 32.556 - The heat of sublimation has been determined by second and third law snalyels of the vapor pressure data
48,398 442206 5973 754235 29.881 -
4B.685 444532 Tt Th Ta.988 27.221 - of & large number of investigstors. The results are summarized below:
4Ba559 GhaT58 7a981 TheTa3 28e572 = =1
«9e220 G4egTH Aata] Te 503 21.939 = M;u'hl- 298.15 keal- mole Drtr;. .
Ref. Renge®K. Method Points 2nd law 3rd law cal. deg. ~ mole”
4U.4T1 4#5.1A3 D.005 Taa267 18,316 =  2.010
49.713 45,389 G525 T4a03T 16705 = 1.5659 1. 1242-1340 Knudsen 6 B0.6 + 0.2 81.59 + 0.04 0.3 + 0.2
49,947 45577 104051 T1.812 18,103 = 1,360 1. 1370-1563 Knudsen 10 83.0 ¥ 0.6 81.34 ¥ 0.2 -1.0 ¥ 0.5
506174 454763 10.585 73.597 11s511 = 1,068 2. 1367-1523 Langmuir ] 79.8 % 1.6 80.20 ¥ 0.3 0.3 ¥ 1.2
50395 L5.084 11.127 73.389 B.932 = «781 3. 1605-1879 Transport 21+ 79.7% 0.8 80.55 ¥ 0.25 0.5 ¥ 0.4
. 4. 1192-1360 Knudsen 13 80:6 ¥ 4.0 81.16 ¥ 1.2 0.4 ¥ 5.1
504612 462120 11.679 734191 5. 1143-1252 Langmuir 5 81.3% 1.0 80.61 ¥ 0.2 -0.6 ¥ 0.8
a0.823 LLEL xz.én 73003 B 1475-1707 Knudsen a 83.2 % 1.3 81.05 ¥ 0.4 =1.4 *+ C.8
310037 _a0eanf 12,313 T2aB25 7. 987-1330 Knudsen 14 80.5F 2.3 82.14 ¥ 1.7 2.7% 2.0
;5 46617 13 4 8. 1356-1466 Langmuir 5 79.1 ¥ 2.3 79.96 ¥ 0.3 1.1 ¥ 1.6
S1.438 46a774 . °1 8. 1268-1320 Langmuir 7. 92.5% 3.3 81.26 ¥ 0.5 -B.9 ¥ 2.8
8. 1429-1640 Knudsen 9 76.6 ¥+ 1.0 B80.30 ¥ 0.4 2.3 ¥ 0.6
51.231 46.025 1&.305 « U0 10. 1418-1463 Knudsen 7 £3.0% 11.7 81.84 ¥ 0.8 12.9 % 8.2
A alond e 2009 1. 1083 Transport 1 79.2
51.1; 8 4Ta225 235 49 «000 12. 2138-2643 Boiling 4 95.5 + 4.3 77.25 + 2.8 =6.3 + 1.7
5?-“?0 4Ten869 16.?93 suLo 13. 2378-2573 Boillng 5 120.0 ¥ 8.0 76.1 * 2.8 =18.0 + 3.3
%2.410 47512 Tete8 =9u0 1. 2253-2583 Boiling 3 76.3 ¥ la.g 75.0 ¥ 2.0 -0.9 ¥ 5.9
524598 4TeR49 17,818 e 000 200U 4o 26820 Bolling B iy PerBig 103 L
52.T84 47786 18,495 U0 U00 000 *1 Point rejected due tu failure of statistlcal test.
52.968 47920 19.185 »Uuo T +OUD
53,150 484051 19.8a5 alug SU0 + 000
534330 wBa181 20,594 ] +000 <000 Aeferoncen)
1. H. N. Hersh, J. Am. Chem. Soc. 75, 1529 (1953)
53,508 HBe309 21,317 «0u0 LS00y 000 2. A. Krupowski end J. Golonka, Bull. Acad. Polon. Sci. Ser. Scl. Tech. 12, 69 (1964)
53,684 4H.415 22.0u6 J0UD J000 LOU0 3. J. P. Morris and G. R. Zellars, J. Metals, 8, 1086 (1956)
53.858 484559 224784 «00U S0ou LU0 4. An. N. Nesmeyanov, L. A. Smahktin mnd V. I.” Lebedev, Zhur. Piz. Khim. 33, §89 (1959)
G029 GRabA] 23,530 S0U0 +000 <000 5. J. W. Edwards, H. L. Johnston and W. E. Ditmars, J. Am. Chem. Soc. 75, 2467 (1953)
Shal0A 4B.B02 ualne «000 T +000 6. J. M. McCormack, J. R. Myers and R. K. Saxer, J. Chem Eng. Data, 107 319 (1965)
7. R. B. Melellan snd R. Shuttleworth, 2. Metallk. 51, 143 (1960
uboo 7.633 [T 48,021 25,044 +000 000 000 8. A. L. Marshall, R. W. Dornte and P. J. Morton, J. Am. Chem. Soc. 59 ns} (1937)
4700 7553 54,530 45.039 25,810 LTI PTIVT) 20U 9. FP. Grieveon, 0. W. Hooper eand C. B. Alcock, Met. Soc. Conf. 7, HT_I 1961
4800 TaTaT B4 6Y3 494185 64582 »0uQ auny 000 10. P. Harteck, Z. Fhysik. Chem.
2 Physi 134, 1 (1528
4500 747497 SaaBh3 49.269 274359 e LUy « 00U 11. E. Mack, G- G. Osterhof and H. M. Kramer, J. Am. Chem. SOe. 45, 617 (1923)
5000 TaBa2 59011 wGe383 2Belal alug 2000 « 000 12. 0. Ruff and M. Konschak, Z. Elektrochea. 32, 515 (1926)
13. 0. Ruff and B. Bergdahl, Z. Anorg. l'.l.;en- em. 106, 76 (1909)
5100 74884 55167 49e0495 2d.%28 sluu GOu T 14. H. C. Oreenwood, Z. Physik. Chem. 76, 484 (191
5200 7.921 554320 494805 23.718 <000 +000 000 1S. E. Bsur and R. Brunner, Helv. Chem. Acta, 17, 358 (1934}
5300 7.95% 55,471 GGaT14 30,512 wlul «000 L0000
5400 7.987 554620 49,822 31.309 oug «000 +000
2500 8016 851167 49,320 32100 :uw w000 So0n The first eight references may be considered to have reasonsble drifte and :;cmd and third law agreement. The
three Langmuir values are grouped closely together at about 80.3 keal. mole ~- The Enudsen values lli lie o
2600 B.043 5%.917 504035 32,912 + 000 4000 +000 -1 . . .
5700 3069 6056 Soou3p 330718 bt i So6o 1ittle higher averaging 81.4 kcal. mole , the single transport determination is &t 80.55 kcal. mole If the
5800 B.0%4 G6.195 50.242 In.526 »Uug ULy «0UD evaporation coefficient is not unity in the Langmuir experiments then one would observe lower pressures and higher
5900 B.l18 564334 50e344 35,337 «000 Ul «00U
6000 8.142 SBebT0 50e445 A8.150 S U0 L000 heats of sublimation, thus it appears that the coefficlent must be unity and that sll techniques are messuring

valid heata of sublimation. A value of 81 + 0.5 kcal. mole™l was chosen weighted toward the more precise Knudsen

work of Hersh.
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t Capacity and Entropy.
The electronic ground state configuration and higher electronic levels were taken from C. E. Moore "Atomic
Energy Levels”, Natl. Bur. 3tda. Circular 467, Washington 1952.



(CuO)
_GFW = 79.5394

Copper Monoxide

(Crystal)

Cu0

GFW = 79.5394

COPPER MONOXIDE ({Cu0) (CRYSTAL)

&Ir‘; = -36.71 keal/mol

T.'K op §  =(G=HmT  H-Hs AHF AGP Log Kp
. -
. oo o Inenire . S5gg.15 = 10-18 & 0.1 glbbs/mol ey o0 g = -57.25 + 0.5 keal/mol
* 3 = 14895 = 36,713 = 36,713 INFINIT -
o6 anant 20333 174792 = 1.580. = 37,063 = 38988 aaaee Dt
o0 fael Ba460 114058 - 920 - 37,272 - 324810 354853
ioaben. U193 Xoxigd s000 - 37.250 - 30.622 22,448
moopem s jean e oy - owam omam | O LEE
| 500 11560 15.914  1l.agé i D deah s 15.503 The more conslstent data relstive to the heat of formation are reviewed below. Tne selected velue of -37.25
| oo 124800 r6les 12208 yoate * keal/mol wes derived from &HTRgy = -40.7 keal/mol for Cuy0{c) end BHrgq = 33.80 weal/mol for 2cudlec) = Cuy0le) +
| 100 12,980 20,108 13.319 ,,:-?5;, - ;2:13: - §::3:2 :-;;2 0.5 0,. Pour different sets of oxygen dissocietion pressure measurements yleld heats of reaction in close agreement
| :gg };;3: ;:f;é }:sif ?.27; - - 19.930 545 With each other and with the aqueous calorimetry of Thomsen. Thomsen's data may be reduced to the heat of reduction
. - . &3 - -
| 1000 14.310  24.982 164115 B.8a7 = I g oy of Cudlc) with H, by combining hests of reaction for CuO + HpS0,, Pe + ;S0 snd Pe + CusO,(aq). Direct calorimetric
s
1100 144750 264347 Eiaa TETTS . HEEE - 4 measurement of the heat of reduction by von Wartenberg and Werth ylelds ﬂlltzga = =38.04 # 0.2 when corrected for
1700 154190 274648 17.818 110707 - a4.866 - };:o:g 2178 incomplete condensation of water. Direct measurement is difficult and this value may correspond to incomplete reduc-
| ’Ezag%-----}g.‘%%%......}.3: ;E‘,, A6.4B8 = 104161 1.708 tion. The value of -33.02 reported by Wohler snd Jochum, Z. pnysik. Cnem. 1674, 169 (1933), 45 unreasonable. Equi-
. 4 = R 5 bty
iso0 14,510 11,180 2041868 16,562 = ,6.1.:: - e.ug 1'§:: librium constsnts derived from Balesdent and Chiche yleld -37.6 keal/mol by third law snalysis, but & serious entropy
1600 164550 12,260 204869 18.225 error is present. This is no doubt due to uncertsinties 1n the activity of Cu in Cu-Au alloys. Other data have been
1700 17.390 33301 21870 lo.5e3 o Jaiame I gaa +58 reviewed by Randall, Nielsen and West, Ind. Eng. Chem. 23, 388 (1951).
. 34e307 22.7%0 21.703 = 38.2] % . .
e 212 - .160 019 BHTS o kel /mol -
il’nou i::g‘{g :z-gg: 224010 23,508 - 34.605 1.770 T20s Wik N Reaction®®  Te No. of __L"i(._t"_] prire  STzes”
o 234551 254357 = 33.956 1,668 401 TP+ Points _ 2nd Law 3rd Lew _ leu) (keal/mol)
1. Thomsen (1883) Aqueous Calerimetry A 291 — -51.15 — -37.16
2. Wartenberg et 8l.(1932) Calorimetry A 295 —_ -30.27+0.2 — -38.04
3. Bslesdent (1955) Equilibrium Data B 1011-1156 32 £8.2 +0.7 75.18  6.4#0.7 =37.59
4. Assayag (1955) Kp ¢ 1047-1342 11 33.2840.15  33.81 0.440.1 -37.25
5. Becker (1927) Kp ¢ 1183-1293 [ 33.8440.27  53.80 0.0$0.2 -37.25
§. Roberts et al.(1921) ¥p [ 1183-1358 20 33.96+0.07  33.76 -0.130.1 -37.23
7. Poote et al.(1908) Kp [ 1223-1323 7 33.1940.17  33.74  0.430.1 -57.22
8. Combined 4,5,6,7 Kp c 1047-1358 45 33.7040.10  33.77 0.0440.0% =-37.24
*Based on third law where possible.
sspeaction A: CuOlc) + Hy = Cule) + Hy0(1) Br 2cudlc) = 2cule) + 0,

c: 2cuble) = cuzdle) + 0.5 0,

1. J. Thomeen, 1sche Unter " wol. I, III, Barth, Leipzlg, 1B83.
2. H. von Wartenterg and H. Werth, Z. elektrochem. 38, s1 (1932).
| 3. D. Balesdent, Compt. rend. 240, 760 (1955); 1884 (1955); P. Chiche, Ann. chim. 7, 361 {1952).
| 4. P. hsseysg, Ann. chiz. (Paris) 12, 637 (1955).
S. F. Becker, Dissertation, Darmstadt, 1927; ef. Winler and Jochum, Z. physik. Chea. 1674, 16% (1933).
. Roberts and P. H. Smyth, J. Am. Chem. Soc. 43, 1061 (1921); 42, 2582 (1s20).
W. Foote snd E. K. Smith, J. Am. Chem. Soc. 30, 1344 (1308).

6. H.
7. He

H: Capaclity and Entropy.

Low temperature values sre based on data (15-297°K) from J. Hu and H. L. Johnston, J. Am. Chem. Soc. 75, 2471 (1953).

Earlier data from R. W. Millar (71-302°K), J. Am. Chem. Soc-. 51, 215 {1929), are in satisfactory agreement, while those of
K. Clusius and P. Harteck (30-200°K), Z. physik. Chem. 134, 243 (1928), are higher by several percent. A small anomaly in
the heat capacity is observed in the region 210-230°K. Magnetic messurements of M. 0'Keefe and F. 5. Stone, Phys. Chee.
Solids 23, 261 (1962),end neutron diffraction studlies of B. H. Brockhouse, Phys. Rev. 94, 781 (1954), suggest that this is
a Néel point sssociated with antiferromagnetism. The entropy was obtsined from the heat capacitles based on sis = 0.016

eu.
June 30, 1966 8

High temperature values are based on specific heats {373-1273 ¥) obtained from a dynamic methed by D. M. Chizhikov
snd A. S. Khirik, Tr. Inst. Met. im. A. A. Batkova, Rkad. Nauk SSSR, No. 12, 79 (1963); cf. Chem. Abs. 59, 5800 b [1963).
Enthalpy data {523-1253°K) of Winler and Jochum, ioc. ¢it., lead to a value for 5;_200 lower by mbout 0.25 eu, but this 1s

inconslstent with the equilibrium dats for ZCud = CuzU + 0.5 Dz.

Temperaturs of Decomponition.

Ty is calculated as the temperature a8t which &F equala zero for 2Cuo(e) = l:uzo(:) + 0.5 oz(g}.

Cul



Copper Monoxide (Cu0)
GFW = 79,5394

(Ideal

Gas)

10,071
10,098

tu,112

10,167
10,169

19,170
1,172
10,178
WL ATE
10,178

19,182

1n,208
w217
10276
14,235
10,2858

10,258

10,307

10,322
10,337
10,352
1u, 368
10,388

5
«nno

56,072

56,124
Sh.A00
60,552

A2, 181
43,932
Ka,r27
A%, TAY
AR, TES

47,620
60,825

70,531

T1.151
T1.739
2,298
LERCEL
T3.337

Ty m22
Ta, 287
Ta,.733
TS.181
TS.572

T5.948
76,350
Th.T1Y
TT.OTS
TT.a1?

Tr.TS2
T8.NTS
TH,AAT
TR, ATL
L LTY

Te.272
79,551
r9.m22
A0,Na8
A0, 308

A0,505
LI LY}
Ay,0RD
81,313
Ay, San

Aq,748
LINCLL
82,203
Az.a18
82,421

A2.R24
A3, 023
Ax, 219
Ad.all
R3_ 400

LEPE LYY
A1, 9869
Ba. 149
A8, 326
A& 500

—(G°-Hma) T H'-H'sa

INFINITE
63,837
4. A8}
56,072
s4,072

56,808
57,089

7,771
54, 008
59,208
53,818
#0517

45,832
AL 206
LT L1
£8,018
aT,258

AT .5R2
AT B9
48,208
AR, S508
LLIe LT

49,082
69,158
a9, 627
49,849
TO,.185

70,395
70,634
ro.ATs
T1.199
n.ar

Ti.540
Ty, TTA
T1,991
72,201
LENTIY

72,4070
r?,A0a
rr.998
71,188
Ti.3ra

T1,55A
73,738
T3.915
ThL0AE
Ta, 780

Ta, a0m
Th, 598
Ta.757
Ta.918
75,078

2.313
1.422

11,%6%
12,835
13,812
14,708
15,785

16,779
AT TTA
1A, 78
19,787
20,795

21,808
22,m7
23,31
28,805
25,880

26,874
27,492
28,908
29,023
30,981

31,958
12,976
34,993
35,010
36,078

Ar,.nas
I8, 044
39,083
80,102
a1,122

42,181
43,108
48,104
45,209
86,213

a7, 258
48, 3H5
a7
50,381
51,301

52,403
53,035
Sa.a70
35.506
ELFRLE]

R I O A

Sept. 30, 1966; June 30,

kealmol ——————
AHFP AGP

5A, MO0 SR, 800

59,00% 56,4992

LIS Sa.18)

58,900 FIFLTL

SR, A9 51,803

SA.ADT 9,451

A, 700 ar, 2%

5,572

58,828

5R.267

5A.008 3n.003

57,911 35,825

sT.r2y 33,628

ST.52N 3,443

57,381 29,278

53,985 27,229

LA & 25,328

S1.48% 231,443

w1, 740 2

51,047

52,833

52,422 14,035

52,810 1a, 211

52.207

52.002

51,797

514591

51,385

514178

50,970

21898

21,954

22.02a

22,108

22.208

22,118

22.44% A 09R

22.588 A.y T

22,738 rL.Tan

22,402 a,588

21.079 9,393

23.726% 1. 228

23.88R 11.069

23478 11,918

23,897 12,787
13,619
14,879

H 15,384

28,455 14,217

25010 17,008

25,171 17,975

25.434 18,87

25,908 19,758

28,179 2n,851

26,855

PEaTIA @

21.m5 21,378

27,708 24,297

27582 25,218

27,889 28,081

28,156 FLACLLY

28,88y 78,022

1970

R R R N T T T I T T O O T T T T T T T T T R I T I I |

Log Kp

InFINITE
123,681
59.20R
18,005

3778
27019
20,594

16,326
13,282

Cu0

COPPER MONOXIDE (CuQ) (IDEAL GAS) GFW = 79,5394

Symmetry Number = 1 AHES = §8.8 + 8 kcal/mol

.
S3ep.15 * 56.07 = 0.1 gibba/mol

Electronic Levels and %glaculgr ﬂ?ﬂj(lﬂtl
1

AHI;?U.J.S = 58.9 ¢ 8 kcal/mol

stare £, cm _‘X oo A B, em” Gyt cm g em K s en?
*%n 0 7 1.726  O.44s6  [0.0034] 632 [3.5]
269 2
l?n L1 ] 2 [O.8420]0 fo.0080) 633 8.5
u735 2
8%z 20953 2 [o.4u26]  [0.0052] 837 6.5
c*n 23550 u 0.4213  [0.0046] 6101 s.01

Heat of F tion

The heat of formation is calculated from that of the crystal, aMs?

2qg * 96.1 kcal/mol, which was obtained by 3rd law analysis
of the sublimation pressure at 1273°K reported by Mack et al. (1). They employed a transpiration method and analysed for copper

{in minute amounts) by its catalytic effect on the oxidation rate of sodium sulfite.

The resulting pressure is only 100 times
the predicted pressure of Culg) over Cud(e).

Thres pressures were reported but not used in the range 873-1173°K, since these
yield a much smaller value for the heat of vaporization and imply a high dissociation energy.

Some estimates of Dj Cul obtained by different methods are given below. These estimates along with a correlation of D}

0
values for MnO, Fed, Ni0 and Zn0 favor t% = 82 ¢+ 10, close to the value adopted.
_keal/mol
. .
Method aHs 3o, D5 98

Mack et al. (1) Transpiration G6.1 80.8 58,

Arithmetic mean of Dj for 0, and Cu, a2 7.7

Geometric mean of DY for 0, and Cu, 73 66.7

Linear Birge Sponer extrapolation of A2l state 76212 63.7212

Heat Capacity and Entropy

The visible spectrum of Cu0 has been extensively investigated, but only very recently has significant progress been made in
its analysis. Antic-Jovanovic et al. (2) were able to obtain a vibrational analysis of the major band system by use of ol?
isotope studies. Shirk and Bass (3) recently reported absorption and fluorescence spestra in inert-gas matrices which allows
assignment of the ground state and the first two excited states. They have strong evidence for the lower state of the blue system
being the ground state and also for the second system, which corresp to the red-orange system, originating in the upper
state of the blue system. Thus, it is probable that the B state is ?1 and the X and A states are both zﬂ with very similar
molecular constants, which serves to confuse the analysis of the spectra. It also appears likely that the ulazi band analysed
by Lagerquist and Uhler (4) is a %1 transition terminating in the ground state; thus we adopt their rotaticnal constants for
the X and C states. The vibrational q ies and icities for the A and B states were from Antic-Jovancvic (2), as
well as the vibrational interval for the ground gtate. The anharmonicity for the ground state was chesen so as to provide a
reasonable Birge-Sponer extrapolation of the dissociation energy. The values af the g, were estimated from the Horse potential
function relations. The rotational constants were assumed to be nearly constant. The values of the splitting in the electronic
levels in the X and A states are from Antic-Jovamovic (2), and are roughly confirmed by Shirk and Bass (3).

The thermodynamic functions were ealeulated by summing over the individual partition functions for the separate states.

Beferences

1. E. Mack, @. 0. Osterhof and H. M. Kramer, J. Amer. Chem. Seoc. &5, 617 (1923),

2. A. Antic-Jovanovic, D. 5. Pesic and A. G. Gaydon, Proc. Roy. Soe. (London) 3I07A. 399 (1958).
3. J. 5. Shirk and A. M. Baga, J. Chem, Phys. 52, 189w (1970).

8. A. Lagerqvist and U. Uhler, Z. Naturforsch. 228, 551 (1987),

Cul



Dicopper Monoxide (CuZO)

AGE

40309
38.798
37.06%
15.29%

15.2866
33,459
I1.4871

29.909
284187

Zl.458
19.846
184265
16+514
14,529

Log Kp

INFINITE
B4a792
40.507
25,875

25,691
18.201
13,843

104894
BaT94
Te227
Ge013
5.047

4263
3:61a
3.071
24578
22117

(Crystal) GFW = 143.0794
a1 Keall
T,°K cp* §  ~(G'=Hsm)T H'-H'sse AHF
[] 000 «000 INFINITE = 3.037 = &0,30%
oo 9.508 B8.902 J4epB2 = 2518 = A40.455
200 12.893 16.598 234537 =  la3B8 = &0.8635
298 15.199 22213 22.712 «000 = ab«.700
300 18,23g 22307 2207213 028 = &geT0Q
400 16,580 264893 224829 la626 = 4De652
500 17.8lp 30.687 282032 3,327 = Al.548
600 18.040 33.919 25417 5.lg1 = 4D.418
00 184620 T4 28.838 B34 = w0264
800 19.220 A9 269 28237 Ba826 - 40.08%
soo 19.850 &l.568 ?9.502 10.779 = 10,873
1000 20.520 63894 Igena’ 12,797 - 30,624
1100 214220 6454683 124152 la.B884 - 30,329
1200 21.920 4Te5509 332358 LTagel = 3B.988
1300 224620 49.341 144520 19.268 = 38,597
1400 23,320 51e063 LT Y 214565 = wé.528
1500 26,020 52.678 36721 23.%32 = &b 007
1800 26,720 5k.260 37.788 26.380 - a3.598
1700 25,820 55.768 IB.TH2 28,878 = a3.032
1800 26,120 57241 3. TAT 31e453 -
1900 264820 584672  40e725 3eslg0 -
2000 274520 604066 414657 36.817 -
2100 28,220 Bl.425 424566 39,608 = Bp.0%9
2200 28,920 B2.754 CEPTLEY 42.481 = 39,198
2300 204620 G4a055 45,388 = 38.229
2400 Ape320 B5.33] hf.38% = 3T7.193
2500 31020 662582 51a482 = 38.0%0

June 30, 1966

Cu
DICOPPER MONOXIDE (Cu,0) (CRYSTAL) GFW = 143.079¢

MHPY = -40.31 keal/mol
S3gg,15 = 22-21 * 0.08 gibbs/mol GHf3g 15 = -40.7 % 0.5 kenl/mol

Tm = 1509°K Mm® = 13.58 + 2 keal/mol

Heat of Formation.

Summsrized below are the more consistent results for the heat of formation. The selected value of -40.7 keal/mel
is based on data from Th and from Ishal and Kimura. More recent equilibrium data yield essentislly the same
average for SHf but the seperate values scatter by sbout +0.7 kcal/mol snd significant entropy errors are apparent.

Thomaen obtained velues of -40.80, -40.87 and -41.51 from aquecus calorimetry ueing three different patha. He
favored the irst path which may be recalculated by combination of the hests of resction of Cus0 + H 50, Pe + H S0,
and Fe + mo‘taq} to yleld the heat of reduction of Cuy0 with H,. Direct measurements of the heat of reduction
reported by L. Wihler and N. Jochum, Z. physik. Chem. 1674, 169 {1533), sppear to be unreliable since they lead to
-43.0 for the heat of formation. The cell data of Ishskaws and Kimura show very little drift and are in excellent
agreement with Thomsen.

. .
. Wi e iy gp (keal/mol) Beire BHEY o ®
Author Method Resction® E'xs Foints 2nd Law 3rd Law [ou) (keal/mol)
1. Thomsen (1883) Aqueous Calorimetry A 291 —_ -27.61 — -40.70
2. Hill et al.{1958) Fused salt Emf B 987 1 -41.38 — -41.38
3. Kiukkols et 81.(1957) Baf va. Fe/Pe 0 B 1073-1323 4 -43.0340.56  -40.42  2.1+0.5 -40.42
Emf ve. I'n"rt‘.l,.f’hs':!"I B 1075-1323 4 ~44.1440.10 -40.36  3.1#0.1 -40.36
4. Balesdent (1955) Equilibrium data c 1011-1156 28 36.03+1.1 41.20  4.741.0 -41.20
5. Makolkin (1942) Aqueous Emf D 288~ 308 3 29.4640.7 28.30 -4.042.5  -40.02
6. Maler (1929) Aguecus Emf D 298-318 7 29.9440.4 28.07 -6.241.3 -40.24
7. Ishakawa et 8l.(1927) Aqueous Emf o 273-318 5 27.4240.04 27.63  0.740.1 -40.69
*Based on 3rd law values wherever posaible.
**Reaction A: Cuy0(e) + Hy = 2Cu + Hy0(1), Bi  2Cu + 0.5 0, = Cuy0(c)
C: Cuy0(c) = 2Cu + 0.5 0, D 2Cu + Hy0(1) = Cuzo(c) + Hye

1. J. " Unter " wol. IIL, Berth, Lelpzig, 1883.

2. D. 0. Hill, B. Porter and A. S. Gillespie, Jr., J. Electrochem. Soc. 105, 408 (1958).

3. K. Kiukkola, C. Wagner, J. Electrochem. Soc. 104, 379 (1957).

4. D. Balesdent, Compt. rend. 240, 760 (1955); 1884 (1955).

5. I. A. Makolkin, J. Fhys. Chem. (U.S.3.R.) 16, 13 (1942); cf. Chem. Abs. 37, 2641 (1943).
6. C. G. Maier, J. Am. Chem. Soc. 51, 194 (1s29).

7. P. Ishakswa and G. Kimuras, "Sexagint, Yikichl Osaka," pp. 255-69, Chem. Inst. Kyoto Imp. Univ., Kyoto, Japan,
1927; eof. Rendall, Nielsen and West, Ind. Eng. Chem. 23, 388 (1831).

Heat Capacity and Entropy.

Low tempersture values are based on data from L. V. Gregor (2.8-21°K), J. Phys. Chem. 56, 1845 (1962) and from
J. Hu and H. L. Johnston (15-300°K), J. Am. Chem. 5Soc. 73, 4550 (1951). Earlier date by R. W. Millar (76-251°K),

J. Am. Chem. Soc. 51, 215 (1929) ere in satisfactory sgreement. The entropy was obtained from the hest capacities
based on 53 o = 0.0015 eu.

High temperature values were obtained from specific heats {373-1273°K) determined with s dynsmic method by D. M.
Chizhikov and A. S. Khirik, Tr. Inst. Met. im A. A. Baikova, Akad. Mauk SSSR, No. 12, 79 {1963); c¢f. Chem. Abs. 59,
79 (1963). Enthalpy aata (543-1223°K) from Winler ana Jochum, loc. cit., yleld for S'm 8 value sabout 0.4 eu higher,
but this is 1 istent with equilibriun dats for 2Cud(ec) = Cuz0(e) + 0.5 0, [see cud(c)].

Relting Data. Cu,0
For details see cu?ou].



Dicopper Monoxide

(CuZO)

_ GFw = 143.0794

(Liquid)
T, K cp*
0
100
200
298 244000
00 244000
“00 244000
500 244000
600 244000
700 24,000
800 24,000
LS00 264000
lo0o 2644000
1100 26000
1200 2644000
1300 24,000
1a00 26,000
1500 244000
1600 244000
1700 244000
1800 24,000
1900 244000
2000 244000
2100 244000
2200 244000
2300 244000
2400 26,000
2500 244000
2600 2644000
2700 244000
2800 24,000
2000 244000
3000 24,000

flefT8

§°

22.901

234049
254954
35300

39.685
434385
Wbe b8y
49,416
51a945%

644237
56.32]
5Ba242
80020

634225
G4ab80
664057
67300
6Be580

6Fe75]
Tu«868
71493
TZ.950
73.936

TaeBTT
75783
76656
77498
TBL312

June 30, 1966

—(G*~Hs)[T  H-Hz
224901 +000
22901 2044
73.843 Y
25.620 4aBag
27e811 Tedhd
29.807 ENCT
31534 12,008
33,367 lbssas
35.100 lo.64s
16737 19,284
184284 21,640
3G THE 244044
41s131 26444
L7 ekbE 28,844
434697 31,284
444889
L6027
4Te115 EL Y
4Be158 4ueBan
49e159 LTI
504120 45,604
Slagab 48,044
514938 LY T
524798 52.840
51.429 55a2ak
564433 57eB44
554211 U086
55,965 624444
S6.897 ba. 844

'

s

AHr

32.029

32,013
31.163
304360

29.604
28,883
284198
27.537
264906

26.298
25714
254150
A0.978
0514
3I0.052
294593
29.138
284685
2Be235

27788
27344
264902
26863
264027

254593
25.162
244733
169.623
1f8.890

AGP

= 26.833

2
2

?
2
2
1
1

1
1
1
1

1
1
1
1

(N B

LI B B

26.801

5194
3,794

20554
lat35
Qet20
D.487
Bab27

T.828
T.086
6,389
5a531

3.390
2+361
1.360
O«385
Fed33

B«503

Log Kp

19.669

19.525%
134785
104400

84215
64692
5.578
4a732
he0T1

3a542
3.112
2755
24425
2105

1.195
l.031

«BBS
«T55
«638

Cu

DICOPFER MONOXIDE (Cu,0) (LIquID) OFW = 143.0794

S3ea.15 = 22-901 gibbs/mol At = -32.029 kesal/mol

o
298.15

Tm = 1509°K fHm® = 13.58 + 2 keal/mol

Heat of Formation.

The heat of formation was calculated from that of the crystal by adding &Hm" and the difference between
(H]ggg-H5gg) for the crystal and 1liquid.

Heat Capacity and Entropy.

The heat capacity was estimated on the basis of 8 glbtbs per g atom,
is essentially the ssme as that of the crystal at the melting point.
to the heat of formatlion.

glving & value of 24 gibbs/mol which
The entropy was obtained in & manner analogous

Melting Data.

Tm is the value recommended by 5. J. Schnelder, NBS Monograph 68, U. 5. Govt. Printing Office, Washington, D.C.
October, 1963, based on pressure-temperature-composition studies of H. 3. Roberts and F. H. Smyth, J. Am. Chem. Soc.
43, 1061 (1921). The heat of melting was selected as 13.58 keal/mol, corresponding to 4Sm" = 3 eu per g atom. A
value of 13.4 keal/mol has been derived from the Cuao—cucl phase dlagram by K. K. Kelley, USBM Bulletin 333, U. 5.
Govt. Printing Office, Washington, 1936. Another value may be obtained from oxygen dissoclation pressures for the
system Cueﬂ(l)—Cuolcl determined by Roberts snd Smyth, loc. cit. Equilibrium constants may be obtained for the
resction 2Cul{c) = Cuy0(1) + 0.5 0y by sssuming the activity of Cug0 in the melt to be equal to its mole fraction.
Based on the mole fractions given by Randall, Nielsen and West, Ind. Eng. Chem. 23, 388 (1931), the equilidbrium data
yleld ﬂH; = 15.8 + 0.8 keal/mol by second law snalysis of all points or 12.9 + 1.6 by omission of 4 points at high
pressure and low mole fraction. These results appear to be consistent with the selected value within the approxima-
tiona involved.

(49



Hydrogen (H,)
{(Ideal Gas - Reference State) Mol. Wt. = 2.016
f—ul. mole deg, ' ———, ————keal, mole ' —————
. - . - - - - -
T. *K. c: g ~(F*-Hig) /T H*-Higpm AHY AFY Log Kp
] s Z-INEINITE L

P R TS (3 S T '] S 1

200 Buble 24,520 3,831 I

298 b.A%F 1,208 3,708

300 5.996 11,251 31,208 L0131 2000 L0000 .000
ano 6.97% 13,987 31,880 707 000 U00 000
so0n ETS Lk .40 31,995 1,808 «0N00 00 000
500 .00y 16,082 32,573 2,106 1000 +000 W00
oo f.038 .18 13.153 2,A0A 000 000 000
Aaog f.O0R7 3B.q0F 33,715 1,514 000 000 + 000
00 falan FLI I 34,2%0 4,226 Moo 000 000
1won fa21% A9.702 38,750 4,988 000 000 <000
oo fedny Ap.308 is, 780 5.670 «000 $ 600 +000
1200 f.390 1,033 315,898 6,408 000 Q00 000
00 (L A, 130 7,108 L0un L0008 Lono
1200 fanbu Is,5a3 7,902 000 000 000
1500 totau 38,937 8,688 L000 000 L000
1800 f,A23 T, e v, 088 000 uoo 000
17un Fa2) 7675 10233 000 =000 000
1800 e.010 In 022 11.030 <000 oo 000
L1900 e, 1ne I, 354 11,434 000 <000 000
2000 B8.1%% AR ATH 12.491 000 000 L000
2100 °,?21% AhLalA In eay 13,475 000 Joon 000
2200 4,3%¢ 5,793 39,7290 14,307 000 000 000
2300 0.6838 LAY 37,591 15,186 +000 +000 L0008
2800 n. 508 an. 527 39,483 3.9%3 000 000 000
2500 8.57% nhLATS &N, 138 14,88 #0008 +000 2000
2600 0.kAE 47,213 0n,a02 17.T0R L000 L0006 L0008
2106 LI O af, 540 an ssy 1R, 575 000 000 000
2aul LAY af nst RO B12 19,408 000 000 LU0
2900 a,Hll aB, 166 ay, 157 20,328 000 oo 000
1000 8,4%9 LRRLE] 81,3935 21,210 000 JUoo 000
oo 0911 ap 754 an h2e 22,098 <000 000 000
32nn CRLLES 49, a8y a1, 858 22,0v2 000 = 0an 080
ERIC Y.z a9 7 az.ort 23,89} 000 L0200 000
Jaun W, 8] a7,544 L1 26,798 000 000 000
3snu Y110 LR 12,508 25.703 <000 Jooo 000
Jann LR L1 50,107 az.T1e 26,418 #0010 000 000
Arog ¥, 2058 50,159 &2 917 27,535 000 000 LS00
ELUES ITald “0.a03 LATERY ) 28,857 000 =000 =000
avon v 27 G0 .Ra4 a3, 311 29,38% 000 LU00 000
aoun ro3ap B1.082 N, 502 o7 «00u 000 000
Bjun L LI 51,314 a1y, 890 31.2%) 000 JUoo 000
4z0n EEL 51,540 W,ATa 000 L000 000
4300 v, 8y 51,782 98,055 L0000 L000 L0008
2400 waula 51,9m70 AbL,233 000 000 000
a500 ¥, 950 52.,1%4 48,407 3%,0a7 000 000 000
aAno 4,508 57,40 aa ST 35,999 000 000 Jo0n
aron Wbk LF NI T ha,Tan 6,981 000 000 000
LTI 46T 57,81% 03,914 ar.9zs 000 L000 L000
AR O v, 53,019 as, or? 3R L AYS 000 000 LJo0o
Soun LIYEL S4.211 45,248 319,864 ALl 000 000
S100 Vo tHS %3005 a5, 3vs A0, RES +000 L000 +000
S200 ¥, ARY a5 582 41,825 000 000 <200
530u v A5 as 70y &2,A0% 000 JUoo 000
LTI ¥Ry as Kg/ aj,rer 000 U000 000
5500 ¥, Ak, 008 a8, THA 000 000 000
5400 PICLTY ha, 32H ah, 153 000 000 000
5000 v, 00U Bal. a0y a4, 298 «Non <000 000
SAUL [T LR 58 ,nlY Ak &A1 000 000 000
S5vopa I L fa,8%] a4, 582 a8 ,.748 #0000 <000 « 000
AN Lk 100 55,070 as T2 a9, 7o PLIL o000 L0000

March 31, 1861

Hydrogen (Itzl (Ideal Gas - Referance State) Mol. Wt. = 2.016

=1
D", = 103.266 + 0.15 keal. mole BHE acg 95 = O
15+ - =1 =1
ground State Configuration ZS 82%.15 = 51.21 + 0.01 cal. deg. ~ mole
W, = 4405.3 om."1 W, x, = 125,325 em.t Dy = 0-04644 cm.”! o= 2

=1

B, = 60.848 cm. ole = 3-0664 cm.” £y = 0.7417 A

Heat Copacities snd Entropy

H. W. Woolley, R. B. Scott and F. 0. Brickwedde, J. Research Nat. Bur. Standards 41, 379 (1948), calculated
the thermodynamic functions by o method of direct summation for normal H, (75% ortho and 25% para) using spec-
troscopic constanta derived from an analysis of U. V. band sp These are more preferable for use
in & summation method than those obtained by 0. Herzberg, Can. J. Res. A2B, 144 (1950) from the measured guad-
rupole transitions in the ground state which sccurately describe the lower vibrational levels only. In any case
the difference in the functions resulting from the two sets of data are less than 0.2%.

Since the entropies of Woolley et al. contaln a contribution from nucleer spin, a correction of -Rlnd was
applied. However, the entropy due to the mixing of ortho and para hydrogen which is & consequence of nuclear
apin is included in the total entropy since this results in correct equilibrium constants based upon third law
calculations. Differences in the values of R and c, were found to have & negligible effect upon the functions.

Similar calculations with a different method of estimating the higher rotational levels by H. L. Johnston,
L. G. Savedoff, and J. Belzer, Technical Report No. 2, Project R.F-316, Ohlo State Univ. (1949), result in
functiona that are 0.5% lower above S000%K.

For detalls concerning the dissocclation energy eee the monatomic hydrogen sheet.



Water (HZO)
(Ideal Gas) Mol. Wt. = 18.016
s . -nh"dq."l ~ ———keal, mole 'l-—-v—v——\

T, "K. L] §* —(F*-H3u)/T H"-Him AHY AF; LogKp
] LO00 L000 INFINITE = 2,367 = 57,103 = 57,103  INFINITE
100 T.941 36,396 52,202 = 1.581 = 57,433 = 56,557 123,600
200 [ 98y al. a5.837___= _57.579_ 0.792
FLL 0,025 a5, 45,108 5F.798 TEVLDAY
300 n, 027 85.15% 45,108 57,803 = 5a,84T 39,788
a0o 0,108 at, 488 45,422 5A,.042 = 53,519 29,240
500 o,81% 49,334 Ak, 028 58,277 = 52,38, 22.088
400 HohTo 50,891 a4k, T10 5A.500 = 51.158 18,633
foo 0,954 52,749 af, als 54,710 = a%,915 15,583
Buoo ¥.28p 53,848 am, 089 58905 = AB.588 13.2a89
900 v.507 54,570 nE, TAw 59,088 = 47,352 11,498
1000 ¥,85] 55,592 49,382 59,246 = 48,040 10,062
1100 10,152 56,545 49,991 T.210 = 59,319} - aa,712 5,883
1200 1u, 804 57,40 50,575 8,2an = 59,519 = T, 899
1300 v 723 54, 280 51,138 9,298 = 59,6384 = T.068
1400 1. 987 59.09; 51,675 10,388 = 59,738 = 6,347
1500 11.233 59 ,A%9 92,198 11,495 = 59,824 - 5,725
1600 11,682 A01,591 57,698 12,630 = 59,906 = 37,927 5,180
1700 11.674 41,293 531,183 13,787 = S9,977 = 36,549 4,899
1800 11,069 £1,965 51,852 18,988 = &0,087 = 35,170 4,270
1900 1£.088 42,612 58,107 16,140 = &0,099 = 33.TBs 3,088
2000 12.214 £3.7134 54,588 17,373 = A0,150 = 32,801 3.580
2100 12,308 #3.A3a 58,978 18,402 = 40,198 = 31,012 3227
2200 12,505 fa, 812 55,392 19,846 = &f,282 = 29,621 2,942
2300 12,618 Ao, 971 55,798 21,103 - 40,282 = 28,229 2,682
2800 12,753 65,511 56,190 22,372 = 40,3217 = 26,832 2,443
2500 IPRLLE! A8,034 54,573 23,653 = AN,359 = 25,439 2,228
2600 12,945 Ab 541 S6, 947 24,985 = 60,393 - 2&,uUs0 2.021
2rou 13.05% AT.032 57.311 26,208 = 6D.428 = 22,6481 1.833
2800 13,188 AT, 500 ST .667 27,556 = AD,a67 = 21,247 1,658
z%on 13,220 AT 97y S8 _ 014 28,ATS - BN,896 - 19,838 1,495
w00 14,308 AR, 421 54,354 W,200 = 40,530 = 18,838 1,343
1100 14,378 LI LT SR ,685 31,535 = AN,562 = 17,038 1,201
3pon [EPLLY LTLT s9,.010 ™ 32.A76 - 60,596 - 15,630 1.067
3300 14,503 AW, 0vH 59,328 34,273 = AN,63) = 14.223 LT
Iu0 13,947 TO, U2 59,639 35,577 = &0,8666 = 12,818 «H28
35040 La.mt? P avs h9,943 16,938 = a0.TO3 = 11,809 712
3600 13,689 T0,RAY 60,242 36,300 - 60,741 = 10,000 +607
3rng i 71,256 Bh, 534 39,689 = AN,782 =  B,589 2507
30U L4,fAn T1.n22 LU ST aj,.0a3 - 60,822 - T AT LA12
wun 1 4,A0F 71,980 Ay ,103 02,422 = 80,865 - 5,766 323
avon 14,050 72,331 ALLATY a3,A06 = A0, 930 = 8,353 238
a1an 13,690 T2 6T 61,851 45 ,1%7 = 80,957 - 2,938 157
8200 13927 Ti.ons 61,517 6,543 = #1.008 - 1.5922 079
4300 13,983 Ti,33n 62,179 47,977 = K1.0586 = «105 4005
aangd 14,997 T3,654 LEMUE ] 4,375 = 61,109 1.1 = 065
asn0 Ta 0020 73,9713 LE L S0,77T7 - f1,168 2,T2% = L1313
asuin T Ta.phy h2.934 S2.181 = 61220 4,158 = 197
aron La,0%) Ta,5Ra LEM L1 53,549 = &1.27Y 5.37¢ = .259
aR00 18,120 TR HAl #3423 55,000 = £1.339 s.998 = W39
aqun TR LE 75,172 A3, 680 56,413 = 61,401 8,822 = JATE
CL I T L F5,a5% LEMCAS ) ar. Az - Al,865 9,048 = L0830
5100 1e,.201 IS, Fal fn 122 59,2a8 - B1,537 11,275 = LaB3
5200 14,228 6,016 64 388 a0, ART = A1,800 12,700 = 330
5300 14,254 76, 2A7 8,57 62,093 = h1,669 14,135 = L5813
5500 lue2T® Thas5) ha 791 63.520 = #l.Tal 15,580 = o830
5500 19,303 LT #5007 68,929 = #1,M13 16,995 = 675
5800 TT,07a A5, 220 66,381 = 51,889 18,826 = WT1e
sro0 T7.320 A5 ,830 &7 ,R15 = 61,985 19,862 = Je2
5400 TTLATT 85,637 69,251 = 62,043 21,299 = L5803
5900 17,823 65 A2 70,690 - 67,122 22,736 = Bag
ADOU ITPLEF] PR LO08% LMY T2.131 = 82,203 24.17T8 = 880

March 31, 1961

HBO
WATER (H,0) (IDEAL GAS) MOL. WT. = 18.016
-1 -1
aHg, = -57.103 keal. mole B} 5og.15 = =ST-7979 keal. mole
Point Group C,, S30g.15 = 45:106 cal. deg.” mole™

Vibrational Levels and Multiplicities
W, em.?
3657.05 (1)
1594.59 (1)
3755.79 (1)

-
Bond Length and Angle 0=H distance = 0.9584 A H=0-H angle = 104.45°

=120 _ 3 &

Product of Moments of Inertia = 5.7658 X 10 B+ ©m.

TaIple

Heat of Formation

Taken from Netional Bureau of Standards Circular 500, "Selected Values of Chemical Thermodynamic Properties,"
1852.

Heat capacity and Entropy

A+ 5. Priedman and L. Hear, J. Chem. Phys. 22, 2051 (1954), using the infra-red spectra analysis of W. 3.
Benedict, H+ H. Classsen and J. H. Shaw, J. Research Natl. Bur. Standards ﬁ, 81 (1952}. have calculated the
thermodynamic functions for water including the anharmonic corrections. Frledmen and Hear in comparing their
calculation to that of a direct summatlon by Glatt, Adams, and Johnston, Ohlo State University Res. Foundatlon
Tech. Report No. 316-8 (1953), found that the difference between the two calculaticns was less than the uncer-
tainty in the direct summation.

¢_ values from 100 to 5000°K. are from Friedman and Haar. C_ from S000" to B000°K was extrapolated linearly.
Using the tabulated functions of Friedman and Haar Cp. 5, and I{T-Ro 8t T = 258.15°K. was calculated by the method

of Lagrangian curvilinear interpolation, W. J. Taylor, J. Research Natl. Bur. Standards 35, 151 (1945).

The bond length and angle were obtained from a compilation by L. E. Sutton, "Tables of Interatomic Distances
and Configurations in Moclecules and Ions," The Chem. Soc., Burlington House, London W1, 1958.

H,0



trozen, Diatomic (NZ)

y
eference State - Ideal Gas) Mol. Wt. = 28,0124
1 deg. ™.  p———keal. mole " ——

T, 'K. c: s* -His)/T H*-H}  AH AF} Log Kp
[} «000 «000 INFINITE = 2.072 «000 «000 =000
100 6,956 3B.1Tp 51,957 = 14379 000 «000 «000
200 64957 424992 46+407 =  .583 «000 «000 «000
298 84961 45.770 45.770 «000 »000 «000 +000
300 B8.961 45,813 45.770 «013 «000 =000 =000
400 64990 47.818 464043 «710 +000 +000 «000
500 T«069 49,386 bhen61 lasl3 +000 »0u0 «000
600 74196 504485 474143 2,128 «000 +000 +000
700 74350 51.808 47731 2,853 «000 «000 »000
800 Te512 524798 484303 3,596 «000 000 =000
900 Tu670 53,602 48,852 4,355 4000 2000 000
1000 T.815 544507 49,378 5,129 +000 £000 «000
1100 Te945 554258 494879 5,917 «000 +000 «0U0
1200 Be061 554955 504357 6.718 <000 +000 +000
1300 Balb2 56604 50+813 T«529 «0uD «0U0 =000
1400 Be252 57.212 51a248 8.350 $U00 +000 «000
1%00 84330 57.784 51.665 9.179 »000 «000 +000
1600 Be398 584324 524065 10,015 «000 «0ul =000
1700 Ba458 584835 10.858 ~0U0 2000 +000
1800 84512 594320 11,707 «000 «000 =000
1900 84559 594782 12,560 «000 «000 -000
2000 84601 604222 534513 13,418 «0UD 000 =000
2100 84638 604642 53,842 14,280 «000 «000 «000
2200 BebT2 614045 5he160 15,146 2000 2000 =000
2300 84703 61.43]1 Shed68 16.015 £ 000 $000 +000
2400 84731 614802 S4aTH6 16,886 «000 000 «000
2500 B.756 624150 550055 17.761 «0uQ «000 #000
2600 B.779 LYk 554335 la.638 «00u «000 =000
2700 8.800 62.835 55.606 19.517 <000 «000 «000
2800 8.820 634155 55,870 20,398 «0u0 «000 «000
2900 84838 534465 56.127 21,280 4000 Su00 s
3000 84855 63765 564376 22,185 4000 «0UU 000
3100 8,871 644055 56619 £3,051 «000 «000 +D00
3200 84886 84337 564856 23,939 +000 «000 +000
3300 B.900 bhabl] 57087 24,829 Uug 00U 000
3400 8,914 664877 57+312 25,719 «000 +000 000
3500 84927 654135 57+532 264611 «UUD +000 $0U
3600 84939 654387 57+747 27.50% ML «000 000
3700 84950 654632 574057 284399 Jug £ 000 000
3800 84962 65871 584162 29,295 «000 »000 J000
3900 84972 664104 584362 30,191 «00U »00u »000
%000 84983 66+331 584559 31.089 «0U0 w000 »000
4100 84593 864553 58.751 31,988 +000 »000 £000
4200 94002 66.770 58.040 37,888 «0U0 2000 «000
4300 9.012 66.982 594124 33,788 «000 L0UL «000
4400 9,021 674189 59,305 34,4690 «000 +000 +000
4500 9.030 67.392 59.482 35,593 Y0UD 000 «000
4800 «039 674591 59.857 36,498 T J000 000
4700 9,048 67+785 504827 37,400 «000 «000 £000
4800 057 674976 592995 384308 «000 »00U 000
4900 9.086 684162 602160 39.212 +000 -000 +000
5000 9,074 68.346 60e322 40,119 £ 000 4000 +000
5100 9,083 684525 60ua81 41,027 «000 Suue +000
5200 9.091 684702 60+437 41,935 <000 <000 «000
5300 9,100 68,875 60791 42,845 «0u0 P «000
5400 9,109 694045 60e942 43,755 -000 T +000
5500 94118 69,213 &1.091 44,667 »0U0 « 000 +000
5600 94127 694377 614238 45,579 «0UD «0U0 «000
5700 9e136 69,539 814382 46,492 «000 «000 +000
5800 Gulss 69,698 81424 4T, 406 «000 «000 =000
5900 9,155 69.854 Blehth 48,321 -000 +000 -000
6000 9,165 70.008 61s802 49,237 000 +000 «000

Dec. 31, 1960; Mar. 31, 1961; Sept. 30, 1965

KITROGEN, DIATOMIC [ll'z] (IDEAL OAS - REFERENCE STATE) MOL. WT. = 28.0134

Ground State Configurstion 15 ; oy o =0
=1 =1 s
SESG-I.S = 45.77 + 0.01 cal. deg. ~ mole &Hp 2e8.18 = 0
l, = 2357.55 em. "L W, x, = 14.059 cm. "2 T =2

-1 -
B, = 1.99825 cm. of, = 0.01791 + 0.0001 cm.”} r, = 1.08758 + 0.0001 A

Heat of Pormation.

The heat of formation (N{;.] for Hz(sJ 13 zero at sll temperatures by definition.

Heat Capacity snd Entropy.

The functions adopted here are based on the direct summation celeculations of L. Glatt, J. Belzer snd H. L.
Johnaton, Ohio State Univ. Res. Found. ProJ. 316, Report No. 9, 1953. They celculated the functions for Nl‘un
by & direct summation using spectroscoplc data given by 0. Herzberg, "Diatomic Molecules", D. Van Nostrand Co.,
New York, 1950. The entroples were changed by -Rlnf to remove the effects of nuclear spin included by Olatt,
Belzer, &nd Johnston, and by 0.012 for the difference in spectroscopic constants. J. A. Goff and 5. Oratech,
Trans. Am. Soc. Mech. Engrs., g_z_, 741 (1950), calculated & set of functicna by & direct summation over the ground
state levels only. Agreement with the functions of Glatt, Belzer, and Johnston is within 0.1%.

B. P. Stoicheff, Can. J. Phys. 32, 630 (1954), determined the spectroscopic constants of nhiyld by combining
his measured rotatlonal spectra with the results of band spectra given in the literature. The constants listed

above have been corrected to apply to the naturally occurring isotopic composition listed by D. Strominger, J. M.
Hollander and C¢. T. Seaborg, Rev. Mod. Pnys., 30, 585 (1958).



Oxygen, Diatomic (0,)

(Reference State - Ideal Gas) Mol. Wt. = 31,9988
P 1. mole ! deg.™" \  ——keal. mole N —

T, "K. (s} §*  —(F*-Hi)/T H*-Hisp AHY AF} Log Kp
0 +000 <000 INFINITE = 2.075 »000 «000 +000
100 6.958 41.395 55.205 = l.381 =000 +000 +000
200 64961 464218 49.643 - 685 #000 T +000
298 74020 494004 49.004 «000 «000 2000 =000
300 7.023 49,047 49:004 «013 +000 +000 =000
400 T.196 51,091 40.282 <124 +000 +000 «000
500 Tad3l 52«T22 49812 l.45% =000 «000 «000
600 7:670 54,098 50s414 2.210 +000 =000 +000
700 7.883 554297 51+028 2.988 «000 »O00 +000
800 8.063 564361 514629 3.786 +000 +0U0 +000
900 8,212 574320 524209 ba 600 «000 «000 «000
1000 8.336 584192 524765 5.427 +000 000 «000
1100 84439 58.991 534295 64266 .000 «000 +000
1200 8,527 59.729 53.801 Tella »0U0 <00 +000
1300 84604 60+415 544783 7.971 «000 «000 +000
1400 Ba6T4 612055 Sh.744 8.835 <000 000 -000
1500 B.738 61e656 554185 9.708 =000 «0uo «000
1800 8.800 62222 554608 10.583 «000 «000 «000
1700 B.858 62,757 564013 114465 -000 =000 =000
1800 8,916 634265 56e401 124354 «000 +0uo <000
1900 B.9T73 634749 56.T76 13,249 «000 «000 +000
2000 9.029 642210 57.136 le.i49 «000 +000 =000
2100 9.084 64:652 5Te483 15.054 =000 «000 »000
2200 94139 65+076 57+819 15,966 V00 «000 +000
2300 9.194 85.483 58.143 le.Baz 000 « 000 «000
2400 9,248 65:876 584457 17,804 +000 «000 «000
2500 94301 664258 584762 18,732 +000 «000 «000
2600 S.354 66620 59057 19.666 =000 «000 «000
2700 9.405 664974 50,344 20,602 £000 «000 »000
2800 Qe k55 674317 59.622 21.54% «000 «000 «00C
2900 9.503 67+650 59.893 22,493 +000 »000 +00¢C
3000 9551 67973 60+157 23,446 T «000 «000
3100 9.596 68.287 60e415 244403 +000 +000 +000
3200 9.640 684592 60s665 254365 +000 *000 +000
3300 9a682 68,889 604910 26,331 »0U0 LU0 =000
3400 9.722 69+179 61.149 27,302 +000 «000 «000
3500 9.762 69+461 614383 28,276 +000 +000 =000
3600 9.799 69.737 61.611 294254 +000 +000 =000
1700 94835 70006 Al.p34 30,238 000 «000 «000
3800 94869 T0+269 62.053 31.221 «0UQ +000 «000
3900 94901 704525 62+267 32,209 =000 «000 »000
4000 9.932 70.776 62:476 33.201 #0UD «000 =000
4100 9,961 T1le022 624682 34,196 «000 +000 «000
4200 9,588 714262 62.883 35,193 «000 000 «000
4300 10.015 714498 63081 36.193 +000 «000 =000
4400 104039 71.728 634275 37.198 «0U0 »0UD +000
4500 104062 T1e954 632485 384201 w00 ) «000
4600 10,084 72:178 634652 39.208 «000 +000 «000
4700 104104 72.393 63:836 40,218 «000 +000 +000
4800 104123 724606 642016 41,229 »000 »000 -000
4900 104140 72+814 Ghe104 42,242 +000 «000 +000
5000 104156 73.019 64e368 43,257 «000 sUuo +000
5100 104172 T3.221 LT Ty ko 274 «000 «000 «000
5200 10,187 T73.418 644708 45,202 #000 #000 +000
5300 10,200 734613 64e875 464311 +000 00U «000
5400 10.213 73.803 65.038 47.332 «000 000 «000
5500 104225 734991 654199 48,353 +000 +000 «000
5600 10,237 T4elTS 65358 49.377 +000 «000 «000
5700 10247 ThedSs 65514 50,401 «000 « 000 =000
5800 104258 The535 65668 5l.426 +000 «000 «000
5900 104267 T4.T710 65.820 52.452 +000 +000 =000
6000 104276 744883 65:970 53,479 «000 =000 +000

Dec. 31, 19603 Mar. 31, 1961 Sept. 30, 1965

r

OXYGEN, DIATOMIC (0,) (REFERENCE STATE - IDEAL GAS) MOL. WT. = 51.9388
Ground State Configuration SE ; AHI. o=0
° -1 -1
5298.15 = 49.00 + 0.01 cal. deg.”  mole .ﬂﬂ‘; 298.15 = ]
W, = 1580.246 em.”2 W x, = 12.0m em.”1 .2

B, = 1.445 cn.”} ol g = 0.0158 cm.” r, = 1.2074 A

Heat of Formation.

The heat of formation (&{;) for Oz(g) is zero at all temperatures, by definition.

Heat Capacity and Entropy.

The functions sdopted here are based on those of H. W. Woolley, J. Research, Nat. Bur. Standards 40, 163
(1948), who used a direct summation to S000"K. The spectroscopic constants used were the same as those listed
by G. Herzberg,
tion levels by A. Weber and E. A. McOinnis, J. Molec. Spect. 4, 195 (1960), support the constants selected by
Herzberg which were changed on this table to apply to the naturally occurring isotopic composition given by D.
Strominger, J. M. Hollander, and T. Seaborg, Rev. Mod. Phys. 30, 585 (1958).

1 1

The entroples listed by Woolley were reduced by 0.0065 cal. deg. ~ mole ~ which was added by Woolley to
account for the contribution due to the presence of both cdd and even rotational levels in 013-0:[7I and 0“-013
molecules. This correction is not necessary when isotope mixing entropy is neglected, cf. W. F. Oiauque and R.
Overstreet, J. Am. Chem. Soc. 54, 1731 (1932).

Spectra of Diatomic Moleculea", D. Van Nostrand Co., 1950. Raman measurements of rotation-vibra-



Lead Monoxide

(Pb0)

Mol. Wt.

= 223.21

INTERIM TABLE

(Ideal Gas)
T, “K. [v4
i ML
100 LT
200 f.o72
2948 r.T69
300 f.TT8
a00 a,15%%
So0 84400
800 n, 580
Fo0 0,670
800 B, THE
wun n.AlE
1000 8, ,AS0
1100 o, H88
1200 8,915
1300 5,940
1800 0,942
1500 d . 980
j400
1700, s 013
1800
1900
2000
2100
2200
22300
2a00
2500
2600
2700
2800
2900
non
100
3zon
3300
3400
1500 v.197
3400 v, 205
jroo da2th
3800 ¥,292
900 ¥,.230
4000 Y, 238
4100 v,247
azon ¥, 25%
LR PIY-LE]
400 ¥,271
4500 ¥, 2T0
260U ¥, 2A7T
aron ¥, 295
LLTH] ¥,3n3
4900 #.311
5000 v, 119
S100 ¥, 37
5200 ¥,315
5300 ¥,383
5400 4,151
5500 9,159
5600 d.AnT
5700 9, ATy
5500 Y. 3az
5900 ¥, 390
6000 v, 398

r———fl]- mole deg. ™ ——n

§*  —(F'-H3e)/T H*-Hig

LOD0 [NFINITE = 2,142
49,455 61,918 = 1,848
54,349 58,081 = ,739
57,388 57,346 $000
874395 ST, 387 W018
59,487 57,657 Bz
61,535 Su, 258 1,841
63,082 54,933 2,489
Al a1l 59,623 1,351
65,573 60,295 4,722
AbaADT a0, 9a0 54100
AT, 537 1,554 5,983
LLIS LE] 42,137 0,670
49,157 42,690 T.760
A9 AT f3,216 8,653
78,535 f3,715 9,548
71,154 fa 191 10,445
T1.730 ha, 400 11.344
T2.gan __ ss,orr 12.283
Ta.706 RN LT 13,187
731,784 45,889 14,050
Ta, ran bA 2T1 14,954
T4, 1% He, 638 15,860
Ta.612 64,990 16,747
75,016 47,331 17,675
75002 67,459 18,584
75,774 67,076 19,894
T, 10 hA L 283 20,408
Th,alh L1 21,318
76, ,RDE &R _ARY 22,231
T, 4948 LLIS T, 23,185
77,038 #9,419 26,060
TT.T 3y Ao, 682 208,975
7R, 010 43,939 25,892
TR,312 70,188 26,A09
78,586 70,431 27,728
7R, AS3 70,668 PR, 84T
79.112 TN 899 29,567
79,364 T1.124 30.488
79,810 71,384 31,410
79,850 71,559 32,333
AD, 084 T, 770 33,256
A0, 312 71,975 34,180
a0,435 72,176 35,105
ADL.TS3 T2.373 36,0311
LI T-YY 72,566 36,958
a1,178 72,755 37,885
Ry, aTé 72,540 38, A1a
Ay,576 ri, 122 39,743
Ay TTY 73,1300 40,873
LETS L1 13,875 41.603
a2,154 73,687 72,535
82,339 73,815 43,467
A2,520 73,981 44,400
Az 697 Ta, 184 85,334
L T8 Ta,30a CLIS-11]
LEMCETY Ta, aky af, 205
LETE-IE Ta.616 af,qay
A3,378 7u,T68 a9, 078
a3,542 Ta,918 50.016
A3,702 TS 088 50,954
LEW.T.1 rs,211 51,R94

————keal. mole "

AHj AF7 Log Kp
12,017 12.017 INFINITE
11,933 9.9a8 = 21,731
11,897 8,085 = 8,791
11,477 6,301 = 8,619
114473 6,269 = 4,567
11,263 4,566 = 2,495
11,053 2.915 = 1,274
10,834 1,309 = 77
9,837 - 070 022
9,188 - 1.812 L3886
8.945 = 2.722 681
A,T09 - 4,008 LBT5
A aT7 - 5.266
8,252 - 6,508
8,030 = 7,725 1,299
7,B09 - 8,929 1,398
7,586 = 10,115 1,474
r.;oz - 1|.35: 1.:;3
7,130 - 12,88
"""" e
A,651 = 14,725 1,698
#4803 = 15,843 1.731
16,302 = 15,396 1,602
36,471 = 18,398 1,430
15,662 = 13,391 1,272
36,876 = 12,373 1.127
37,115 = 11,350 992
17,375 - 10,313 JHET
7,658 = 9,267 J750
37,965 - a,210 W841
38,291 - T.180 «338
IA,636 = 8,059 Jony
IA.999 = 4,968 «350
39,380 - 3.885 268
39,773 - 2,049 182
an, 180 = 1,620 .108
4an,598 - JGBP 2030
41,025 672 = W0a1
al,860 1,838 = .108
41,900 3,014 = W73
42,345 4,200 = 235
22,798 5,398 = .295
43,745 6,608 = L352
83,898 T.031 = Ja07
44,148 9,082 = 851
44,599 10,306 = WS12
45,084 11,557 = W581
45,495 12,823 = L8609
45,939 14,092 = +855
ok, 380 15,479 = 00
uh BT 16.065 = «Ta3
ar,249 17,964 = J785
a7, 679 19,275 = LB26
48,103 20,592 = B85
ah 522 21,920 = .v0a
44,938 23,251 = RIT
49,349 24,591 = ST
49,756 25.¥39 = 1.012
50,159 27,291 = 1,046
50,557 28.659 = 1.080
50,953 30,025 = 1.112
51,344 31,400 - 1,148

Lead Monoxide (FPbo) (1deal cas)

Mol. Wt. = 225.21

B3 pog.s = 11.48 + 0.27 keal. mole™™

859,15 = 57.346 cal. ueg.'l nele™t

Ground State configuration 5F

Electronic Level end Multiplicity

€ em.t g,

(] 1

We = 721.8 em. "1 We¥e = 3-70 em."1

-1 -
B, = 0.3072 cm. ofe = 0-0019 cm.”

o
g =1 r, o= 1.922 A

Heat of Formation. Celculated from &Hp 5oq 15 for FRO (e, red)
i -

and My 209,15°

Heat Capacity and Entropy. The ground state configuration, mole-

cular and spectroscople constants gre obtained from G. Herzberg,

"Spectra of Diatomic Molecules,” Van Nostrand, Hew York (195%50),

modified for the natural isotople abundances reported by J. R.

Stehn and E. F. Clancy, "Chart of the Nueclides", General Electric
Co., N. ¥. (1956).

OPb
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Lead Monoxide
(Liquid)

(Pb0)
Mol. Wt. = 223.21

INTERIM TABLE

T, ‘K.

800
900
1000

1100
120
1300

1400
1500

1600
1700
1RO
1900
2000

2100
2z00
2300
2400
2500

2600
2700
2800
2900
Inon

= . -1,
(______‘ﬂ_-uk &'.k——————\ —————hkeal. mole
§*  —(F'-Hi)/T H'-Hiy AHY

LU, 950 7h.508 20,588 000 = ab.T12
lu.97u 20,618 0,588 020 = asT10
11,629 23,hA8 20,985 1.152 = a8,58s
1¢.0%a ?h,513 21.A38 2.340 - ak, 837
1é.46% 28,752 22,805 31,568 - Ak, 2TH
1407 0.T00 PA.TOT EPLEF] - aT.271
19,515 12,89% 26,771 6,477 = aT, 048
15.53% 18,372 ?%,732 7.730 = ak.6la
15.51% 35,990 28,674 9,260 = @k,180
515 7,039 ___Q2r. 587 O,MAT __ = 85,785
BN L] S o -t
19,535 an,n3a 29,308 13,988 = a4, AT
12,535 41,1h5 N, 118 15,499 = a4, 834
13,535 4p.257 an, A% 17.05) = 23.997
15,515 43,260 31,632
e--32.381
31,027 -
13,515 a5, 930 33,685 =
15,535 ak T8 ELTS g 78,819 - &1,922
15,515 AT AB4 18,926 26,372 - AY,979
13.53% aB 2Uf i5, 513 27.924 = AY.501
19,53 aR A9R 34,080 29,479 = #3047
13,535 49,559 ik, 628 31,033 = A2,616
15,235 50,193 7,194 32,5886 = AR.212
19,53 50, A02 37 .871 348,180 = B1.B30
12,535 51,388 IR, 149 35,693 = R1,.a72
19.51% 514993 39,89 T.oaf - Ar.138
15,534 57,899 39, 11% 38,800 = B0,824
19.93% S3.02% 39,574 80,350 = AD,531

Werch 31, 1962

AF} Log K,
a0.916 29,991
40,880 29,780
38,958 21,283
37,088 14,200
35,208 12,822
33,181 10,359
31,181 8,518
29,223 7.098
27,314 5,969
25,809 5.0%¢

i I P 1,303
21,833 3,670
20,079 3,138
18.353 FILIL]

2,275

~ 1,927

""" {1630

1,349

10,124 1,108
6,991 JT28
3,337 L3332
298 = 028
1.912 - + 356
7.506 = L4568
11,088 = 3z
14,655 = 1,188
18,209 = j.821
21,753 = 1,839
25,286 = 1,842

Lead Monoxide (Pbo) (Liquid)

Mol. Wt. = 223.21

8HY 5og.15 = [-46.712] keal. mole™

850g.15 = [20.5¢8] cal. dep.™ mole™
T, = 1170 + 4°K.
AHE = 6.1 + 0.1 keals nole™d

Ty, = 1785%K.

LMD = 49.53 4 0.22 kcal. mole™*

Heat of Pormation. Calculated from that of the crystal.

Heat Capacity, Entropy, and Melting Data. Cps Ty 3nd s ave
obtained from E. N. Rodigina, X. Z. Qomel'skil and Ve Fu ﬂuzinina,
Zour. Fiz. Knim., 35, 1792 (1961).

The reported hegt capacity
is extrapolated to an assumed glass transition temperature of

780°K., below which the heat cepacity 1s taken to be equal to

that of the erystal, Pbo (c, red).

a tion Pi g 5 9
Vaporizatlon Pnenomena Tb and AHY ealculated from mt; 298,15

for PbO (e, red) and functions for condensed and zaseous =tates.

0Pb
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Lead Monoxide,

(Crystal)

Mol .

Red

Wt.

(Pb0)
= 225.21

INTERIM TABLE

1. moledeg.~!
ci 8% = (F*-H3eg)/T H"-H3ey

00U 000 INFINITE - 277
b,872 5,919 24,279 = 1,834
wobla 11,47 18,554 = 1,015
(.98 3 19,592 15,592 W000
Lu.9h0 15,4460 15.592 020
11, 7AU 18,924 14,032 1,158
12,420 214078 15,889 2,388
le,¥TU ?3. 980 17,878 3.639

L4800 ___ 23,

14,800 27,
V.00 29,430 FURLLY] faTya
14,600 AN, 956 21,79 ¥.158
19,004 17,385 EENCLE] 10,638
19,400 33,887 73,555 12,154
15,400 34,935 246,383 13,714
16,200 18,171 25.119 15,314
1o, &0 AL H 25, 947 16,954
1f. 000 RLEE R PR AHT 18,638
VF L ank YL 27,4048 20,358
Ll LML ?A,097 72,118
1a,200 41,394 2R, TAY 23,914
10,600 032,307 29,423 25,758
1w, 000 a3, W, 0548 2T ,634
1¥.a0n LRSS R n.e7e 29,554
TR L 44,943 31,2080 31.514
2u, 200 LEPLEL] LAY LY:) 33.518
2u a0u Ah L RAT 17,4448 35,558

March 31, 1962

~  ——keal, mole"

52,805
52,275
52,1013

51,900
52,840
52,600
52.321
52,000

51,639
51,234
50,784
50,305
29,785

a%.230
FLNCTT
4A, MY
67,364
ah.BTT

B8, 404
AT.Sba
A4,703
AS.B26
Aa, 935

LR

51.903
49,977
a7, 581
45,134

45,089
47,660

28,0

25,781
23,825
21.126
18,463
16,638

la.482
12,285

Log Kp

INFINITE
109,218
51,988
33.087

32,806

Lead Moroxlde, Red (Pbo) {cryssel)

Mol. wt. = 223.21
8H} pgg 15 = ~52+41 + 0.15 jeal. mole™

S3ag.1s = 15:6 + 0.2 cal. deg."! more”!
&S pon 15 = 6388 + 0.22 keal. mole™)
T, = 762°K

86 = 0.18 + 0.23 keal. mole™

Heat of Formation. Calculated from the cell recction
Hy(u) | Ba(o), (0.786 ~ 0.2252m) [ pbofe) + Po(c)

reported by D. F- Smith and H. K. Woods, J. Am. Chem. Soc., 45,
=

2632 (1923), using Mih pgq,ys for Hy0(1), -88. keal. mole™ ,

given by Natl. Bur. Standerds Circular 500 (1852). 47 values

reported by other Investigetors were discussed by R. W. Millsr,

J- Am. Chem. Soe., 51, 207 {1929).

Heat Capacity and Entropy. Heat capacisy values (51° to 298.15%K)
were obteined from E. O. King, J. Am. Chem. Soc., 80, 2iuc (19%8).
For the higher temperaturs

ange, heat capaclty

en by K. Ke
584 (1960) wan used and foined
smoothly to deta of King st 238.15°K bty srophical extrapelation.

Kelley, U. 5. Bur. Mines Bu

King obtained entroples below S1°K by empirical extrapolation

of the heat capacity curve which itz the mesaured heat capacitles
within 1.3%.

Irensition Dava. Heat of tranaition recaleulsted from the dats
given Ly E. G. King, loc. cit.

Heat of sublimation. Calculated Crom Tree=-enerp; functions and
vapor pressure roported by A. N. Nesmeyznev, L. P. Firsovs and
E: P. Isekova, Zhur. Fiz. khim. 34, {12c0)
O« Kneclke, Z. Erzberpgbau u. Metallhuttenw. .13' 3

0Pb
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Lead Monoxide, Yellow (Pb0)

(Crystal)

Mol. Wt., = 223.21

INTERIM TABLE

1 mole deg. ™!

T, °K. [+ §* - (F'-Hzu)/T H*-Hiy
n « 00y W00 INFINITE = 2.209
100 B.5A] +152 20,842 - 1, B&9
200 ¥, 7 11,990 17,080 = 1,014
2vd 1u, 95k 16,114 16,118 2000
jun 1,970 16,182 14,118 020
400 11,631 19,433 14,553 1,152
500 12.U%0 22.0A0 17,402 2+339
Aon 12, uhy 28,114 18,373 3,564
700 PILLE] 2he80 19,368 4,832
1 PSS L1 1) e O E T 2 6,12
900 14,815 29,557 21,770 7,853
1000 13.708 AN, 38R 2277 A,809
1100 14,992 12,308
2 VRS TTTTINRIRTT
1300 14,595 14,489 28,451
1400 14,833 15,774 25,008
1500 15,110 6,811 2h,138 16,015
1600 15,388 ar,r9a 26,R32 17,540
1700 15,640 ELIETY 27,505 19,092
1800 19,935 19,638 24,158 20,672
1900 14,209 ab, 507 28,78y 22,219
2000 [EPCLE] 41,348 73,389 23.918
2100 19,756 47,196 29,977 25.576
2200 1,00y ap, 947 I, 549 27,265
2300 130y a3, fus At,104 28,9482
2400 1Fa57% Aa 487 11,445 0. T2
2500 L1f AT 45,170 EERS 32,457
2800 18,119 LEPET LY 32 8A5 34,295
2000 19,391 ah, 544 EE LY 36,120
PHOC 18,683 a7, 238 13,676 7,973
2900 18,936 AT, 898 14,155 39,453
KL 1¥.208 48 540 3a,628 41.760

Maron 31, 1968

~,  ——keal, mole™!

oo S

AH} AF} Log Kp
51.594 - 51,598 INFINITE
52,013 = a9,892 108,598
52.12%5 = 47,305 51,690
52,068 - 44,989 32,947
52,088 = 44,905 3z2.711
51,740 - a2,%3% 23,2139
51791 = 40.202 17.57)
51.630 13,804

-32.825 11,062
52,440 011
52,245 7,422
52.009 6.156

* 21,138 3,553

= 18,882 2,941
50,387 = 16,573 2,915
49,987 = 14,332 1,958
49,545 = 12,116 1,558
89,124 - F.927 1.205
48,862 = T.762 593
4R, 181 = 5,622 WB1a
9,129 - 1.953 «203
49,518 2,230 = L222
LLTLLL] 6,387 = 807
88,277 10,518 = +758
AT ,85% 18,619 = 1,278
B7,029 18,698 = 1.572
Ak, 399 22,753 = 1,842
AS5,765 26,784 = 2,091
85,125 30,798 - 2,321
B4 879 3,78y = 2,50

Lead Monoxide, Yellow (FPbo) (crystal)

Mol: Wt. = 223.21

BHY 505 45 = -52.07 + 0.28 keal. mole™

3 mole-l

1

530a.15 = 16+1 # 0.2 cal. deg.”
GHY pgp 15 = 63454 + 0.32 keals mole”

T, = 1170 t 4°K.
eHE = 6.1 + 0.1 keal. mole™t

lieat of Formation. Calculated from &HY ,op .o for PbO (c, red)
and M} pgq, 15 between FbO (c, red) and PbO (¢, yellow).

deat capacity, Entropy, and Melting Data. Cp values (51° to
298.15°K.) obtained from E. G. King, J. Am. Chem. Soc., BO, 2100
(1258). For the higher temperature range, the hieat capaclty re-
ported by E- N. Rodigina, K. Z. Gomel'skii and V. F. Luginina,
Zhvir. Flz. Khim., is_, 1799 {1961) was used and Joined smoothly
to data of King at 298.15°K. by graphical extrspolation. T, &nd
6}1;1 glven by E. N. Rodizina, K. 2. Comel'skii and V. F. Luginina,
loc. cit.

Heat of Sublimation. Calculated from &H pog,,5 8Md MHY pgg,15
for Fbo (c, red).

OPb
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Sulfur Dioxide (802)
(Ideal Gas)

Mol .

Wt. =

64.066

T, "K.

LU0Y
g2 s
8,893

%i TTTTYNS
lon 547
400 1u, 395
500 11,132
a0 11.723
TOO 12+ 100
anu 12,5932
00 14.A04
1000 13,022
1100 13.198
1200 14,339
1300 13,451
1400 14,%98%
1500 13632
1800 13,708
1700 14,747
18049 13.f2¢
1900 13,872
2000 13,917
2100 13,958
2200 14,995
2300 14,030
2400 14,063
2500 14,093
2600 18,122
2700 14,18%
2800 14,175
2900 14,200
3000 14,224
3100 18,247
3z00 14,270
3300 14,291
3000 14,312
3500 14,333
3600 14,353
3700 14,373
3800 14,392
1900 14,811
a0oo0 14,830
4100 14,608
4200 18,487
4300 ListBs
2400 14,502
4500 14,520
4400 14,537
4700 14,554
8800 18,572
4900 144588
5000 14,695
5100 14,622
5200 10,639
5300 16,555
5400 18,072
5500 ICTLLL]
5600 la.TNa
5700 14,720
5800 14,736
5900 18,753
4000 1a, 789

——cal. moleldeg.'—————  ————keal. mole'——————

s*

«000
ag, vz
ATO

S5
L1l

59.357
62,222
64,623

BE.TOT
48,550
70,200
Tl.a93
71,054

74,303
TS.458
76.530
77.530
T8.ub8

79,3490
LI
B0,9T1
81,720
A2, 433

A3,111
A3.7ad
Ao, 348
Aa 980
A5 ,558

An,112
A6 645
AT, 160
AT .654
Aa.140

AR 60T
A9, 059
A9, 499
A9 ,926
R0,34)1

90,745
91.13n
91,522
91,898
92,281

V2.618
92,966
93,307
93,640
93,986

94,285
94,598
94,905
95.205
95,500

95,790
98,074
986,353
96,627
LLTLALY

9Ta161
T 821
T ATT
#T.930
ve,178

~(F*~Hipg) /T H*-Higy

INFINITE = 2.572
er, 182 = 1,725
_aﬂ:lsﬁ _____ +A93
TTTRRLRVE T 600
50,298 «018
59,683 1.018
A0, 437 2.093
A1,112 3.237
h2.217 4,833
f1,118 S.669
63,985 8.937
4h, 825 8,229
A5,631 9,540
64,402 10,666
BT 141 12,204
AT BaT 13,556
&R ,524 18,915
49,174 16,282
AG _TOT 17,654
71,398 19,035
70,973 20,820
Ty,524 21,809
73,088 23,203
72,581 28,401
73,080 26,002
73,564 27.807
Ta,032 28,815
Ta,a86 30,225
Ta,927 31,839
75,1355 33,055
78,770 34,a7a
Ta 4TS 35,895
Th,568 IT.319
Th 952 IR, T45
T, 325 40,173
77,689 61,603
74,045 43,035
TA, 392 44,469
Ta,T31 45,906
79,0613 47,3484
7o _3aT 48,T8a
79 705 50,228
RN, 015 51.870
Ao 319 53,114
Ange1r7 544563
AD 910 56,013
RYy,198 57,864
By,a77 58,917
1,753 60,371
Az,02a 61,028
A2, 290 63.286
#2,551 64,745
Ap 808 66,207
83,060 67,670
A3,308 89,134
n3y,553 70,801
81,793 T2.049
Ra,029 Ti.s38
Ba 262 75,010
Aa, 9] 76,882
Ba 717 17,957
ha 939 T9.a3)

June 30, 1961

AN

70,341
70,421

W9a7

Th.952
T1,764
72,358

72,824
T3.206
Bh,593
BE.5TT
B6,553

84,524
A6,890
86,852
B6,a13
A&, 3T3

86,33
86,288
BA,2a8
86,208
86, 1TO

86,133
B4,099
06,067
84,037
n&, 010

85,988
85,964
B5.9a8
65,930
845,918

85,506
85,899
85,893
85,891
85,891

85,8972
85,896
85,901
85,908
AS 97

85,927
AS,938
85,951
85,985
85,980

85,995
86,012
86,028
Bh.0a5
LLM T T

B& 082
B4, 100
BA, 118
B4, 138
Bh.153

BA.173
84,190
BA 208
Bh, 224
B, 281

AF} Log Kp
= T0.381 INFINITE
- 70,946 155,088
....... =_T1l.%25 ____JB.044
ST n 52,585
= T1.7as 52,264
= T1.9a7 19,308
- 71,%23 31,838
- T1.790 26,148
= T1.562 22.342
- 72,578 19,825
= 70.822 17.197
= 69,071 15,095
= 67,328 13,378
- 65,582 11,983
= 63,80 10,732
- 62,102 9,694
= 60,389 8,795
= 58,635 8,009
=~ 58,905 7.315
= 55,178 5,699
= 53,452 6,148
- 51,7n 5,653
- 50,010 5,208
- am.290 A, 797
- 46,573 4,425
- aa,855 4,088
= 83,141 3,71
= 1,826 3,882
= 39,713 3,214
= 38,002 2,964
- 38,288 2,735
=  3a,57s 2,519
= 32,884 2. 07
= 31,154 2,128
- 29,888 1,950
- 27T.7T33 1,783
- 26,028 1,625
= 24,313 1.478
- 22,602 1,335
= 20,890 1,201
= 19,183 1,075
- 17,060 958
= 15.758 840
= 14,0a7 T3
= 12,303 827
= 10,623 528
= 8,908 LEE]
- T.194 382
= 5,82 4255
- 3,789 W72
= 2,056 092
¥ « 385 015
1,375 = L0%59
3.087 - 130
a4, 8086 =~ 198
6,518 = 268
B.237 = « 327
9,952 =
11,665 =
13,387 =
15,099 =
16,823 =

0
£
SULFUR DIOXIDE (S0,) (IDEAL gAS) MOL+ WT: = 64.066
AH3, = ~70.341 4 0.05 kesl. mole™ BHE 505,15 = ~7T0-947 + 0.05 kesl. mole™)
Point Group C,, Spge.15 = 59-30 + 0.02 cal. deg.™) mole™t
Vibrational Levels and Multiplicities
1151.38 (1)
517.69 (1)
1361.76 (1)
Bond Lengths and Angles 50 = 1.432 + 0.003 A. 050 = 119,53 + 0.4°
Moments of Inertia I, = 1.38046 X 107°° g. cm.? I, = 8.13067 x 1077 g, cm.? e

Iy = 953376 x 1077 g. cm.?

Heat of Formation

J+ R. Eckman and F. D. Rossini, J. Research Nat. Bur. Standards 3, 597 (1929), measured the heat of combustion

of rhombic sulfur to 302- Changes due to different atomlic weights and electrical constants though negligible have
been made.

Heat Capacities and Entropies

The functions were calculated by J. Gordon, private communication, Peb. 2, 1961, using the method of R. E.
Pennington and K. A. Kobe, J. Chem. Phys. 22, 1442 (1954). sStructural parameters are glven by M. H. Sirvetz,
J. Chem. Phys. 15, 938 (1951), obtained from microwave ta. 1es were 4 by R. D- Shelton,
A+ H. Nielsen, W. H. Fletcher, J. Chem. Phys. 21, 2178 (1953) end 1bid., 22, 1791 (1954). A third law value of

Sagg.1s = 59:2¢ cal. deg.”! mcle™! was obtained by W. . Gisuque and C. C. Stevenson, J. Am. Chem. Soc. 60, 1389
(1338).

0,5
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Cristobalite, High (SiOZ)

(Crystal) GFW = 60.0848

T, K o’ $  —(G-H'm)T H-Hm AHP aGr Log Kp

o

100

200
298 4,353 11.963 11,961 «00n = 214,817 = 204,232 189.540
oo 5,490 12.003 11.%81 «012 = 218,827 = 203,954 148,581
ano 11,332 18,632 12.289 « 937 = 218,720 = 199,701 109,134
500 13,589 17.429 13,039 2.195% = 214,737 = 195,492 A5.849
400 14,830 20.026 13,991 1.821 = 214,838 = 191,252 AD 663
ToO 15,590 22.37) 15,023 5,14% = 218,473 = |AT.00 58,394
800 14,004 24,490 18,077 6,731 = 218,285 = 182,942 29,950
200 14,849 26,007 17.120 B,359 = 218,081 = (TR &8T2 ad,387
1000 14,712 28,158 18,137 10,017 = 215.8T7¢& = 1 Ta, 524 38,143
1100 18,915 29.757 19,122 11,699 = 215,668 = 170,802 33,856
1200 17,076 31,236 20,070 13,399 = 215.861 - 166,298 10.287
1300 17,208 32,608 20,9821 15,113 = 215.25% = 162,207 2T .289
1a00 17,320 33.888 21,859 16.8an = 215.061 - 158,134 24,688
1500 17,816 315,086 22.70q 18,577 = 218, ,ATD - 158,978 22.8a%9
1500 17,500 36.202 23,511 20,323 = 214,686 = 150,027 20,491
1iroo 17.575 37.278 28,290 22,078 = 228,501 - 145,985 18,755
1800 17,642 3a.z282 25,039 231,837 = 228,281 - 181,148 17.138
1900 17,708 __ 39,238 25,762 25,605 = 226,058 = 136,826 15,693
Lt 7 A 14 11 i ot R FL o £ 0 4 SR 81393
2100 17,916 271 29,157 = 225.611 - 127,012 13,218
2200 17,586 27,78y 30.941 = 225,189 = 122,323 12,152
2300 1r.714 28,810 32,.Tion - 225.166 = 117,888 11179
2400 17,960 29,019 3,520 = 224,944 = 112,972 10,2488
2500 18,005 43,138 29,609 16,322 - 228,T2a = 108,318 F.049
2600 1a.0ar7 4a,Ha5 io.182 38,125 = 224,503 = 103,461 A.T12
2To00 18,089 85,527 n.7TiA 9,931 = 224,285 = 99,018 B.015
2800 18,129 ah,. 188 31.278 4,742 = 22a,067 - fa,382 T.3AT
2900 18,188 48,822 11.A01 83,557 = 223,850 = 89,751 B.T68
aong 18,207 ay,.ea3v a5,3Ts = 223,638 = A5,133 8.202

32.318

June 30, 18967

CRISTOBALITE, HIGH (Si0.)

$298.15

= 11.963 gibba/mol

(CRYSTAL)

Tt = 543 ¢ 3%K(low cristobalite + high cristobalite)

Tt = 1079 ¢ 250°K(high quartz + high eristobalite)
Tm = 1996 & S$°K(high cristobalite + liquid)

Heat of Formation
The heat of formation is calculated from that of low cristobalite by addition of iHt® =
between HZ,, - Hj,g for low and high forms.

Heat Capacity and Entropy

SHf398.15

AHt® = 0.321

GFW = 60.0848

= -216.417 keal/mol

*+ 0.06 kcal/mol

AHt® = 0.48 % 0,15 kcal/mol

AHm® = 2.29 ¢ 0.5 keal/mol

0

0.321 keal/mol and the difference

Si

Cp® is derived from enthalpies of Mosesman (1) and White (2), whose data deviate from the adopted functions by -0.6 to + 0.5%

and +0.9 to 0.0%, respectively.
quartz and vitreous silica.
Cp* below 543°K is smoothly

realistic.

The entropy is calculated in a manner analogous to that of the heat of formation.

Data

Transition
Literature on the polymorphism of $i0, is voluminous but is summarized in detail in recent books by Sosman (4) and Eitel (5).

The known phases of 5i0, include quartz, tridymite(?), eristobalite, vitreous silica and the more recently discovered high
2 )
pressure phases, Muan (§) concisely reviewed the still controversial question of whether tridymite is stabilized only by the

presence of foreign ions or whether it is a stable phase of Sio2 intermediate between guartz and eristobalite,

White's deviations for cristobalite have a magnitude and trend similar to his deviations for
Data of Wietzel (3) for his sample prepared at 1500°C deviate by +3% at 673°K and +1.6% at 1973%K.
extrapolated to give the proper trend in the Gibbs energy, but the heat capacity at 298°K is not

the different phases are generally sluggish because of large energy barriers to the structural change and small differences in

Gibbs free

energies. As a result, the phases often persist far into metastable regions.

particular phase are rapid and reversible (i.e., the low + high inversions of quartz or cristobalite).
It becomes metastable with respect to quartz at lower temperatures

High eristobalite is the stable phase near Tm.
but persists down to the high + low inversion at 543°K (see table for low cristobalite).

the low form tetragonal (12, 13).
The adopted tables give 10792250°K as the temperature at which 4Gr® = 0 for high quartz =+ high cristobalite;
AHt® = 0.48$0.15 keal/mol is the corresponding enthalpy difference.

It is apparent that Tt is extremely

Melting Data

Melting point data were reviewed by Schneider (3) and adjusted to the 1948 International Temperature Scale.
#Hm® is calculated as the difference in A8Hf® for liquid and crystal at Tm.
Mackenzie et al. (11) showed that cristobalite may be superheated by as much as 40° above Tm due to Its slow rate of fusion.

melting point for cristobalite is based on Greig (10).
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Crystal structure.

sensitive to small changes in G or H.

&s,

The high form is cubic and

The uncertainty in Tt is derived from that in aHt®
which, in turn, is taken from AHr} = 0,4520.15 kcal’mol cbtained by Holm (7) from AHsoln measurements in an oxide melt.
870 Y L

Holmguist (B8) tentatively placed this
inversion at 1298:25°K but did observe cristobalite formation at temperatures as low as 1171°K.

H, 542 - B22°K.

1718 (1961); J. Am, Ceram. Soc. 43, 615 (1960).
Chim. France 1966, B28 (196E). Crystal structure.

In contrast, transitions within a

The adopted
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Cristobalite, Low (SIGE) e
(Crystal) GFW = 60.0848

CEISTOBALITE, LOW {SiO-‘,) (CRYSTAL) GEW = §0.0848 0 Si
eal/mal n'aﬂfa s =215.9 ¢ 0.% keal/mol
T,"K cp* 5 =G -l T H~Hms AHr AGE Log Kp
5;98 15 = 10.372 = 0.03 gibbs/mol ..Hf:ge 15 * =217.1 = 0.5 kcal/mol
0 «000 #0000 INFINITE = 1,682 = 215,938 = 215,938  INFINITE = 54 acy i i - istobalite) AHE" = 0.321 * 0.06 keal/mol
100 ‘ FiH 20688 17,848 = l:"! - 516,832 - 5125870 64,501 Tt 543 ¢ (low cristobalite + high ecristoba " = 3
200 T 084 LRLLE] 11.258 = 921 = 216,912 = 208,24 22ATLTTH
298 10,7AE 10.372 10,372 L0080 = 31T,100 - 204,281  149.712 Haat of Formation
::g :;'::g e 12':;? 020 = 217,102 - 204,161 148,721 The heat of formation is calculated from that of quartz using 4Hrj,q ® 0.45 & 0.15 keal/mol for high quartz + high cristob-
500 13,223 11,726 alite, as determined by Holm(l) from AHscln in an oxide melt, This value reduces to SHrj., = 0.60 keal/mol for low quartz = low
e;n ml_s"a_s_n_"“:_v s;"“',;",‘;;" = t cristobalite. Kracek(2) obtained essentially the same value, &Hrjg, = 0.63 kcalfmol, frem aHseln in HF(aq, 74.7°C), while
rog ls:ruu 21:333 n:oz; - - 186,086 Hummel(3) found ulir-' gg = 1.80 keal/mol from 4Hsoln in HF(aq, 26.5°C), The larger aHr" corresponds to a less negative aHf® (i.e.,
LLL 14,150 23,980 15.047 T.130 = = 182,702 9,912 1 £ H 1 has di i hi. that . Pr v, this di.
200 18,500 25,882 15,186 s.763 5 - 1TB.ATS §3.340 less stable) and auggeuts that the sample o umme an sorder approaching that of vitreous silica N 8
1000 14,800 2T 63T 17,208 10,429 = 216,188 = 178,281 18,089 =ment arises frem different methods of preparation of eristobalite from quartz, Holm heated for 24 hours at 1743°K, vhile !Iummcl

heated for 4 hours at 1373"K. Hummel's sample was then ground and treated with dilute HF to remove amorphous surface layers
created by grinding; particles smaller than 2.5 microns were used in order to obtain adequate rates of dissolution. Neither
author gave ¥-ray or DTA evidence to confirm that the samples were the more stable, ordered fornm of cristobalite(l5).

The calorimetric data are summarized below along with equilibrium data which cenfirm the adopted values of AHf" for eristob-
alite and quartz. Data from Matoba(5) and Rein(f) were reduced to the standard state of Sil3) using activity coefficients from
the curves of (10).

. s .
Range No. of sitey Mries  prirr Mg

Source Hathoa Reaction _T, Points _ keal/mol  kcalimel _ eu  keallmel

1. Holm (1367) iHsoln in oxide melt x 9t 3 0.4520.15 0.5 = ~217.10
2. Hummel (1359) aHsoln in HF(aq, 26.5°C), A 299,85 8 1.80:0.2 1.80 - -215.90
| Kracek (1353) aHsoln in HF(ag, 74.7°C) A 298 348 2 Z 0.63:0.05 - -217.07
4., Humphrey (1952) tHsoln in HF(ag, 73.7°C) A 296-387 B - 0,93:0,1 - =216.77
5. Hatoba (1358) Keq + y(51) B 1843-1953 3 104,520.60 112.48% 0.8 -217.17
€. Rein (1963) Keg + y(5i) o 1773-1798 5 175.42%  31:37  -217.38
Keq + y(53) D 1s21-1873 H 228.5% 1016 Zn203

7. Kay (1360) p £ 1703-1828 1 145,921, 3% 14E.52% -2,3:0.7  -217.8h
3. Baird (1958) Xp £ 1673-1883 5 1u5.53.5° 1W7.83% _1.8:108  -216.45

*Values at T are from second law analysis while those at 798.15°K are from third law.
Si0,(quartz, low or high) = Si0,(eristobalite, low or high)

8. Si0,(high cristobalire) + 2H,(g) = Si() « 2H,0(g)

C. 5i0,(high eristebalite) + 2C(graph) = Si(t) + 2Co(g)

] Siﬂﬂ(bigh cristobalite) ¢ 2SLiC(p) = 35i(e) + 2C0(g)

E S.(D.?[high ceristobalite) + 3C(graph) = SicC(p) + zC0(g)
Heat Capacity and Entropy

Cp" below 300°K is based on data of Westrum(ll). Earlier data of Anderson{12) are in satisfactory agreement. The entropy
is obtained from Cp" using S; = 0.0007 eu, Cp" above 300°K is derived from enthalpy data of Mosesman(13) and White(l4). The
former deviate from the adopted functions by -0.7 to 0.51 and the latter by +0.4%. Although the funetions above 300°K appear to
be reliable, it would be desirable to have new data for a well-characterized sample (see Transition Data),
Transition Data

Low cristobalite is metastable with respect to quartz but persists up to Tt. Tt is taken as the temperature at the peak in
the heating curve for well-ordered cri lite; , see (15, 16) for detailed di i of tures about 25" lower
which were found from cooling curves. 4Ht® is derived from enthalpy data(l3, 14} for high cristobalite using the adopted
enthalpy for the low form. The enthalpy data of Mosesman(l3) gave a lower Tt which suggests that the sample was less well-
ordered than desirable. 4Ht® is confirmed, however, by other data which are summarized below. Additicnal polymorphism is dis-
cussed on the table for high eristobalite.

Source Method 4HE®, kealfmol

13. Mosesman (1941) Enthalpy data 0.321
17. Berger (1965) Microcalorimetric thermal analysis 0.31640.018
18. Hajumdar (1964) AV and dT/DP 0.27
19. Sabatier (1957) Differential thermal analysis 0.26¢0.01
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Quartz (Sioa}

(Crystal) GFW = 60.0848 A
QUARTZ (51071 (ERYSTAL) GFW = BO.0BNE 0 Sl
: - 2
K o e a6r g =sitie e o 8 Retemy
3 £ lnl.Kv 53ag.1s ® 2-91 £ 0.03 gibbe/mol afyeg 1 = =217.7 & 0.4 keal/mal .
8 L300 L000  INFINITE = 1.851 - 218,509 = 216,509  INFINITE Try = 647 2 1.5"K(low quartz = high quartz) alt] = 0.174 & 0.04 keal/mol
Yoo 7ad v oo 1 llany aiies -aowims s Ty wAPTE L BONGE Rt - Blek R SHE] % 0.48 2 0.15 keal/nol
W8 10,857 v.910 2910 000 = 217,700 = 204,703 130,051 Tm = 1696 £ S0°K(high quartz - liguid) afia® = 1.8 & 0.7 keal/mol
300 10,780 9,976 7.910 020 = 21r.T02 - 204,423 149,067 Heat of Formation
400 12,770 13,358 10,357 1,199 = 247,741 = 200,253 109,413
s00 18,255 16.372 114288 2,558 = 217.661 = 199,499 A5, 622 The heat of formation is based on data of Wise (1) for combustion of 510,(lew quartz) and Sife) in F, to form SiF,ig).
o 15,396 19,078 12,348 Wi - 217500 = 191,547 89,771 Good (2} burned a mixture of Sifc) and vinylidene fluoride polymer in oxygen in the presence of HFfag) te form “’JSLstnq HF).
438 2 13,893 30 187,238 58,459 Combining this result with a previous heat of soluticn of quartz (3), the authors derlved SHf5., = -217.5 £ 0.5 keall/mol.
15 TT Agreement with the adopted value is excellent, considering the complexity of the latter scheme. Both schemes are independent
1000 14,849 of AHf"(HF), although the polymer-5i scheme depends on the heat of dilution of HF(ag). Wise (1) has reviewed other data which
1100 18,720 29,311 17,007 = 33,858 confirm the adopted value rather than the oxygen combustion value (i) of -209.5 kcal/mol. Pertinent equilibrium data are
1200 16,940 A6.7T8 18,958 - 10,277 analyzed on the table for Sioiflw cristobalite), while the calorimetric results are summarized below.
1300 17,200 312.141 19,718 - 27.2%3 %
1400 17,040 11,827 20,838 w : 20,863 Sourge Beaction a¥rlag, kealfmol aHf? oy keal/mol
1500 1T.5B0 Ja.638 21,718 1%.380 = 215. S0 - 153,881 22,020 1. Wise (1963) 510,(low quartz) ¢ 2F,(g) = SiF (g) + 0,(g) -168.26 = 0.28 =217.72 = 0.3%
1800 17,320 35787 23-_ ’_L____‘zl._iag__ ~ h, 132 2. Good (1968) See taxt. - -117.5
1700 18,180 36880 4] 27,9 353 3. Humphrey (1852) 5ite) + 20,(g) + 5i0,(low quartz) -708.3 -208.3
1800 14 r.9es Eﬂ 151 T2 = 140,833 17.099
1900 18,440 18,926 28,903 28,684 = 134,078 15,652
2008 1a:ss0 Ll 254429 3,520 - 225976 = 131,338 TNy Heat capacities belew 300K are based on data of Jones (5} and Westrum (§). Farlier data of Anderson (1) are in good
agreement. The entropy is obtained from Cp® using S} = 0.00001 eu. Cp® frem 3007 to BuT"K is derived from adiadatic calori-
metric data of Hoser (8) and Sinel'nikov (2). The cp* is di i at BUT*K and aCp® = -2.17 gibbs/mol. Values
abeve the transitien temperature are based on data of Moser and on data up to 1473°K obtained with a thermal analysis method by
Lecnidov (L0). Cp" is extrapolated linearly to higher temperatures,
From a review of data available before 1353, Kelley (11) selected almost identical enthalpies below 847K but a
|. value higher by 96 cal/mol at 900"K. The higher value, due to use of a larger -.\Ht;‘ was presumably based on Roth (12),
Wietzel (13) and White 1k} whose enthalpy data were given the most weight by Xelley. Near 900°K these three sets of
data deviare from the adopted ‘um.-:ion by -150:30, #130+50 and +15:3% cal/=ol, respectively; however, 4 recent enthalpy
datum (18} obtained by P drop calopimetry deviates by +75 cal/mol at 368°K.
Iransizion Data
] Tty is taken as 847 & 1. 5% based on thermal analysis of many specimens by Kieth and Tuttle (1), Wide variations in Tt
for some specimens were attributed by the authors to small amounts of impurities. The disecontinuity in the volume curve (L7}
during inversion from trigonal low quartz to hexagonal high quartz suggests that the transition should be treated as first
order. Thus, the heat of transitien is derived as (1011-854+17) = 174 cal/mol, where 1011 * & is (H;”_“ - H;N.IEI measured
by Meser (B), BS54 is the corresponding increment calculated from the JANAF Cp*, and 17 is an endpoint correction for the
;. difference between the observed and adopted curves below §23,157K. Some of the more recent data which confirm the adepted .\E!ti
are summarized below.
Source Mathod .\Ht]', kcal/mol
8. Moser (13936) H and Cp fro= adiabatic calorimetry o.17%
9. Sinel'nikov (1952) Integrationm of Cp Ffrom adiabatic calorimetry 0,143
| 10. Laonidov [1964) Thermal analysis 0.198
17. Berger {(1364) AV with AT/dP = 0,026%K/atm 0.12
18, Berger (1965) Microcalorimetric thermal analysis Single erystal 0.156, 0.165, 0.178 = 0.010
Various crushed sanples 0,124 to 0.193
Additional polymorphism af sili2 is discussed on the table for high cristobalite. OQuarts has been superheated through the ecristo-
balite region to some 300® above its nmetastable melting point. This melting point is caleulared from the adopted tables as
1696 & 50K, which agrees well with the range 1673 - 1721°K indicated by the data of Mackenzie (13}. The adopted tables predict
the inversion of high quartz to high cristobalite at 1079 # 750°%. Holmquist (20) tentatively placed this inversion at
1298 = 25°K. .‘.Hta and alim® are caleulated from the differences in heats of formation of the appropriate phases at Tt, and Te.
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Silicon Dioxide (Si 02) STLICOM DIOXIDE {8i0,) (LIQUID) GFW = E4.08u8
’
Liquid GFW = 60.0848 ; = _ ;
( q ) Sjgg.15 = 11,455 = 0.3 gibbs/mol AHF34q 15 = =215.7% keal/mol 028|
i keall Tm = 1996 = 5*K(high eristobalite + liquid) 4Hm® = 2.29 & 0.5 kcal/mol
T.°K Cp* 5 =(G"=Ham)T H-Hae AHP AGP Log Kp
Heat of Formation
i h i gy 3 i +
o 000 1,098 INFINITE = 1,672 - 218,568 - 214,568 INFINITE The heat of formation is =nl:u1nfd from that of quartz using fHrg,, = 1 45 2 0.15 keal/mol for high quartz + Si0,(t),
100 1,961 1. A20 18,870 = 1.505% - 215.15% = 211,310 akl,. 81T as determined by Holm (1) from AHsoln in an oxide melt. This value reduces to “H”;sa = 1.96 keal/mol for low quartz
200 T.B28 T.r92 12.337 - 909 = 215.540 = 207,297 226,524 s s i . - - ; .
Leb 1&:560 11 a8 oass *300 S yaay = “!:“‘ Tialnez - S?n.‘,(;zlbqn: is :n:\::stant within 20.3 kcal/mol with other calerimetric data summarized below. Earlier results were
reviewad by Hummel (4). . . g
300 10,508 11,520 11,55 020 - 215,782 - 203,126 147.977 ; At Ha9p 298
400 12,552 14,856 11,897 1.188 = 215,796 = 198,909 108,479 Source Method Reaction I, K keal/mal kecal/mol keal/m
500 13,882 17,808 12,790 2,50% = 215,786 - 194,450 #3.099 1. Holm (1967) tHsoln in oxide melt A 970 1.45:0,15 1.96 -215.74
s00 14,829 20,427 13.849 3. par " 215.631 = 190,490 £9,388 2. Wige (1963) tHe in fluorine B 298 1.768¢0.46 1.78 -215.92
700 15,529 22,768 18,959 5.867 = 215.478 = 186,311 58,169 - £ 2 _
200 16,983 Sa.a78 16,069 T 087 - 215.292 Z 182:150 29.763 3. Kracek (1953) 4Hsoln i.n HF(aq, 74.7°C) A 298-3u8 2.1820.05 215.52
00 16,881 26.795 17.156 B.&TS = 215.090 = {TA,.028 43,231 4. Hummel {1959} AHsoln in HF(aq, 26.5°C) A 300 2.27+0.2 2.27 =215.43
1000 15,314 28.550 18,209 10,381 = 218,875 = 173,921 18.010 A. $i0,(quartz, low or high) + 510,{1)
1100 17,082 30,1585 19,223 12,036 = 214,658 = 189,837 13,743 B. 5i0,() + 2F,(g) = SiF (g) + 0,4(g)
1200 17,303 31.081 20,198 13.756 = 218,827 - 165,772 0191
1300 17,485 33.054 21,13s 15.49% = 214,200 = 181,728 27.189
1400 17,850 3a,35% 22.033 17,252 - 213,972 - {57,699 FHLE18 Heat Capacity and Entro
1500 17,800 35.576¢ 22,895 19,022 = 213,788 = 153,607 22.392 Cp® below 300'K is based on data of Flubacher (5) and Westrum (§) for samples annealed at 1100 and 1070°C, respectively.
1800 19,130 ETETY 23,728 20,881 - 213,489 - 149,891 20,447 Data of Turdakin (7} are higher by about 1 percent in the range 60-160"K and at 300"K but are in agreement elsewhere. The
1::: ::.;:g ::-::: ::'3:: ::.::: : :;:-::: . ::;':;; ::-:E: entropy is calculated from Cp® using S;.ah - Sa = 0.0001 eu and 36 = 1.098 eu. Cp" data (E) for a different sample
' "800 . ZAT Y 26.949 - ??l:ﬂlfﬁv:_J[ﬁ_:)?'l 777777 L’.;“l annealed at 1300°C yield an entropy larger by <0.04 eu, Earlier data were reviewed by Kelley (8). The residual entropy is
B R R s i 14,392 calculated from S5 = Sjgqp - (Sigqg - Sg) * ¥1.258 - 40.160 = 1.098 eu, where 40.160 is obtained from the adopted functions,
2100 20,500 42,299 27.514 31,049 = 223,082 = 127,139 13,232 while 41,258 is the sum of 45m" = 1.147 eu and Slggg = 40.111 eu for high cristobalite. We estimate the uncertainty as
2200 20,500 41,253 28,208 33,099 - 222,554 = 122,384 124178 +0.3 & imarily from the uncertainty in AHm®.
2300 20,500 %a,168 20,882 35,140 - 222,070 = 118,052  11.218 A P RS .
2800 20,500 45,037 29,537 37,199 = 221,992 = 113,539 10,339 Cp" above 300°K is based on adiabatic calorimetric data of Moser (9) up to 900°K. Enthalpy data of White (10) and
2500 20,500 A%.473 30.174 39,209 = 221,120 = 109,047 9533 Fischer (11) are in excellent agreement. Cp" from 900 to 1500"K is derived from enthalpy data of Southard (12) and
2600 20,500 AGLOTT 10,793 01,299 = 220,652 = {04,572 B8.790 White (10). Maximum deviation of the data from the adopted values in this range is 0.5 percent. Enthalpy data of Egan (13}
2700 20,500 AT, 851 31,398 83,349 = 220.1%0 = 100,118 B.104 F 000- -
2800 N:!u“ an197 31983 “:“v - 219,733 = “:”' 7468 :ndix:iley (1%) aevin:e frm: the a:optad values by less than 1 percent in the range 1000-1500°K, although large positive
2900 20,500 .96 32,558 aT.a49 = 219,281 = 91,254 5,877 eviations appear at lower temperatures.
3000 20,300 49,811 3.1 N9.a99 - 218,838 = 86,849 6,327 In the region 1500-1700°K, the adopted Cp® shows a rapid, sigmoidal rise which is suggested by the enthalpy data of
3100 20,500 50.283 33.658 51.589 - 218,391 - B2,A% 5.813 Wietzel (15). This is presumed to be the glass transition region in which Cp* rises to that of the stable liquid. Cp*
3200 20,500 50,938 1a,18a 53,599 = 217,993 - 78,078 5,332 = EhaATREE . _ . :
3300 20,300 $1.58% .70} 55.649 = 217,519 = 73,719 above 1700°K is astim?od as 20.5 gibbs/mol or 6.83 gibbs/g-atom. This value is consistent with the enthalpy data (15) and
3a00 20,500 52.177 35,208 5T.899 - 217.090 - 89,3183 with ligquid heat capacities of Al.‘,ﬂz, mzstlos and mgsm:.
1500 20,500 52.771 35,700 59,749 = 216,664 - 45,026
1600 20.50: 53,349 36,182 s;.rn - 30!.2:3 = 58,442 Melting Data
3To0 20,50 53.910 14.65a 63,849 = 307 .888 = 51.509 i .
isoo 20,500 Sa,487 L1158 65,889 = 307,172 - a4,592 The melting point of high cristobalite iz 1996 = 5°K, while the mtu:ablc‘nelting point of high quartz is
1900 20,500 L1} IT. 547 47.948 = 30&.862 = 37,490 1696 =+ SO®K. A4Hm" is the differsnce between AHf* for liquid and high eristobalite at Tm. Values ranging from 1.8 to
2 204300 33,508 25999 694709 =iB0sa138 = 10,800 1883 3.6 kcal/mol have been derived from various interpretations of phase diagrams (1).
4100 20,300 S6.015 18,082 72.08% = 30%.658 = 23,924 1.275
a200 20,500  36.309 38,088 74,099 = 305,153 = 17.062 T Satatciini
A300 20,500 56,991 19,242 Té.189 = 308,855 - 10,208 +519 -
aa00 2n,500 57, A82 19,890 TH.19% = 104,181 - 3,144 18T 1. J. L. Holm, 0. J. Kleppa and E, F. Westrum, Jr., Geochim. Cosmochim, Acta, to be published. iHsoln.
%00 20,500 57.923 0,090 B80.24% = 3103.648 l.amy - V189 2. S. 5. Wise, J. L. Margrave, H. M. Feder and W. N. Hubbard, J. Fhys. Chem. £7, 815 (1963). &aHr.
3. TF. C. Kracek, Ann. Rept. Director of the Geophysical Laboratory, Me. 1215, 69 (1953). JHsoln.
4, C. Hummel and H. E. Schwiete, Glastech. Ber. 32, 327 (1959). AHsoln.
$. P. Flubacher, A. J. 1 batter, J. A. Morrison and B, P. Stoicheff, Phys. Chem. Solids 13, 53 (1959). Cp, 2,3-19°K.
6. E. F. Westrum, Jr., et al., private comm., Univ. Michigan, May 19, 1960. Cp, 5-300°K.
7. V. V. Tarassov, Phys. Status Selidi 20, 37 (1%67). Cp, 50-300"K measured by Turdakin.
8. K. K. Xelley and E. G. King, U. S, Bur. Mines Bulletin 592, 1961.
t 9. H. Moser, Physik. 2. 37, 737 (1936). Cp, 32u-936°K,
10, W. P. White, J. Am. Chem, Socc. §$5, 1047 (1933). H, 573-1173"K.
' 11. W. Fischer, Z. Anorg. Allgem. Chem. 200, 335 (1331). H, 321-577°K.
12, J. C. Southard, J. Am. Chem. Soc. 63, 3142 (1981). H, 506-1522°K.
13. E. P. Egan, Jr., Z. T. Wakefield and X. L. Elmocre, J. Am. Chem. Soc. 72, 418 (1950). H, 763-1470°K.
14, ¥, K. Kellay, B, F. Maylor and C. H. Shomate, U. 5. Bur. Mines Tech. Paper 686, 1946. H, 400-1500"K.
Dec. 31, 1960) Dec. 31, 19623 June 30, 1967 15. R. Wietzel, Z. Anorg. Allgem. Chem. 116, 71 (1821). H, 373-1973°K.
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Silicon Dioxide (5502]

(Ideal Gas) GFW = 60.0848
T,'K Cp* 5 =G -H'ma)T H-H'ms AHF AGP Log Kp
0 000 +000 INFINITE = 2,529 = 72,885 = 72,685  [NFINITE
100 7.510 aa,948 43,180 = 1,823 = 72,737 = 73,001 159,583
200 9.320 50.742 55,625 = L§TT - 72.848 = 71.215 80,005
298 10,518 58,499 54,695 © L0000 = 73,000 = 73,357 53,772
100 10,537 54,785 54,700 J01% 73,003 = 73,360 53,882
a00 11,878 57,929 55,125 1.122 71,118 = 73,460 40,137
500 12,207 80,572 55,957 2,307 - 73,208 = 73,504 32,182
400 12,767 42,809 56,920 1,557 = 73,281 = 73,593 26,808
700 13,188 88,851 57.913 4,85 = T3,38% = 73,680 22.991
800 13,507 G6.433 58,894 £,192 = 73,407 = 731,879 20,128
900 13.750 68,239 59,044 7,593 = T1.ATG - T3,T08 17.899
1000 13,938 49,898 40,758 s,980 = 73,536 = 73,730 16,118
1100 14,085 A1.632 16,381 = 73,6090 = T3.T48 14,652
1200 18,203 62,868 11,756 = 73,687 = 73,755 13,433
1300 12,297 1,288 13,181 = F31,7T8 = 73,758 12,400
1800 18,374 80,028 14,615 = T3,889 = T3,752 11.513
1500 14,838 75,081 80,758 16,055 = 73,975 = T7a,7a1 10,7648
1600 18,491 Th.395 45,456 17,502 = 7a,000 = 73i.722 10,070
1700 536 77,275 46,126 18,853 = 84,209 = 73,589
1800 18,107 46,768 20,809 = B&,292 = 72,844
1900 78,898 47,386 21,888 - Bs,378 - 72,09 8,293
2000 TH.845 AT 980 231,330 = B6,a86 = 71,340 T.798
2100 B0, 360 68,553 24,795 = 86,556 = 70,582 7,328
2200 E1,002 49,105 2h.261 = Bp,852 = 69,819 6,938
2300 By, 585 49,639 PT.TI0 = #6749 = §9.053 8,581
2400 87,321 70,158 29,201 = 86,850 = ¢4,279 6.218
2500 82,922 T0.653 In, 4T3 = BA,958 = 47,508 5.901
2600 £3.500 71,138 32,186 = AT.065 = 84,725 5,609
2100 Ba,nsT Ty,.60a 33,821 = 87,178 - 65,942 5,338
2800 Ba.593 T2.059 38,097 = 87,295 - 65,150 5.085
2900 18,773 R5,112 72,500 34,5748 - B7,816 = 68,358 4,850
000 14,784 L PSR 72,929 3N,052 - A7.581 = 81,562 a,831
3100 10,785 LEPLLE 73,388 319,530 - B7,670 = 62,758
3200 14,794 BE, 56T 73,752 41,009 = BT,803 = 61,9593
1300 12,802 AT.022 Ta, 147 47,889 = B7T.939 = 81,183
3a00 18,808 LEY L] 78,532 31,970 - aR,07% - &0,329
1500 18,813 ar.nva 74,908 45,451 - 88,222 - 59,915
1800 14,818 LLES 1S 75,274 48,932 = 180,330 - 58,832
a7a0 12,821 RE, 71T 75,832 4A 8418 = yA0, 381 = 52,990
3R00 14,827 9,112 75,982 4%, 897 - 180,034 = 49,543
3900 15,80 BS .98 74,323 51,380 = 180,491 = 44,105
apao 18,838 29,872 TE.65T 52,863 = 180,552 = 42,458 2.331
4100 14,838 50,3239 Th. 984 Sa, 366 = 180,617 = 39,208 2,090
4200 14,841 90,597 77,304 55,830 - 180,682 = 15,781 1,861
4300 12,883 90,988 T7.61T 57,315 = 180,789 = 32,305 1.602
aadn 18,848 51,288 T7.924 58,799 = 180.871 = @h.858 1,433
4500 18,849 §1.821 78,225 60,288 = 180,893 - 25,394 1,233
ason F1.9a8 TA,520 6,769 = 1A0,987 - 21.941 1.002
4700 52,287 78,809 43,256 - 181,085 = 18,48] 859
4800 52.580 79,092 68,739 = 181,123 = 15,023 A58
4900 §2.886 79,371 64,225 = 181,202 =~ 11,564 518
5000 §3.186 79,648 47,711 - 181,283 - 8,103 L3548
5100 93,881 79,511 65,187 = 181,366 = 8,638 199
5200 93,769 B0, 1TE TH,881 = 181,450 = 1,171 J089
5100 94,057 An, 838 72,169 - 181,538 2,302 - .095
5400 94,330 RE, 890 73,656 = 181,620 5,765 - »233
5500 Ba,a0) Af.0ay 75,182 - 184,707 9,237 - 387
5400 54,871 M1.187 Th.629 = 181,798 12,709 = LA76
5700 95,138 Ry, 829 TR, 118 = 181,885 16,183 = 821
S800 95,1913 LARY.-T.1.] 79,603 - 181,978 19,681 = «TA1
5900 18,872 95,487 Ay,9n3 81,090 = 187,088 21,134 - 857
6000 16,873 55,897 82,138 82,577 = 187,161 26,615 = 989

Dec. 31, 1960 Dec. 31, 1962; Sept. 30, 1967

0,5i

SILICON DIOXIDE (Si0?> (IDEAL GAS) GFW = 60.0B48

Point Group (D] SHER = -72.7 ¢ 8 keal/mol

3598.15 = [54.7) gibbs/mol aur;ss_ls = =73 &+ 8 kcal/mol

Ground State Quantum Weight = [1)

Vibrational Frequencies and Degeneracies

@,y en”t
9801 (1)
(3701 (2)

[1830] (1)

Si-0 = [1.55) A
0-5i-0 = [180%]
By = [0.21983) em”

Bond Distance:
Bond Angle:
Rotational Constant: 1
Heat of Formation

The adopted value is based on the data summarized below. Margrave (1) has reported a value of ‘Hsage = 1u0.9+1 kecal/mol
but details are not yet available. Assuming that this corresponds to reaction A below, we calculate BHfJgy = ~T5.5 keal/mol.
Firsova(2) reported two values of the sublimation pressure which were derived from Knudsen effusion data' using auxiliary data
for 5i0{g). Porter (4) derived two pressures from 4 mass spectrometric study and also obtained a 2nd Law value for aHs® from
ion intensities. The resulting range for JHs;gs. 136 to 141 kcal/mol, i3 consistent with the lower limit of 130 kecal/mol
obtained by Bergman (3) from a method involving explosion in a spherical bomb. An alternative analysis of the mass spactrometric
data (4) using the gas phase reaction B suggests an even higher AHs® of 148 kcal/mol.
iHajgq = 143.428 kcal/mol and to dHatomd = 287.3+8 keal/mol.

The adopted AHf® corresponds to

JIIr;sa, keal/mol Drift =
Source Reaction Method nge, T°K 75 Law  3rd Law eu SMfggps dent/nol

Margrave (1967) A - - - 140,921 - =75.5
Firsova (1960) A Knudsen, calculation 1600-1800 - 137.0:2 - -79.4
Bergman (1959) A Explosion - - >130 - L
Porter (1955) A Knudsen mass spec. 1800-1300 128 139.6:0.3 3 -76.8 |

A Ion intensities 1750-1380 13628 - - =80

B Enudsen mass spec. 1800-13500 -2 -h4.B21,2 -3 —68.8!

A SiDZ(high cristobalite) = SIU?(E) B. S!DKEIOIJZUZ{GI = Siﬂitsl

Heat Capacity and Entropy

Point group, ground statas quantum weight and the linear symmetrical configuration are estimated by analogy with the
properties of CO,. From the bond lengths in Sio, €0, and €O, the length in Sio? iz estimated as 1.509 x 1.160/1,128, Bond
lengths and atomization energies for these molecules are reasocnably consistent with the existence of six-electron bonds in
the monoxides and four-electron bonds in the dioxides (5). Vibrational frequencies are estimated from a valence bond
caleulation using force constants, k = 8 x 10% and ké/¢% = 0.3 x 10° dyne/cm, which are cbtained from those of 5i0, €0, and
CO. The moment of inertia is 12.76 x 10'33 2 cmz.
References
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Titanium Dioxide, Anatase-(TiOz)

(Crystal) GFW = 79,8988
2y L o heabimmal
T, K Cp® 5 —(G-Hm)T H-H'me AHP AGE Log Kp
[} 000 4000 [NFINITE = 2.062 = 221.833 - 221,833 INFINITE
100 4,585 24302 21,322 = 1.902 = 222,503 = 218,197 aTT.308
200 10,009 T.293 13,048 = 1151 = 222,906 - = 214,107 2331.945
298 13,257 11.931 11,931 J000 = 223,000 = 209,763 153,760
oo 13,312 12.013 11,931 «025 = 222,999 = 209,881 152.752
ano 15,284 14.148 12,484 1.46% = 222,888 = 20%,2%3 112,145
s0c 16,153 19,654 13,573 3,080 = 222.690 = 200,887 AT.T99
600 16,458 22,647 18,823 4,682 = 222,469 = 196,%2a 71.588
T00 18,773 29.239 16,148 G, 364 = 222.251 =T
800 17,186 27,520 17,429 8,073 - 222,050 - 187,941
900 17,341 29.554 18,666 9,799 = 221,874 = 183,488
1660 iF,a5% 31. 367 i%.845 i§.580 = 2Zi.7E8 = i79,85%
1100 17,553 33,058 20,974 13.290 = 221,602 = 175,231
1200 17,630 32,586 22,045 15,050 = 222,442 = 170,982
1300 17,496 35.000 23,088 16,816 = 222,247 = 166,702
1800 17,754 37,314 24,038 15,588 = 222,088 = 162,437
1500 17,506 38,541 20,963 20,368 = 221.908 =~ 158,184 23,047
1800 17,853 39,891 25.048 22,149 = 221.763 = 153,9% 21.027
1700. 17,496 40,775 26,694 23.937 = 221.680 = 149,703 19,246
1800 17,936 41,799 27,505 28,729 - 221,542 - A8 17,4663
1900 17,974 az2.770 28,283 27,520 = 221,469 = 14]1,2%) 16,208
2000 18,011 23,693 29,031 29.323 - 225.888 = 136,880 14,958
2100 18,048 572 29,75 1,128 __ = 229,820 = 429 13,78
o B e P
2300 18,112 ag.217 .12 3a,Taz = 22%5.732 = 123,50 114729
2400 18,148 ag. 988 11,757 36,555 = 225,491 = 119,09% 10,845
2500 18,175 ar.730 32.38) 18,371 - 225.85) - 118,858 10,023
L Dec. 31, 1960; Mar. 31, 1967

0,Ti

TITANIUM DIOXIDE, ANATASE (TLOZ} (CRYSTAL) OFW = 79.8388

BHES = -221.8 4+ 1 keal/mol

- - = v
S39g,15 = 1193 gibbs/mol BHfS 08 15 223.0 + 1 keal/mol
TE S at* = [0-0] keal/mol
To = Unknown &Hn® = Unknown

BH8Z o0 15 = 161 keal/mol

Heat of Formation.

The value of -&Ifég (anatase) is obtained from J. L. Margrave and B. D. Kybett, "Thermodynamic and Kinetic Studies
of Borides and Other Refractory Materisls at High Temperatures,” Tech. Rept. APML-TR-65-123, August 1965, Rice Univer-
sity, Houston, Texas. The authors measured the heat of fluorination of anatase, according to the reaction
740, (anatase) + 2F,(g) = TiF, (c) + 0,(g), but no experimentsl data were given.

P. W. Vahldiek, J. Less-Common Metals 11, 99 (1966), studied the irreversible snatase-rutile phase transition at
pressures of 3.8 to 24 kbars snd temperatures 20 to 1000°C. Isothermal phase-transition studies were also carried out
st 1 bar pressure and B80-350°C. PFrom the slope, dT/dP, the enthalpy differences between rutile and anatase were
ealculated to be -2.79 and -2.89 keal/mol at 1183 and 1223°K, respectively. Using these data and N{ré*(mtlla) - -225.8
keal/mol, the value of Mrguflmnu} is derived as -223.23 kcal/mol,which is in excellent sgreement with the adopted
value.

Heat Capacity and Entropy.

Low temperature hest capacities, 52-296°K, were messured by C. H. Shomate, J. Am. Chem. Soc. 63, 218 (1947).
Enthalpy data were determined in the range 416-1305°K by B. P. Maylor, J. Am. Chem. Soc. &8, 1077 (1946), end in the
renge 580 - 1000°K by J. Lietz, Hsmburger Beltr. Angew. Mineral. Kristallphysik 1, 229 (1956). High tempersture
heat capacities are derived from the enthalpy data, pubject to the constralnt that there be a smooth _Io!.nt' st 298°K.
The resulting enthalpies are higher by 1 to 3% than those messured by Lietz snd lower by 1 to 4% than those measured by
Naylor. Velues above 1300°K are smoothly extrapolated. SE” 1s calculated from the low temperature Cp* using
3.:36 = 0.45 eu.

In view of the discrepancies in the enthalpy data, & review of the anatase samples is pertinent. Those of Shomate
end Lietz were prepared by precipitation of the nydrated oxide and conversion to the oxlde at 550 - 565°C. Shomate's
starting material was high purity Ti and the product snalyzed aa 99.3% Ti05. Lietz' starting material was high purity
mu‘. Haylor's sample, obtained from J. T. Baker Co., waas dried st 1050°C; spectrographic analysis indicated 0.3% sm,_,
and 0.15% CaC. All three samples gave only the X-ray lines of anatase.

Tranaition Data.

Tm = 918°K and AHt® = 0.040 kecal/mol have been reported by J. Lietz, loc. cit. A. Schrdder, 2. Kryst. 66, 493
(1928), suggested 2 trensition temperature at 915°K on the basis of » peak in the thermal expenalon curve. Lietz
reported AHt® = 0.04 keal/mol,but this value is not adopted since its magnitude is much less than the uncertainty in
the selected enthalples. Purther study 1s desirable to confirm thia transition.

Heat of Sublimation.

ﬁﬂlssa is ealculated ss the difference between AHIESB for Tloz(;] and Tloeflnntllel-

0,7



Titanium Dioxide, Rutile (TiOa)

(Crystal) GFW = 79.8988
keal/mol
T,."K Cp* s =G ~HmaT H—H'me AHF AGP Log Kp
L] <00 000  INMFINITE 2,06% = 224,838 = 228,838 INFINITE
100 A, 030 2,438 21,438 1.900 = 229,301 - 221,200 an3.as0
200 10,053 T.375 13,149 1.15% = 22%.T10 = 214,927 237,047
298 13.1%3 12.031 12,00 000 = 22%.800 = 212.5" 155.814
300 13,191 12,112 12,03 024 = 225.800 = 212,511 154,014
a0 18,8621 1a.128 12,569 1,423 = 22%.7T30 = 208,08% 113,694
00 15,429 19,481 13,628 2,928 = 225,802 = 203,892 A%.038
600 15,991 18,84 4,500 = 225,431 = 199,32% T2.608
Too 14,038 16,099 6,122 = 225,293 - 194,983 80,878
800 16,924 1T, 338 ToTES = 225,138 = 190,66% 52,087
900 17,173 18,528 F.008% = 24,988 = 186,360 45,2%%
1000 17.%00 10,804 19.67% 11.219 = 224,845 = 182,080 39,798
1100 17,513 32,577 20,772 12,985 = 224,707 = 177,810 35.328
1200 1R.116 Ja. 180 21.822 18,781 = 225,511 = 173.51% 3,801
1300 18,012 315,601 22,824 16,508 = 225.25% = 169,191 28,848
1800 18,703 36, TT 23,788 18,868 = 228,992 = 14,800 25.7a1
1500 18,990 38,277 20,711 20,348 = 220,728 - {40,608 ?3.400
1600 19,274 39.511 25,398 - = 158,338
1Too 19,558 a L1 26,451 - = 152,001
1800 19,436 ap.818 2r.27¢ - - 18T, 859
1900 20,115 47,800 28,088 28,170 - - T
2000 20,393 43,733 28,835 3094 = 227,795 = 139,287
2100 20,870 as,938 29,578 32,249 = 227,097 = 134,888
2200 20,946 45,902 30,298 34,330 = 227.178 = (10,458
2300 21,221 45,840 10,997 36,838 = 226,838 = 124,078
2400 21,094 THE 3,878 38,57 = 224.4T2 = 121,703 11.083
2500 21,771 hp.632 32,337 A0.T3T = 224,087 = 11T, 3T 10,258
Dec. 31, 1960; Mar. 31, 1967

0

TITANIUM DIOXIDE, RUTILE (T10,) (crysTAL) GFW = 70.8388

BT = -224.6 + 1 keal/mol

830,15 = 12-03 gibba/mol 8Hf3gq 15 = -225.8 + 1 kesl/mol

Tm = 2143°K am® = (18] keal/mol

N‘"Esa.:s = 163.8 keal/mol

Heat of Poreation.

The heat of formation Cor rutile has been determined Crom combustion calorimetry by many investigatora. Several
of the more conslstent .N-Iréu values are listed in the table below. Ariya et lJ.-a reported that the composition of
the rutile obtained from combustion of Tile) was between T10; o, &nd Ti0; o.. BEmf studies by R. N. Blumenthal and
D. H. Whitmore, J. Electrochem. Soc. 110, 92 (1363), indicate that at 1200°K there is @ two-phase reglon beglnning at
about Ti0; g4+ If thie reglon exn:nua to 298°K, then the ichiometric ion products pi ¥ involve &
mixture of two phases. Mah et al.” applied #n app te energy correction for incomplete combustion which corre-
sponds to 0.7 - 1.5 keal/mol in N";BB' Analogous corrections were applied by Ariys et al.” but were not mentloned by
Neumann et al.” and Humphrey .

The Mf:?ga value reported by Margrave and Kyutt"’ wes obtained by fluorine bomb calorimetry, sccording to the
reaction T10,(rutile) + 2Fy(g) = TiF(c) + 02(5}- No experimental data were given.

Comparison of the fluorine pesult with the oxygen results indicatea that the magnitude of the correctiona for the
oxygen data is reascnable, probably within + 1 ieal/mol, provided that the flugrine dats refer to stolchiometric 'rmz.
Corr ng A0L* corr lons for noa_‘ are of the same order of magnitude when estimated from the partlsl molar free
energy values given by P. Kofstad, J. Phys. Chem. Solida 23, 1579 (1962), and J. B. Moser, R. N. Blumenthal and
D. H. Wnitmore, J. Am. Cersm. Soc. %8, 384 (1965).

The anr;se wvalue determined by Mah et a1t is adopted.

.
BHTS g, Keal/mol P

-225.3 4 0.3 1. B. Neumann, C. Krdger and H. Kunz, 2. Anorg. Allgem. Chem. 218, 379 (1834).

-225.5 + 0.2 2. 0. L. Humphrey, J. Am. Chem. Soc. 73, 1587 {1951).

-224.9 + 0.4 3. S. Ariya, M. Morozovs, and E. Volf, Z. Meorg. Khim 2, 13 (1957).

-225.8 + 0.1 4. A. Mah, K. X. Kelley, M. Gellert, E. 0. King, and C. 0'Brien, U. S. Bur Mines RIS316 [1957).
-225 +1 5. J. L. Margrave and B. D. Kybett, “Thermodynamic snd Kinetlic Studies of Borides and Other

Refractory Materisls st High Temperatures,” Tech. Rept. APML-TR-65-123, Aug. 1965, Rice
University, Houston, Texas. :

Hest Copacity and Entropy.

The low temperature heat capacities, 10 - 297.7°K, have been measured by the following investigators: P. H. Keesom
and N. Pearlman, Phys. Rev. 112, 800 (1958), 10 - 20°K; J. S. Dugdale, J. A. Morrison and D. Patterson, Proc. Roy. Soc.
(London) A224, 228(1954), 20 - S0"K; H. Shomate, J. Am. Chem. Soe. 69, 218 (1947), 52.5 - 297.7°K; and H. J. McDonald
and H. Seltz, J. Am. Chem. Soe. B1, 2405 {1939), €8.78 - 205.07"K. ‘The first three sets of Cp data are joined smoothly
and extrapolated to 298°K, ylelding Sjg4 = 12.03 cu, based on "ia = 0.0014 eu. The Cp values reported by McDonald and
Seltz seem too high and are not used.

The high temperature enthalples have been determined by B. F. Naylor, J. Am. Chem. Soc. 68, 1077 (1346),

383.5 - 1746"K; J. S. Arthur, J. Appl. Phys. 21, 732 (1950), 293.2 - 1073.2°K; and J. Lietz, Hamburger Beltrage ingew.
Mineral u. Kristall Phys. 1, 229 (1956), 577.7 - 1283.0°K. The Cp values are derived from the dats of Lietz and join
smoothly at 298°K with the low temperature data. Deviations from the selected values are -1.6 to+l.0¥ for Lletsz,
~6.1to + 4.0% for Arthur, and +8.6 to+0.8% for Maylor. The data point of Lietz at 947.95°K is omitted as a probable
typographical error. The largest devistions in the case of Naylor and Arthur are near 400 snd S00°K, respectively.

The mean specific enthalples have also been seasured by L. F. Nilson and 0. Pettersson, Z. Physik, Chem. 1, 27
{1887), 373.2 - T17.2 °K.

The mamples used by Keesom snd Pearlman, Dugdale et al., Shomate, Arthur and Lietz were of high purity, sccording
to chemical and spectroscople analysis. However, the sample employed by Naylor was black-colored and chemical analysils
gave 97.9% Ti0,. The main impuritles were: 0.55§ 2r0,, 0.50% 510,, 0.27 V,0;, 0.15% Ca0, 0.15% Pe,0, and 0.12% £1,04.
The mample of McDonald and Seltz wes obtained commercislly. Therefore the results reported by Naylor and McDonald et
al. are glven the least welght.

Melting Data.
See T10,(1) table for details. .
51 . 0,7

Heat of Sublimation.
. -
The difference between 8HfZg, for Ti0,(g) and Ti0,(rutile) is &Hejg,-

-



Titanium Dioxide (TiOg)

(Liquid) GFW = 79,8988
ibbs/mol [
T,’K cp° 5 =G —Ha)T  H —H'2ee AHP AGF Log Kp
o
100
200
298 13,153 18:938 18,938 S000 = 210,726 = 199,577 186,293
100 13,191 19,015 18.938 028 = 210,728 = 199,507 185,381
200 18,521 23,029 19,472 1.423 = 210,656 = 195,774 106,967
500 15,829 244388 20,528 2,924 - 210,528 - 192,070 83,953
600 15,991 29,249 21,789 4,500 = 210,377 - 188,393 48,622
700 16,838 31748 23,002 §,122 = 210,219 = 5T.679
800 16,328 33,969 28,237 7,785 = 210,088 = 89,478
900 17,173 35,971 25,834 7,885 = 209,918 = 83,108
1000 17,500 37797 264578 11,219 = 209,771 = 173,909 38,008
1100 17,913 39,480 27,875 12,985 = 209,633 = 170,329 33,641
1200 18,116 4y.043 28,725 18,781 = 210,837 = 166,728 10,365
1300 18,012 42,508 29,729 16,608 = 210,181 = 163,091 27.418
1400 21.000 43,880 30,691 18,468 = 209.918 = 159,481 28,896
1500 21,000 25,378 314619 23,588 = 209,438 - 155,493 22,718
1600 21,000 25,684 32,519 22,868 = 208,974 = 152,339 20,809
1700 21,000 47,957 33,390 28,768 = 208,539 - 148,413 194131
1800 21,000 29,157 38,233 26,868 = 208,133 - 185,312 17,443
1900 21,000 50,293 35,089 28,968 = 207,755 = 141,311 16,315
2000 21,000 51.370 35,838 31,068 = 211,853 = 138,319 15.104
52.398 33,188 211,508 _ 2583 18,00
i o TR 55135003
584305 8,060 Ir.364 = 210,638 - 127,247 12,091
2600 21,000 55,198 18,755 39,468 = 210,508 = 123,814 11,257
2500 21,000 584058 AF,810 41,564 - 210,188 = 120,008 10,491
2600 21,000 564879 40,086 83,468 = 209,863 = 114,308 9.785
2700 21,200 57,872 40,722 45,768 = 209,556 = 112,315 9.132
2800 21,%00 Sa.418 41,34y ar,.asa = 209,249 - 109,239 8,524
2900 21,000 59,173 41,984 49,988 = 208,987 = 105,870 T.983
3000 21,000 595,888 42,530 52,068 = 208,650 = 102,111 7,439
3100 21,000 504573 43,101 58,168 = 208,357 - 93,565 6,949
3200 21,900 81,240 43,857 56,268 = 208,089 = 95,031 5,490
3300 21,000 61,886 44,200 58,364 = 207,785 = 91,503 5.080
3800 21,000 62,513 84,729 60,488 = 207,504 = 87,983 5.65%
3500 21,000 83,122 85,246 62,564 = 207,230 = B4,4TS 5,275
3sg0 21,000 £3.713 85,751 68,468 = 308,584 = 80,704 4,899
3700 21,000 64,289 46,208 66,760 = 308,288 = 74,382 4,394
3800 21,900 42,889 rar 88,884 = 308,008 = 48,045 3.915
ELLTH 21,000 45,398 TO.988 = 307.Tan = 51,752 3,840
4000 21,000 55,926 73,068 = 307,897 = 55,449 3,030
4100 21,000 B8, 048 48,112 75,188 = 307,266 = 49,147 2,620
2200 21,200 68,950 48,558 77,266 = 307,089 = 42,857 2,230
4300 21,900 67,445 48,948 T9,368 = 306,887 = 38,571 1.859
2400 21,000 &7.927 89,413 81,488 - 306,659 = 30,287 1,508
2500 21,000 684399 89,830 83,568 = 106,888 = 24,006 1,168
2500 21,000 58,881 50,238 85,468 = 308,321 = 7,727 822
aroo 21,000 89,312 50,439 ar,764 = 308,171 = 11,853 +513
4800 21,000 69.75% 51,033 89,868 = 305,032 = 5,148 $238
2900 21,000 704188 514019 31,988 = 305,908 1,071 = L0488
5000 21,300 70,412 L1.799 98,068 = 305,786 7,339 = 321

TITANIUM DIOXIDE (T10,) (LIQUID) OFW = 79.8988

Spgn.15 = [18.934] givba/mol AHfSgg 15 = [-210.726] keal/mol

Tm = 2143°K &m® = [16] keal/mol
Heat of Formation.

The -N'lt%aa{l) 1s caleulated from AHfgg(rutile, e) by adding &Hm® and the difference between Hoi4s -

H298.15
for Ti0y(rutile, ¢) and T10,(1).

Heat Capacity and Entropy.

The heat capacity of '1'1.02(1) is estimated on the basis of 7.0 gibbs/g-atom.
manner analogous to that of the heat of formation.

The value of 5593 is obtalned in a

Melting Date.

The melting point of 1'102( rutile} has been messured by many investigators. Eleven pertinent Tm values were
reviewed and corrected, according to the Internstional Temperature Scale of 1948, by 5. J. Schnelder, Natl. Bur. Std.
Monograph 68, October 10, 1963. The adopted melting point is obtained from G. Breuer and W. Littke, J. Inorg. Nuel.
Chem. 3_6_, 67 (1960). These authora found that 1‘102 loses oxygen on heating and the solid residue consists of a non-
stolchiometric compound of the composition 1'102_"- The value of the coeflficlient x depends on the temperature and on
the oxygen pressure of the gaseous phase. Under oxygen pressures greater than or equal to 300 torr, the solid residue
was moz'm wWithin the sensltlvity of chemlcal snalysls; however, color of the resldue was a more sensitive indicator
of composition. At pressures of 600 torr or greater, the residue wea bright yellow rather than blue-gray and the
melting point was constant at the maximum value of 2143 + 15°K. This value 1s adopted.

The heat of melting is calculated using an eatimated entropy of melting, ASm® = 2.5 eu/g-astom.

0

0

Ti

Ti



Titanium Dioxide (Ti02)
(Liquid)

~ GFW = 79,8988

T.°K cp*
[
100
200
298 13,153
100 13,191
400 18,521
500 15,029
600 15,991
T00 16,438
BOD 16,328
300 17,173
1000 17,500
1100 17,813
1200 18,116
1300 18,812
1400 21.000
1500 21,000
1600 21,000
1700 21,000
1800 21,000
1900 21,000
2000 21,000
2100 21,000
2200 21,365
2300 21,000
2400 21,000
2500 21,000
2600 21,000
2700 21,200
2800 21,300
2900 21,000
3000 21,000
J1o0 21,200
3200 21,000
1300 21,000
1400 21,000
1500 21,000
3600 21,000
3700 21,000
3800 21,900
3900 21,000
2000 21,000
4100 21,000
4200 21,000
4300 21,900
4400 21,000
2500 21,000
2600 21,000
4700 21,000
4800 21,000
8900 21,000
5000 21,000

[

18,934

19.015%
23.029
25388

294249
31.748
33.969
35,971
ITLTET

39.080
4y.083
52,508
43,880

26,684
47,957
29,157
50.293
S1.370

534713
Ga. 289
6Ga.8a9
55,394
65.926

LITLLL
55950
AT.485
a7.927
58,399

58,881
69.312
594755
TD.188
To.812

—(G =20} T H'=H'zes AHP
18,934 +000 = 210,726
18,934 W02 = 210,726
19,872 1,423 = 210,656
20,528 2,929 = 210,528
21,749 4,500 = 210,377
23,002 8,122 = 210,219
24,237 T.T8s = 210,064
25,43 7,485 - 209,914
26,578 11,219 = 209,771
27,875 12,989 - 209,633
28,725 18,781 = 210,837
29,729 16,608 = 210,181
30,69 18,868 = 209,918
11,619 20,564 = 200,438
12,519 22,868 - 208,974
33,390 28,768 = 208,539
38,733 26,864 = 208.133
35,089 29,968 = 207.75%
35,838 31,068 = 211,853
16,602 33,168 ' = 508

S Y | T R ESI%?T"':'gt}:i?E""
38,080 ir.i6a = 210,838
18,755 39,868 = 210,508
19,830 41,568 = 210,188
40,088 43,568 = 209,868
w072z 45,764 = 209,556
41,381 ar.m64 = 209,249
41,940 a%,988 = 204,947
42,530 52,0648 = 208,650
43,101 54,168 = 208,357
431,657 56,268 = 208,069
44,200 58,384 - 207,785
43,729 40,068 = 207,508
45,248 62,564 = 207,230
85,751 58,4848 = 308,584
ag, 248 66,764 = 308,288
as.r27 48,864 - 308,008
a7,198 70,964 = 307,788
47,680 73,068 = 307,897
48,112 75,168 = 307,268
48,558 77,268 = 307,049
48,988 79,368 = 306,847
89,813 81,468 = 306,659
49,830 83,564 = 306,888
50,238 85,864 = 106,321
50,639 87,764 = 308,171
51,033 87,860 = 305,032
51,818 91,988 = 3p5,908
S1.799 94,064 = 305,785

AGr

199,577

199,507
195,774
192,070

188,193
186,781
181,113
AT7,503
173,909

170,329
166,724
163.091
159,481
155,991

152.339
188,811
185,312
141,301
139,219

138,541
130,985
127,247
123,618
120,006

114,808
112,315
109,239
105,870
192,111

98,565
#3,033
71,503
87,983
By, aTs

80,708
Ta,382
48,065
81,752
53,049

49,147
82,857
36,571
3o, 287
24,008

1T.rar
11,853
S.188
1,071
7,339

Leog Kp

186,298

185,34}
106,947
83,954

48,622
57,679
4%.478
43,108
38,008

33.Ba1
30,385
27,4818
24,896
22.718

20.809
19,131
174443
16315
15.108

18,002
""" 13,003
12,091
11,257
10,491

9.785
.132
8,528
T.963
T.a39

0,Ti

TITANIUM DIOXIDE (T10,) (LIQUID) . GFW = 79.8988

Shgn.15 = [18-934] gibba/mol HES o5 15 = [-210-726] keal/mol

Tm = 2143°K &Hm® = [16] keal/mol

Heat of Formation.

The ﬂhr;se(l} is caleulated from aﬂréasfrutlle. ¢) by adding &Hm® and the difference between "5113 - H

.
298.15
or ru e, ¢) an »
for T10,(rutile, ¢) and T10,(1)

Heat Capacity and Entropy.

The heat capacity of Tioaﬁl} is estimated on the basis of 7.0 gibbs/g-atom. The value of s;sa 1s obtalned in a
manner analogous to that of the heat of formetion.

Melting Data.

The melting point of Tloz(rutlle} has been measured by many investigators. Eleven pertinent Tm values were
reviewed and corrected, according to the International Temperasture Scale of 1948, by S. J. Schneider, Natl. Bur. Std.
Monograph 68, October 10, 1963. The adopted melting point is obtained from 0. Brauer and W. Littke, J. Inorg. Nuel.
Chem. 16, &7 (1960). These authors found that 1102 loses oxygen on heating and the so0lid residue consists of a non-
stolchiometrie compound of the composition Tiog_x- The value of the coefficlent x depends on the temperature and on
the oxygen pressure of the gaseous phese. Under oxygen pressures greater than or equal to 300 torr, the solid resldue
wag Tloz-ﬂoo within the sensltivity of chemlcal anslysis; however, color of the residue was & more gensitive indlcator
of composition. At pressures of E00 torr or greater, the residue was bright yellow rather than blue-gray and the
melting point was constant at the maximum value of 2143 + 15°K. This value is adopted.

The heat of melting is calculated using an estimated entropy of melting, ASm® = 2.5 eu/g-atom.

0,Ti



rconium Dioxide (ZrOz)

rystal) Mol. Wt. =

123.2188

=l mole  deg, '———

— keal. mole "—-—-—\

T, *K. 5%  —(F"-Hi)/T H*-His AH} AF] Log Ky
a «0u0 «UU0  INFINITE = Z2.001 - 260999 = 260,49y INFINITE
100 44520 2+268 21604 = 1.934 = 261767 = 2574504 562.748
200 10.224 Ta301 13173 = 1.174 = 262.210 - 253.u34 2764490
298 13.430 124036 124036 = «000 - 262.300 = 24B.502 182.148
300 13.647 12«119 12+036 «025 - 262299 = 24Ba416 180962
400 15.260 16268 12.590 laa7l - 2624199 = 243.B02 133.201
500 164196 19.782 13.686 3,048 = 262.024 = 239.221 104558
600 16.787 22.791 14959 4e 699 - 261.832 = 234.678 B5.477
700 17.214 254412 16+269 6,400 = 261.634 - 230.168 71.858
80O 17.555 27.733 17560 8,139 = 261.431 = 225.6B7 6le652
900 17,845 29.818 1B.808 9.909 - 261.220 = 221.231 53.720
1000 184104 31.712 20.005 11.707 = 261.003 = 216.798 47.379
1100 18.342 334649 21s14% 13.529 = 260.790 = 2124390 424196
1200 18.567 35,054 22.242 15,375 = 261.530 = 207.950 37.871
1300 18.781 6549 23.286 17.2442 = 261.294 = 203.496 344209
1400 18,989 37948 244284 16,131 - 261.051 = 199.059 31.073
1500 17.800 40206 25+253 22.430 = 2594411 = 194.661 28.361
1600 17800 414355 26+224 24,210 - 259.303 < 1804347 25.999
1700 17.800 42434 27+146 25,990 = 259.208 = 1864040 234916
1800 17,800 43.45] 2840124 27,770 = 259.126 - 181.737 22.065
1900 17.800 Ghatla 2BeAR1 29.5%0 = 259.057 ~ 177.441 204409
2000 17.800 45.327 29.662 31.230 = 259.001 = 173.149 18.920
2100 17.800 46.195 30429 33,110 - 258,956 = 168.856 17.572
2200 17.800 4TaU23 31.164 34,890 - 263.828 = 164.402 164331
2300 17.800 47814 31.871 36,670 - 263.814 - 150.882 15.192
2400 17.8u00 484572 37551 3B.450 = 263.8BU6 = 155362 laa147
2500 17.800 49299 33.207 40,230 = 263.8BU4 = 1504847 13.1886
2600 17.890 49.997 33839 42.010 = 263.806 - lad.328 12.299
2700 17.800 50669 3hes50 43,790 - 263.814 = lal.B10 1l.478
514316 35.041 45,570 = 263.827 - 137.290 10.715

51aG41 35+613 472350 263.845 = 132.768 10.008

EFIETYN ELES LA 48,130 = 263.868 = 128247 Yeda2

3100 17.800 53.128 36.705 50.910 - 2634895 = 123.729 BaT22
3200 17.800 53,693 3T227 52,690 = 263.927 = 119.207 Baeltl
3300 17.800 Shelb0 37735 54,470 = 263,963 = ll4.0681 Ta595
3400 17,800 S4.772 AB.228 564250 - 2644004 = 110.158 T«081
3500 17.800 55288 38.708 58.030 = 264,048 = 105635 Be596
3600 17.800 55.789 39.176 59.810 - 264.098 - 10l1.106 6.138
3700 17«8V0 56.277 39.631 514590 = 2644148 = 96579 5.704
800 17.800 56.752 40=075 63,370 = 2644203 = 92.048 5.294
1900 17.800 574218 40509 65,150 - 2644261 - B7.517 42904
000 17.800 5T.865 40.932 564930 - 2644323 = B2.987 Ge534

0,Zr

ZICONIUM DIOXIDE (z:-az) { CRYSTAL) MOL. WT. = 123.2188
sy o = -261.0 + 0.4 keal. mole™t
-1
S -1 - -
S305.15 = [12.036 + 0.08] cal. deg.™ mole Oy pgg.15 = -262.3 # 0.4 keal. mole
-1
T, = 1478 * 5°K. &y = 1.42 + 0.1 keal. mole
-1
s o ® = [20.8] keal. mole
T, = 2950°K. A

Heat of Formation.

-1
=1 = -261.5 + 0.2 kcal. mole
The 8H} pgq.1 = -262.3 + Oud keal. mole™ 13 the sverage value of the &Hg ,9n 5 1.

and AH® s ™ -263.1 + 0.5 kecal. mole -1 measured (by combustion ca]orimetry] by G. L. Humphrey, J. Am. Chem.
Socs ﬁ,zggélhsm) and E. J. Huber, Jr., E. L. Head end C. E. Holley, Jr., J. Phys. Chem. £8, 3040 (1964) respec-

1n
Also the heat of formation was measured calorimetrically by B. Meumenn, C. Kroger and H. Kunz, 2. anorg.
. Bbrger, and H. Siemonsen, ibid., 233, 321 (1938) and by A. Sleverts,
-258.8 and -256.1 kcal. mole” -1 respectively.

tively.
Chem. 218, 379 (1934), by W. A. Roth,
A. Gotta end S. Halberstadt, 1ibid., 18'-' 155 (1830) and was found -258.2,

However more welght was given to the Humphrey and Huber values.

Heat Capacity &nd Entropy.
The low temperature heat capacitles,54. 3-295°K.,were measured by K. K. Kelley, Ind. Eng. Chem. 36, 377 (1944).
The heat capacitlies in the temperature range 298-14768°K. were caleculated by using the J. P. Coughlin and E. G. King
= 16.64 + 1.80 X 10 3‘1‘ - 5.36 X 105 T~% obtained from their measured enthalpy data in the range 396.8 -
The values from the two sources join smoothly at 298°K. Above the
T deg- 1; Coughlin and. K.lng, loec. cit.
5) 5{513 + E(-—T— glven by

equation C
1841°K., J. Am. Chem. Soc. 72, 2262 (1950).
transition 1478°K. the heat capacihy was teken 8s constant at 17.80 cal. mole”
The entropy was celculated at 54. 30" using the Debye and Einstein function D(

-1 -1
Kelley,loc. cit. The value of 854.5 = 0.5507 cal. deg. ~ mole ~.

Transition Data.

T, and L\ll; were taken from Coughlin and King loc. cit.

Melting Data.
The T_ and Al(; were taken from Matl. Bur. Standards Cire. 500 Washington (1952).
m

0,2r



Sulfur

Trioxide (803)

(ldeal Gas) Mal., ¥t. = 80.0622
(..-__—._.—..ul. -uh"'“."—ﬂ—'—-\ A keal, mh‘l——
. .

T, K. c3 8 ~(F'-Hi) /T H'-Hiy  AHj AF} Log Kp
o ~000 -000 INFINITE 2.796 = 93.220 - 93.220 INFINITE
100 8.145 50.733 704715 14998 = 93.656 - 92.205 201508
200 104119 564920 62390 1,004 - 94,165 = 90.555 98940
298 12.108 6la3as 6le34k L000 =~ 94.590 - BB.689 65,007
300 12,142 61419 61.345 «022 94:597 - 88,652 644580
400 13.784 655146 61e842 14322 - 95.463 = 864597 474312
500 154082 68,367 62832 2.T68 = 96.052 - 84,310 36,850
600 164075 T1.209 63.996 4.328 =~ 98.481 - B81.919 29.837
700 164824 734746 654211 5,975 =~ 96.801 = T79.44l 244801
800 174391 T6.U31 664423 7.687 = 110.111 = 78,213 21.388
900 17.823 T8.10% 67807 Vo448 = 110,009 = T4.230 18.025
1000 184157 80,001 68.753 11.248 =~ 109.891 =~ 70.260 15,454
1100 184419 BlaT45 69:856 13.077 = 109.763 = 66.306 13.173
1200 184628 83,357 104915 16,930 = 109.626 = 62.360 11.357
1300 18.796 B4.B55 71.930 16,802 = 109,485 = S58.426 9,822
1400 18,533 864293 72+904 18,688 ~ 100,341 = 54.504 84508
1500 194046 874583 73.838 20,587 - 109,197 = 50,593 7.371
1600 19180 BR«T9S ThaT3s 224497 - 109.051 ~ 46589 6.377
1700 19,219 89,958 754596 24,415 = 108,905 - 42.7%6 54502
1800 19.286 91.058 T8e475 26,340 - 108.763 = 38.911 4726
1900 19344 92.103 77223 284272 = 1084624 = 35.u34 4030
2000 194393 93.U96 774992 30.200 - 108.488 - 31.188 3.405
2100 194436 944084 784734 32,150 = 10B.356 - 2T.304 2.841
2200 19,474 94,949 79+451 34,096 = 108,230 = 23.447 2,329
2300 19+507 95.815 BO+143 364045 - 10B.108 = 19.598 1.882
2400 19,536 964646 BO814 37.997 - 107.992 = 15.748 1+434
2500 19,562 9Tekba 81.463 39,952 - 107.882 = 11.910 1.041
2600 19.585 9B8.212 82,093 41,900 = 10T.777 = 8.072 +678
2700 194605 98.951 82703 43,849 = 107.678 =  4.239 +343
280D 194623 99,604 83298 45,830 - 107.586 - 409 «032
2900 19.660 100353 83.873 47.793 = 107.500 3.419 +258
3000 194655  101.019 B4s433 49.TS8 =~ 107.421 Te2bte = *528
3100 19.669  101.664 84579 51,724 = 1074345 11,066 - - 780
3200 19,681  102.289 B85.510 53,602 ~ 107.278 144879 = 1.018
3300 19,692  102.895 864,028 55,660 = 107.214 184693 =  1.238
3400 19.702  103.483 8532 574630 = 107.158 229510 = 1e4a7
3500 19,TLZ  104.05& 87025 59.601 = 107.106 264319 = 1843
3600 19.721  104+609 874506 61.573 - 107.0%8 30,136 = 1.829
1700 19,729 105.150 87.975 63,545 = 107.018 33,945 - 2,005
1800 19.736 10%.678 BB.A2S 65,518 =~ 106.980 37,756 = 2.171
3900 19,743 106.189 88.883 67,492 =~ 106,947 41,559 - 2329
4000 19,749 106489 89.322 60,467 = 106,920 45,388 - 24479
4100 19.755  107.174 89751 Tle4a2 = 106489 49,179 - 2.821
4200 19761 1LDT«652 90.172 T3.418 - 108.878& 52.985 - 2.757
4300 19,766 1084117 90.584 75,304 =~ 106,859 55796 - 2.886
4400 19:770 1084572 90.988 770371 - 106848 6ULS96 - 3,010
4500 194775 109018  91.38% 79,348 = 106.839 bh.a08 - 3.128
4600 19,779 109.451 91,771 81,326 =~ 106.833 68.211 =  3.241
4700 19.783  109.876 92.152 83,306 = 1064831 T2.U16 - 3.349
4800 19,787  110.293 92.526 85,283 =~ 106,831 15.819 = 3,482
4900 19,790  110.701 924892 87.261 = 106.83a 79.621 = 3.351
5000 19,793 11l.101 93,253 80,241 = 1064840 83.423 - 3,646
5100 19,796  111.493 93.806 91.220 = 106,849 BT.234 - 3,738
5200 19,799 111.877 93,954 93,200 ~ 106.8%9 91,037 - 3.826
5300 19,802  112.254 94.206 95,180 =~ 106.871 94,850 = 3.011
5400 194805  112.62% 944832 97.160 = 106.886 98,646 =  3.992
5500 19,807  112.988 94,962 99.1a1 - 106.901 102,460 -  4.0T1
5800 19.809  113.345 95.287 101,122 - 1064921 1082263 =  hela7
4700 19,812  113.695% 95607 103,103 = 106.941 110.070 = 44220
5800 19.814  114.040 95922 105,084 = 108.962 113.882 -  4.201
5900 194816 114,379 964232 107.08% = 106.98% 117.882 = #3359
6000 194817 114.712 964537 199.087 = 1212498 — 4,425

107,009

Dec. 31, 1960; Sept. 30, 1965

0.3

SULFUR TRIOXIDE (s04) (IDEAL GAS) MOL. WT. = 80.0622

=1
Point OGroup Dy &y o = -93.22 # 0-17 keal. mole

1 - ~94.59 + 0.17 keal. mole™d

- 61.344 cal. mole™® deg.” A3 506 48

5398.15
Ground State Quantum Weight = 1

Vibraticnal Frequencies snd Degeneracles
AR em.

1068 (1)
435 (1)
139 (2)
s2g (2)

.
Bond Distancet S-0 = 1.43 A

Bond Angles 0-3-0 = 120 O =B

S114 6
Product of tne Moments of Inertia: I pI. = 1.0813 X 10 14 .3 ca.

Heat of Pormetion.

Heat of O
The heat of formation was calculsted from the reaction 502 + 1/2 0.a - 305 for which three sets of equilibrium
constants are available. A summary of the second and third law treatment of the data is given below.

2nd law 3rd law Dr:.nl; 1
Ref. Temp. Range Foints £H3 gg keal. wole™t 85 g keal. mole™ cal. mole - deg.
1 953~ 945°K 5 ~27.67 + 2.7 -23.608 3.7 % 2.9
2 801-1170°K 8 ~23.45 + G.1 -23.661 -0.8 * 041
5 B50-1001°K 11 ~22.74 + 0.8 -23.614 -1.5 + 0.8
B 801-1170"K 23+ -23.40 + 0.2 -25.638 -0.9 + 0.2

References

1. G. B. Taylor snd S. Lehner, Z. Physik. Chem. B3O. {1831).

2. M. Bodenstein and W. Pohl, Z. Electrochem. 11, 373 (1205},

5. A. F. Kapustinsky snd L. M. Shamoveky, Acts Physicochem. URSS 4, 791 (1936).

4. Combination of above references, with one point omitted due to fallure of a statistical teat.

The comblned set was adopted though 1t appesrs that the three sets are not in excellent sgreement, and the combi-
nation heavily favors Ref. 2. Although there is 8 definite trend in all the datas 1t cannot be consldered definitive
enough for use in the modification of the S0y functions.

Heat Capacity and Entropy.

The bond length end sngles were taken from the electron diffraction dats of K. J. Palmer, J. Am. Chem. Soc. 60,
2560 (1938). The vibrationsl frequencies were taken from the infrared studies of R. W. Lovejoy, J. H. Colwell, D. P.
Eggers and G- D. Halsey, J. Chea. Phya. 36, 612 (1962), which are in excellent accord with those of R« Bent and W. R.
Ladner, Spectrochim. Acte 19, 931 (1963) using different techniques. These values differ Trom the assignment used
by W. H. Stockmayer, @. M. Kavanagh and H. S. Mickley, J. Chem. Phys. 12, 408 (1944) in their analysis of the thermo-
dynamic properties of 50,.

E -39 2
The individusl moments of inertia were I =I, = 8.148 X 10 3% o cm.? and I, = 16.296 X 1077 g. cm.
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Ozone

(05)

(Ideal Gas) Mol. Wt. = 48.000
e call. mole™ deg. ' ———, ————keal. mole '

T, *K. §*  ~(F-Hi)/T H*-N}y AH} AF} Log Kp
0 .'Mj; INFINITE g;.;;; INE%NETE

100 _JSIAT . k] Le %
200 5,179 . 3NaN Hte
298 9,37¢ 57,080 38,997 = 28,585
100 ¥, ang 57,138 57,080 W07 39,028 = 28,430
400 19855 59,992 ST, 462 1012 40,688 = 22,227
530 11.796 42,819 se 217 2.10¢ 42,351 = 18,511
400 11,918 .ll.slo 59,097 3,283 48,015 = 16,032
700 14,389 Ak, 409 A0 011 4,479 45,672 = 14,259
800 12,70 AHLO83 an, 917 5,733 a7,321 = 12,927
00 12.%58 69,595 4y, 709 r.o17 4A,963 = 11,889
1000 14.1%1 L8711 LE 1] 4,121 50,599 = 11,058
1100 11.303 T2.232 LETY LE] LT 524227 = 10.378
1200 14,428 73,395 40,243 10,983 53,650 = 9,807
1300 11,576 Ta,aly LELLLY 12.330 55,868 = 9,324
1400 14.811 to,aTy 68,702 13,687 34,535 57,080 = 8,910
1500 14.0R2 Ta, 820 64, 388 15,052 38,593 58,688 - B 550
1600 13,703 77,395 Af,0a1 16,423 38,649 60,293 = 8,235
1700 1798 Th.qaU 17+800 314,703 b1.895 = 1.957
1600 P3.843 74, 930 19,182 34,751 63,492 = T,709
1900 la.38% TP .nA0 20549 38,79% s3.088 = T+%88
2000 14,922 AD,I¥3 21,959 34,83% 46,680 = 7,286
7100 13,957 Ap,073 40 953 23,353 34,872 48,272 = 7,105
2200 14,908 Ay, 723 LU YE] 26,750 14,901 69,861 = 6,980
2300 e, 007 47,345 o 9rs 26,150 34,927 71,889 = 6,789
28400 18,08% LY CTEY 71,862 27,554 14,948 73,039 = 6,651
2500 18,070 A3.8516 71,933 28,959 34,961 Ta.623 = 6.%523
2600 14,098 Ab,0AY 72,389 in, 388 14,972 To,211 = 6,406
2700 4,117 LY R 72,831 31,778 348,975 17,797 = 5,297
2800 19,13% AS, 119 73,261 33,191 30,973 79,383 = 6,196
2900 T4, A0 A% 611 Ta,al8 38,604 34,966 80,971 = 6,102
3000 19,180 A6,092 74,084 34,023 34,958 82,557 = 6,014
3100 149,199 ng, 557 To, 479 37,042 34,937 Ba,185 = 5,932
3200 14,218 A7.00H O Asd JE.943 la. 015 85,731 = 5.855
3300 fu,21h AT 044 75,238 80,285 34, RE9 87,318 = 5,783
1900 16,254 AT, 871 75,604 81,710 1a, 857 BB,908 = 5,715
1500 14,272 LLILE 75,960 43,138 38,822 0,896 = 5,651
3600 1,298 AR 6RT TA, 308 44,5648 34,783 vz.,090 = 5,590
3700 18,305 A9 ,.079 Th K88 as,994 3a,7a0 93,882 = 5,533
00 1e. 321 B, 460 Th, 980 af 879 34.698 95,278 = 5.47%
3900 18,337 A9 B33 77,305 4f A58 14,645 96,869 = 5,828
1900 14,353 90,198 77,423 50,291 15,591 98,468 = 5,389
8100 14, 34Y 90,550 TT.934 51,729 34,535 100,068 = 5,334
8200 14,384 90, ,A9¢ TH, 238 53,166 34,477 101,861 = 5,290
8300 16,199 91,235 TH, 538 54,605 3a,818 103,266 = 5,248
4400 Jaanila FranhT TA,829 S56.0a6 184352 104,864 = 5,208
8500 14,429 91,89 19 116 57 488 34,287 106,668 = 5,171
4600 14,0408 7,708 T9, 397 58,932 38,220 108,078 = 5,135
4700 14,458 #2519 TV .6T3 60,377 34,150 109,682 = 5,100
2800 lu,aT3 92,823 79,983 61,824 34,080 111,291 = 5,067
4900 14,4887 93,122 AN, 209 63,272 34,009 112,898 = 5,035
5000 14,501 93,415 an afy 64,721 11,935 114,508 = 5.00%
5100 Taa5ls 93,702 AN, 727 664172 334861 116,121 =  #AITE
5200 14,529 93,908 80,979 67,424 33,788 117,730 = g,9a8
5300 18,343 o8, 281 Ay, 72T 69,078 33,711 119,352 =  a,921
5400 18,557 94,533 Ry aly 70,533 33,635 120,962 =  a,89%
5500 14,571 92,800 a1,711 71,989 31,559 122,585 = 4,87
5600 14,585 95,0863 Ay 987 73,887 33,48} 124,200 =  &,Ba7
5700 19.59A 95,321 A2, 180 748,906 33,404 125,818 = 4,828
5800 14,612 95,575 A7, 408 Th, 366 33,327 127,887 = 4,802
5900 14,675 95.A75 A7 .63 77,824 13,250 129,067 = a,7M1
4000 18,519 98,071 LFICETY 79,292 33.173 130,695 = 4,780

June 30, 1961

0ZONE (0y) (IDEAL GAS) MOL:. WT. = 48.000
B3 = 34.8 4 0.4 keal. mole”} BH2 seg.15 = 3442 + 0.4 keal, mole™
Point Group Cpy S5gg.15 = S7-080 cal. deg."! more~?

brational Levels and Multiplicities

wlm'l

1110 (1)
705 (1)
1043 (1)
Ground state multiplicity = 1
No O(, svailable O=2
=1 =1 =1
Rotational constants: Aooo ™ 3.55381 cm. Booo ™ 0.44530 cm. Co00 = 0.39477 em.
x’ll - =38 om."1 xSS - =de0 cl."l x,aa - -3.5 em."t
1 =1 1

Xpp = -3.5 cam. Xyp = -2-0 cm. Xyy = =80 em.”

Heat of Pormation

P. ollnther, E. Wessmuth, and L. A. Schryver, Z. phys. Chem. 158, 297 (1532), measured AE for the reaction
05(g) = 3/2 0,(g) in a celorimeter calibrated my means of the reaction colg) + 1/2 oztg) ~ C0,{g), and found
the ratio of the AE values for these reactions to be 0.5077 + 0.0024. The temperature of the experiments is not
reported and is assumed to have been 18°C. FProm the above ratio, m‘r 298.15 18 calculated to be 33.89 + 0.36
csl. mole~>. A. Kailan and S. Jahn, Z. snorg. Chem. 68, 243 (1510), measured AH at an unspecified temperature
for the reaction 05{5} - 3/2 oels] in an electrically calibrated calorimeter. If the temperature of the ex-
periments is assumed to have been 18°C and the modern joule-calorie conversion factor is used, M‘:. 208,15 18
found to be 34.3 + 0.6 keal. nuze'l. Variability in the Oy content of the feed gas is allowed for in the uncer-
tainty. The value sdopted here is 34.2 + 0.4 keal. mole™t.

Heat Capacity and Entropy

J+ S. Oordon, privete communication, April, 1961, has calculated the thermodynamic functions from 298.15° to
6000°K by the method of R. E. Pennington and K. A. Kobe, J. Chem. Phys. 22, 1442 (1954), which takes vibration-
rotation interaction and anharmonicity into account. Gordon's data sre from L. Plerce, J. Chem. Fhys. 24, 13%
(1956). The functions below 288.15°K have been calculated for a rigidly rotating harmonlc oselllator.



Lead Metzsilicate (PbSiOs)

Oapri
(Crystal) Mol. Wt. = 283.2742 ke i A i oD
CR’ W&
LEAD METASILICATE {Pb8105]
———¢al. moleMeg. ' ————  ———keal, mole™ ——— &
T, °K. < 8"  =(F"-H3u)/T H"-Hiy  AH} AF] Log Kp &M} o = -272.01 % 1 keal. mole
-1
° .000 4000 INFINITE ~— 3,876 - 2724011 = 272,011  INFINITE s: - 26.275 + 0.3 cal. deg. > mole™ BHY 50g,15 = -273:66 £ 1 keal. mole

100 10.680 B4883 62363 = 3,348 = 273.030 - 266.727 582.904 298.15 -

200 174343 184523  ?Ba116 = 1.919 = 273.514 - 2604197 2844316 "

298 214520 260273 264273 $000 = 2734660 - 253,820 185.900 T, = 1037°K.

300 214590 264406 264274 $040 = 273.661 = 253,496 1844663

400 244580 33,048 274159 24355 = 273,572 = 2464782 134,829

500 26,760 8. 778 28.922 4.927 - 273,320 - 240,112 104,948

s 80 Heat of Formation. o i

600 28.380 43,806 104002 7.688 - 272,954 = 233,503 85,049 e - . K. Kelle . 5. Bureau f

700 294500 482269 33,148 100585 - 273.684 - 2264770 104797 The heat of the reaction FbO(. 4y + 510, Pb5104(c) was reported by K Km e Msf.b e xen T theriade

aoo 304250 52260 35292 134574 - 273.21% = 220101 60.126 t T stigation 5901 (1962). Thie value for the heat of reaction of the oxides haa bee R

900 30.780  55.855  37.180 16,627 = 272,711 = 213491 51.840 Report: inve wole) (March 31, 1962) anu for S10(c) (Dec. 51, 1962). The above AHS ,q 15 =

1000 31,150 59,118 394393 19,724 = 272.185 = 206.938 454224 of formation using JANAF velues for PbOic £ 2

1100 31.440 62,101  41.324 22854 - 271,645 - 200,441 39,822 =5.78 & 0-12 koale mole ™

1200 31,690  BABAT  43.171 26,011 - 271.089 - 193,991 35,320

1300 31,890 674392  44.938 29.160 - 270.523 - 187.589 314535

1400 32,080  69.762  46e627 32,389 - 2604952 = 181.232 28,290

1500 324270 714982  4Bu264 35,607 = 2694373 - 1744916 254484 Heat Capacity and Entropy. - g i 5. hm. Chem

termined b - G. King, J. Am. =

1600 32,420 74,070 49.794 38,841 - 2684797 = 168.635 23,033 In the low temperature region (53.25-288.16"K.) the Cp, vslues are those o e:1 s rorynhe constituent oxides

1700 32,550  T8.039  51.280 42,000 - 280,312 - 142.283 20.862 799-800 (1958). Above 298.15 C_ values were estimated by summing the value :

1800 32.690 77908 52708 45.352 - 279,690 - 155.361 18.863 Soc. 81, B avime o Lom AR . ne entropy was calculated at 53.25°K. using

1900 32.T80 T9.6T4 S4a.081 Bab626 = 279.070 - l&B.472 17.077 and aphically smoo B Vo " o . 81, 799-

2000 32.850 814357  55.403 51,907 - 278,454 - 14l.614 15.474 i ibw and Einstein functions D(l%o.] + 5{-2%3) + m(égi] + g{l,‘ri'l] given by E. G. King, J. Am. Chem. Soc. 81,

. - -1
800 (1958). The S5z pg = 3-662 cal. deg. — mole ™.

Melting Data.

T was teken from Geller, Creamer and Bunting, J. Research Matl. Buresu of Standards, 13, 237 (1934).
m

June 30, 1965 OSPbSI




Lead (Pb)
(Reference State) At. Wt. = 207.21

LEAD (PD) (REFERENCE STATE) . WT. 7
——~cal. mole”'deg. ™ N 7 keal. mole . & AT. WT. = 207.21
T, *K. [ 8%  =(F'-Hig)/T H*-Hiy AH AF} Log Kp
0 LO0U L0000 IAFINITE = 1,848 +000 000 000 0® to .58° Crys
100 S.838 R,H03 21,013 = 1.221 «000 :DDO «000 800 % tal
200 6,183 12,972 14,0862 = ,818 000 000 J000
298 6,014 15,684 15,488 L000 L000 L000 ,000 800.58" to 2026°K Liquid
300 6,418 15,524 15,484 012 +000 <000 «000 - M
a00 5,626 17,399 15,738 V568 1000 4000 4000 £0287 %o 8000°K Ideal Monatomic as
500 5,823 18,898 14,225 1.337 J000 000 000
600 12028 20,157 16,778 2,027 £000 000 L000
700 7,250 23,180 17,613 3,897 000 L00D L000
800 7.17a 24,143 18,371 4.618 . 000 .000 .000 See crystal, liquid, and ideal monatomic gas for details.
900 1098 24,984 19,080 5¢332 000 J000 +000
1000 7,026 ?5.728 19,650 6,038 000 000 000
1308 5.953 25.3%4 20,270 &,737 200 LS80 002
1200 o, B8R0 26,996 20,806 7,428 L000 L000 Loo00
1300 5,888 27,545 21,303 8,118 000 L000 000
1400 5,881 28,052 21,747 8,799 000 000 000
1500 6,653 28,52% 22,202 9,883 000 000 000
1600 baHAL 78.948 22,812 10.170 000 000 <000
1roo B.918 29,348 22,99 10,859 000 000 000
1800 0,957 29,782 231,364 11,553 L000 Looo L000
1900 [LF 10,159 23,712 12,251 J000 4000 J000
2000 7,050 30,520 78,043 12,938 L000 L000 000
2100 0,098 51,619 25,099 56,112 000 Jooo 000
2200 8,301 S7.107 26,320 56,732 +000 L+ 000 000
2300 Be518 52,392 27 aa7 57,373 000 000 o0
2400 S AT 52,474 2m,893 58,035 +000 L000 +000
2500 5.951 52,953 29,465 58,720 000 000 000
2600 f.18% 53,230 . 37a 59,828 000 000 000
2700 1,372 11,726 60,152 L000 000 .000
2800 1.5 32,026 60,900 000 L0006 000
2900 17548 32,781 61,866 J000 000 000
1000 7.978 58,311 33,498 62,450 +000 «000 +000
3100 0,082 58,573 38,170 63,250 L000 L000 000
3200 8,221 54,832 38,812 64,068 000 000 000
3300 0,345 55,047 35,422 54,894 L000 J000 000
3400 0,851 55,330 16,004 45,734 »000 L0000 W00
3509 8.56¢ 55,504 36,560 66,584 L000 000 000
3600 8,616 55,820 ir, 092 67,482 J000 000 L000
3700 8. 4675 SE.043 3r.601 88,307 +000 000 L000
800 0,720 56,295 38,090 a6%,1T6 000 000 000
%00 6,752 56,522 38,560 70,050 L000 Jo00 L000
s000 o,772 56,783 9,012 70,928 J000 000 L000
4100 o, TR 54,9460 19,847 71,808 L000 L0000 L0000
4200 8, AU 57,172 ELITTY 72,682 J000 Jooo T
4300 o.I7U 57,378 40,27y 73.560 +000 000 000
2800 0,753 57,540 an, 682 74,836 J000 J000 000
as00 a. T30 7,778 a1.na1 78,310 .an «000 «000
2500 8,101 57,968 41,806 768,182 000 000 000
4700 BahAT 58,154 a1,761 77,050 J000 L000 J000
2800 °.,A30 58,337 22,108 77,915 000 000 000
4900 5:590 58:518 42,837 78,774 +000 000 000
5000 8,509 SR,687 47,781 79,433 000 J000 000
5100 8,506 58,856 43,075 80,486 o0 000 000
5200 8,062 59,021 43,380 81,338 000 000 L000
5300 0,819 59,182 43,670 82,178 000 LUo00 000
5800 8,377 59,339 83,965 83,018 .000 000 L000
5500 8,335 59,492 48,246 83,854 W00 000 000
S800 da 270 SY.8a2 48,51% Ba.68% « 000 000 «000
5700 0,258 59,788 aq,THs 85,513 000 000 000
800 8.273 59,932 45,088 Ab,337 «000 000 000
5500 8.191 40,072 45,299 87,158 000 ,000 000
4000 8,183 A0, 209 a5, %47 BT,97% L000 L0000 L000
March 31, 1862




Ty

(Crystal) At. Wt. = 207.21

T, 'K

————cal. mole deg. ' ————,  ———keal. mole '———

Marci 31, 1962

c §*  —(F-Hi)/T H*-Hig AH}
L000 INFINITE = 1,484 .000
51838 8.803 21,013 = 1.221 1000
5,183 12,972 16,062 =  ,618 ,000
.41 15,888 15,884 L1000 +000
6,816 15,528 15,488 012 000
0,626 17,399 15,738 668 .000
s.A21 18,898 18,225 1.337 -000
20,157 16,778 2021 »000
B o S PR 271" e
T.a91 22,282 17,893 A T T
r.723 23,137 18,827 4,239 - 1,003
1,956 23,963 18,940 5,023 - 1.015
- 906
L1B9 2a,T32 19,332 5,831 .
alaz2 25,455 19,908 siee1 - LTer
6,654 26,138 20,357 TiS1s - 599
s, BB 26,788 20,794 8,392 = .8
w120 2r.809 21,218 9.292 = 191

AF;

Log Kp

INFINITE
,000
000
000

«000
.000
. 000

LEAD (Pb) (CRYSTAL) AT. WT. = 207.21

fig, =0 SHp 298,15 = 0

B3 500,15 = 46.75 + 0.13 keal. mole~) 8308.15 = 15.484 cal. deg.”) more~l

T, = 600.58 + 0.00°K &Y = 1.141 keal. mole™)

Heat of Formation.

Zero by definition.

Heat Capacity end Entropy.

Heat capacity measurements have been reported by M. Horowitz, A.
(1°® to 4°, 14° to 21", and 64° to 77°K.), Phys. Rev. 88, 1182 (1952); P. P. Meads, W. R. Forsythe and W. P.
Olauque, (15 to 300°K.), J. Am. Chem. Soc. 53, 1902 (1941)5 T- B. Douglas and J. L. Dever, (298.16° to 1200°K.),

J+ Am. Chem. Soc. 76, 4824 (1954), and many others whose work is listed by K. K. Kelley, U. S. Bur. Mines Bull.
584 (1980).

A. S11vidi, 3. P. Malaker and J. g. Daunt,

Heat capacities from 15° to 300° and 1° to 4°K. (4n superconducting state) were taken from Meads, Foraythe,
and Gliauque, and Horowitz, Silvidi, Melaker, and Daunt, respectively. The missing data below the melting point

were obtained by graphieal extrapolation and Joined smoothly to data of Douglae and Dever on approaching the
melting point.

Melting.

The melting point of pure Pb(c) was found by E. H. McLaren and E.

G. Mardock, Can. J. Phys. 38, 577 (1980)
to be 327.426 + 0.002°C. &H, given by Douglas and Dever, loc. cit.

Heat of Sublimation.

NI: 298,15 W48 derived from third law snalysis of the vapor pressure data of W.
J. Ams Chem. Soc. 47, 1036 (1925) and Phys. Rev. 26, 851 (1925)p A. ¢. G-
469 (1923); P. Harteck, Z. physik. Chem. 134, 1 (1928); a. T.
611 (1961); E. Baur and R. Brunner, Helv. Chim. Acta. 17, 958 (1834), and J. Plecher, Z. snorg. Chem. 219, 1,

387 (1934), which are in good agreement. Most welght was given to the results of Rodebush and Dixon. Older
vapor pressure data of lower mccuracy have not been used.

H. Rodebush and A. L. Dixon,
Egerton, Proc. Roy. Soc. (Londen) A103,
Aldsed and J. N. Pratt, Trans. Faraday Soc. 57,

Pb

Pb



Leaa \FD)
(Liquid) At. Wt. = 207.21
———cal. moleMdeg.'—————  ,————keal. mole ' ———
T, 'K. c §*  —(F*-Hie)/T H*-H3  AH} AF} Log Kp
0
100
200
298 6,414 17,141 17,181 000
o0 6,818 17,181 17,181 012
200 T.ato 19,096 17,395 e
500 1,398 20,715 17,900 1,807
600 7,322 ___. 22,036 ___18,885 _____ R.181 2001
T N v LT T 1 19077 2 871 000 o000 560
800 ret7a 2a,182 19,651 3.592 .000 .000 «000
00 f,N%8 28,982 20,198 4,306 .000 1000 ,000
1000 (078 25,776 20,714 5.012 .000 .000 . 000
1100 6,953 26,393 21,201 S5.T11 .000 .000 .000
1200 o, RRO 26,994 21,859 4,803 . 000 .000 .000
1300 b, Hab 27,588 22,091 T.089 .000 .000 000
1800 6,881 28,051 22,898 7,773 .000 .000 .000
1500 6,953 24,523 22,885 8,458 .000 .000 000
1600 5,880 28,960 23,251 9,148 .000 .000 +000
1700 6,916 79,38 23.599 9.A38 .000 .000 «000
1800 6,957 29,780 23,932 10,527 .000 .000 000
1900 r.o02 30,158 24,250 11,225 .000 .000' 000
10,518 74,554 11,928 .000 .000 .000
2400 70100 30,863 pa.Bal 12,635 = 42.852  [.555 = 162
2200 1,151 31,195 25,128 13,348 = 42,359 3,648 = J82
2300 fa202 31.514 29,398 1a.066 = 42.282 5,737 = +58%5
2200 7,253 31.821 25,660 18,788 = 42,222 7.828 = LT12
2500 7.303 12,119 25,912 15,516 = 42,179 9,907 = L8686
2600 7,352 12,406 26,156 16,249 = 42,152 11,991 = 1,008
2700 780U 12,684 76,393 16,986 = 42,181 14,073 = 1.139
2800 7,450 32,9%4 26,623 17.729 = a2,148 16,158 = 1,284
2900 7,899 .27 26,885 18,876 = A42.185 18,238 = 1,374
3000 7.548 13,872 27,082 19,229 = 82,198 20,322 = 1,480

March 31, 1962

LEAD (Pb) (LIQUID)

By 548 15 = [1.025] keal. mole™
T, = 600.58 + 0.00°K

Ty = 2026°K

Heat of Formation.

Obtained from AHZ.

Heet Capacity and Extrapolation.

Heat capacity from T, te 1200°K taken from T. B. Douglas and J. L. Dever, J. Am. Chem. Soc
cp valueas below T, 8nd above 1200°K were extrapolated, a glass transition being assumed at 400°K.

Entropy.
Calculated from that of crystal.

Vaporization Phenomens.
Ty, and AHY ealculated from AH®

o At that
(g appears below the boliling point the amount of "’2(3) in the vapor 1s

AT- WT. = 207.21

Sém_ls = [17.141) cal. deg.”} mo1e~!
BHT = 1.141 keal- mole~!

&R}, = 42.53 4 0.13 keal. mole~}

76, 4824 (1954).

s 298.15 8nd functions for condensed and gaseous states.
From the vapor pressure, the free energy functions of Pb(g) and Pb,(g), and the

dissociation energy of Pb,
negligible.

Pb

Pb



ead (Pb)
Ideal Gas) At. Wt. = 207.21
=l mole Mdeg. '—————  ——keal. nuﬁc"———.\
T, "K. c; §°  ~(F°-H3)/T H°-Hl AH} AF; Log Kp
0 L00U W000 INFINITE = 1,481 46,910  INFINITE
100 4,948 36,063 46,307 =  ,98g 48,218 = 96,633
200 4,948 39,907 42,345 = 488 41,890 = 45,337
298 , TRH ay,890 4], A0 L000 38,878 = 28,092
300 4,948 &81,921 ay,890 009 46,704 38,825 = 28,281
4on 4. 968 134350 42.08% +508 46,569 36,209 = 19,782
500 4,948 aa, 659 42,853 1,003 4A, 813 33,832 = 14,700
600 4,968 a5, 365 4z 865 1,500 46,220 31,095 = 31,326
700 u, 984 46,130 43,278 1,994 WL 28,781 = B,9B5
B00 w9469 A, 798 a3, &7r 2493 aa, 622 26,502 = r,2a0
900 W, 972 47,379 46,057 2,990 44,805 28,250 = 5,888
1000 L. 97h 07,903 48,8164 J.ah8 a4,197 22.027 = 4,813
1100 w997 aB.3re 44,759 3. 9588 23,9986 19,813 = 3,938
1200 2,017 af A1y a5, 075 8,887 43,808 17,628 = 3,210
1300 5,054 a9,217 45,378 a,990 83,623 15,450 = 2,597
1400 5,113 49,594 45, 688 5,499 43,847 13,288 = 2.07a
1500 5.1%1 a4y, yay 45,940 6,014 43,27 11,182 = 1,623
1600 3,290 50,287 a6, 201 6,531 &3,1148 9,008 = 1.230
1700 s.011 50,611 4k ,45) 7,073 42,960 6,877 = ML
1800 5.554 50,928 ah 89y T.620 a2, Ale 8,758 = .5TH
1900 5.710 51.229 a6, 922 B.1R8 42,680 2,687 = «304
2000 3,899 51,527 87,185 8,768 42,557 508 = ,059
2100 6.0% 51,819 af, 380 9,364 000 .000 000
2200 6,301 52,104 ar, 569 9,98, .0o0 -000 000
2300 e,5%10 52,1%2 ar Ti3 10,625 .000 -000 000
2400 6.734 52,470 &7,97) 11,287 .000 . 000 JQo0
2500 B, 951 52,9548 af. 185 11.971 .000 000 000
2600 7,169 53,230 a4, 355 12,477 . 000 .000 «000
2700 f.372 453,505 48,540 13,404 .000 .000 2000
2800 7.569 53,776 a4,722 18,151 L000 .000 -000
2900 754 54,045 ah, 80y 18,917 .000 .000 J000
jngo {1,978 54,311 a9 0r7 15,702 000 L0000 JU00
3100 o, ,0P2 54,574 a9, 250 16,502 000 ooo 000
izon ~.271 94,432 49,421 17.317 .000 00 J000
3300 5,485 55,087 4y, 589 18,1086 a0 .000 J000
Ja00 8,451 5,318 ad 754 18,986 000 000 000
1500 9,502 55,564 4y, 917 19,835 .000 .000 L000
600 ALAlD 55,428 S0, 078 20,693 . 000 000 000
aron LA 56,064 50,238 71,558 .000 -000 000
IR0V n, 20 Sh.2¥s 50,393 224078 .000 . 000 000
3%00 o, 752 54,522 S0, 54/ 23,302 000 0oo 000
a000 A, TT? S5h,Thg SN, b9 28,17h "000 000 000
4100 n, 781 S8 ,%n) 50,849 25,058 000 .000 000
8204 0. Ry LTSN 4] a0, 997 25,934 .000 000 000
4300 a fTu 57,374 51,143 26,812 .00 . 000 L000
4000 L] 57,580 S1.247 27T AdA .000 .000 4000
5500 ENA S7,714 51,429 78,567 .000 L1000 000
LT EP LY 57,964 51,569 29,834 .000 .000 L0000
a700 EPLLE 58,155 51,708 30,302 . 000 000 000
4600 8,610k SBH, 337 51,680 31,087 .000 .000 000
4900 0,59 SR ,514 51,978 32,024 . 000 000 000
5000 T ELIY TS S7.111 317,889 L000 000 ,000
5100 EPESl- SR, 858 Sde.pal 33.T2A L. 000 000 000
S200 5,4y 59,094 52,370 38,568 L 000 000 J000
5300 o,81% 59,1h2 52,697 i5.a30 000 000 000
Saun B, 37 59,339 52,622 36,270 000 000 000
5500 5,135 S9,497 S, Tas it.10s .000 . 000 000
Saul n,2%8 59,447 52, 088 ir,.ear 000 000 000
s70n Ge 250 B9, rHY 52,948 38,765 .000 L 000 « 000
5800 n,204 59,937 83,1086 39,589 .000 ao0g 000
5900 s.191 A OT2 53,273 ap.agg .goe i) 000
£000 6,143 40,210 53,334 41,227 L000 . 000 000

March 31, 1982

LEAD (Pb)

B3, = 46.91 4 0.13 keal. mole™!

Ground State Configuration

€ 1 cm."1

0.00
7,819.35
10,650.47
21,457.9%
29,466.81
34,959.9%
35,287.24
42,918.68
44,400.92
44,675.00
44,809.41
45,443.26

Heat of Formation.

The same as AH; 258.15

Heat Capacity and Entropy.

By

Lo R T R T PR L T

Electronic Levela and Multiplicities
€4 cm."1

46,152.76
48, 760.32
51,741.79
52,505.53
53,493.33
54,895.15
55,343, 74
56,716.24
57,520.36
58,403.73
59,321.54

8H3 595,15 = 46-75 + 0.13 keal. mole™

3598-15 = 41.890 cal. deg.”

15
1z
12
48

52

139
51

AT« WT. = 207.21

Pb

Electronie levels and multiplicities from C. E. Moore, Natl. Bur. Standards (U. $.) Clre. 487, vol. III (18558).

Pb



ead, Diatomic (Pbg)
Ideal Gas) Mol. Wt, = 414,42
eal. moledeg. ™! keal. mole !
— _— R
T.'K. S* - (F'-Hi)/T H'-H}y AH} AF} Log K,
o +000 «000 INFINITE = 80,397 80.397  INFINITE
100 T.T12 58,087 TheB40o - 8U.267 76,219 - 166,568
200 Ba545 630 Tha 68016 - T9.882 T2.322 = Tv.028
298 8.825 67+2186 6T=216 T9.500 6B.693 - 504351
100 8.828 67.270 874216 19.492 6B.626 - 49.991
400 B.964 69.830 67564 T9.079 B5.UB8 = 35,548
500 9,050 TleBa0 68225 TB.633 Bl.6ll - 26.929
400 9,115 T3. 496 68.970 78.162 58.252 - 21,217
T00 S.169 ThaGUS B9.720 T5.338 55,354 = 17,282
800 9.21%9 764133 T0.446 T4.813 524536 = 1l&s351
900 9,265 TTe222 Tle1l40 T44310 49.781 - 12.088
lo00 9.309 78.200 TlaTo8 Ti.826 47,082 - 10.289
1100 9.351 79.u89 72421 T13.361 44,430 - B,.827
1200 94393 79.90% T3.011 T2.917 41.821 =  T.61&
1300 FukId B0«658 T3.571 T2.686 39,247 - 64598
1400 9,475 81.359 764102 104159 72.061 36,705 - 5,730
1500 f,51% 82,014 Th 808 1l.109 Tlaba3 34,197 - 4,982
1600 9.555 82.629 754090 12.063 T1.223 31.713 = &.332
1700 D.595 83210 75551 13,020 Td.802 294,258 - 3.761
1800 9.635 B83.759 75992 13,982 TO«376 26.824 - 3.257
1900 0.674 84,281 T6.415 lb.947 69,945 24,415 - 2,808
2000 P.Tls B4.TT9 T6.820 15,916 69.508 22,031 - 24407
2100 9.753 85.254 TTe211 16,890 = 15.834 22,773 = 2.3T0
2200 9.793 as5.708 T77.587 17.867 = 16,097 24818 - 2a045
2300 9,832 86 lbs T7.949 LB.R4B = 16398 26.473 - 24515
2400 9.871 B6.564 TB+300 19,834 = l6.T38 28,346 - 24581
2%00 P.910 86967 TB.638 20.823 - 17.117 30.229 - 2,642
2600 9.949 872357 78966 41,816 - 1T7.536 32.132 - 2.701
2700 9,988 87733 79284 22.812 = 17.992 344051 - 24756
2800 10,027 88.097 79.592 £3.813 = 18B.487 15,987 - 2.809
2900 10,086 BB.&50 T9.892 24,818 = 19.U14 AT.943 - 2.859
3000 10,105 88.792 80.183 245,827 - 19.573 319.918 - 2.908
300 10. 144 B9.123 BO 456 26,839 - 20.1861 41.909 - 2e954
3200 10,183 B9. 448 804741 27.855 = 20.777 43,920 - 2.999
3300 10.222 B9.780 Bl.010 28,876 = 2le412 45,953 - 3.043
3400 10.261 90.066 Bl.272 29,900 = 22.068 48,006 - 3.086
3500 10,300 90,364 81.527 30,928 - 22,740 50,076 - 3,127
3600 104339 90.65% B81.777 31.960 = 23,424 5241867 - 3.167
3700 104378 90.938 BZ.021 324996 - 24.l18 544276 - 3,206
3800 104417 9l.216 B2.259 34,036 - 24.816 56406 - 3,240
3900 104456 91487 82492 35,079 = 25.521 584552 -  3.281
4000 10,495 9l.752 82.720 38,127 - 26,225 60.T1L = 3,317
4100 10,534 92.012 BZuhb 37.178 = 26,930 62.894 - 3.352
200 10,573 92.266 83.163 38,234 - 27.630 65,097 = 3.387
4300 104612 92.515 83.377 30,293 - 28.327 87,308 -~  3.421
4400 10,651 92.760 83.588 40.3%6 = 29.018 60.546 = 3,454
&500 10.690 92.999 B3.794 4laa23 = 29.897 71.790 - 3,486
4800 10,728 93.235 A3.097 B2.494 = 304,370 TheD55 - 3.518
4700 10.767 93,466 B&.196 43,569 - 31,031 764326 = 34549
4800 10,806 93.693 Bie39] bh.bel = 31,683 TB.626 -~ 3.580
4900 10,845 93.916 B4s584 “5.730 - 32.322 80,926 -~ 3.609
5000 10.884 94e138 B&.772 “6.816 - 32.950 83,242 =  3.638
5100 10.923 Phe352 84958 474907 = 33,565 B5.572 - 3.667
5200 104962 Qb 564 85.141 49,001 = 34,167 B87.918 = 3,895
5300 11.001 94773 85.321 50.099 - 34,757 90.274 - 3.722
5400 11,040 94,979 85.498 51,201 = 35,335 92,638 - 3,749
5300 11.078 95 1R2 a85.672 524307 = 35.901 95,008 - 3.775
5600 11,117 95.382 85.843 53,417 - 36,453 97,397 -  3.801
5700 114156 95.579 86.013 546,530 - 36,996 99,786 - 3,826
5800 11.195 Q5,774 B6.179 55,648 = A7.526 102.198 - 3,851
5900 11.234 95.96% B6.341 56.769 = 3B.UAT 104608 - 3.875
6000 114273 9be 154 B&.505 57.89% = 38.555 10T.026 =~ 3.898

Mar. 31, 1962; June 30, 1863; Sept. 30, 1963.

Pb

LEAD, DIATOMIC (Pb,) ( IDEAL GAS) MOL. WT. = 414.42

Ground State Configuration 1"2;] Hy o = BO.4 + 4.6 kcal. mole™?

S3oq.15 = [€7.216] cal. deg.™ mole™! B} pgg.15 = 795 + 4.6 keal. mole”!

Electronic Levels and Quantum Weight
-1
€ gr cE. 8

] (3]

me - 256.5 cm.”} mexe = 2.96 cm."! o =2

B, = [0.01727] cm.™? ol = [0.00020] cm.”! r, = [3.08] A

Heat of Formation.

Heat of formation was calculated from the dissociation energy of P‘hz(g] reported by A. G. Gaydon, "Dissociation
Energies," Chapman and Hall Ltd., London, 1953.

Heat Capacity and Entropy.

The values of f-\.}. and L) x, were obtalned from G. Herzberg, "Spectra of Diatomic Molecules," D. Van Mostrand
Company, Inc., New York, 1950. Those for Be and o&, were estimated according to the method suggested by G.
Herzberg, loc..cit. The bond distance (re] was calculated from the moment of inertia, I = 1630 X 10”0 g- en.z,
estimated by K. K. Kelley and E. G. King, U. S. Bur. Mines Bull. 592, 1961. The ground state configuration was
sssumed to be SE by comparison to that for S1,(g) reported by A. E. Douglas, Can. J. Phys. 33, 801 (1955).

Pb



Swuil fur (3

(Reference State) At. wt. = 32.064

SULFUR (3) (REFERENCE STATE) AT. WT. = 32,064
sl moleMeg. '———  ————keal. mole ' —
T, "K. 8% - (F*-H3)/T H*-Hjip AHG AF] Log Kp
- -
0 000 .000 INFINITE = 1.053 .000 4000 000 o b SERSATKS Crastaly Bhonbie
100 3.060 24965 11.855 =  .889 «000 «000 «000 .54° .56%
200 44639 5.627 Ba106 - 1496 000 000 2000 HEN-04" To 39030 K. | Crystals Nonoclinic
298 5401 7.631 Te431 0UY «000 «000 =000 388.36° to 717.75°K, Liquid
300 5,412 T.665 T.632 -0l0 =000 .000 =000 7.75*% £000°
400 ToT3% T0.574 7+901 1o +000 000 000 n L K. Tdedl dus,. Hatomis
s00 9.081 12.768 BsAT3 24047 «000 «0uu 000
600 84200 144333 2,504 «000 «00u 000 ta
b  71.709 154601 et ! 500 2300 See crystal, liquid and diatomic gas for details.
800 4. .
900 31.879 1%. &7
1000 4ehl8 324344 1B.s08 «000 <000 «0u0
1100 4,435 124765 18,851 -000 +000 +000
1200 44450 33,152 19,295 -0uQ -000 «000
1300 hahbl 33,509 19,740 »000 000 000
1400 hetTl 33,840 20,187 « 000 «000 000
1500 4480 RS EL S 204392 20,635 »000 2000 =000
1600 44488 344438 21+261 21.083 «00u «00U 2000
1700 4,495 34,710 22.044 21.532 »000 .000 00D
1800 44501 34,967 224755 21.982 +000 «000 «000
1900 44507 35.211 23+404 22.432 »UOD «000 «000
2000 44513 35,442 244000 22,883 «ULD «000 «000
2100 4.518 354662 244550 23,335 SUUL +000 =000
2200 44523 315.8713 25060 23.787 PTL: V] «00u «000
2300 4.528 36.074 254535 244240 T «0u0 =000
2400 4,532 364267 25.978 264,693 #1000 «000 +000
2500 44537 360452 264393 25,146 GO «0u0 «000
2600 4541 36.630 26784 25,600 »U00 +000 =000
2700 4a545 16.801 274151 264,054 000 «000 - 000
2800 4,549 16.966 274499 26,509 +000 £00U 000
2900 44553 37.126 27+R28 26.964 $U00 Luou .000
3000 44557 374281 28.141 27.420 »000 .000 «000
3100 44561 374430 284438 27.87% »UUD 000 +000
3200 44565 174575 28.721 28,332 «UU0 «000 +000
31300 44568 37.71% 28.092 28.788 + 000 «000 +000
3400 44572 37.852 29750 29,245 UL «000 000
3500 44575 37.984 29.498 29,703 «000 +000 +000
3600 4,579 38,113 29.735 30.160 T 000 <000
3700 4L.583 18.239 29.964 u.819 »UU0 LI «000
3800 44586 38361 30183 31.077 LOUD U000 =000
3900 4.590 38,480 30394 31.536 T 000 «000
4000 44593 3B.597 30.598 31.99% .000 «000 000
4100 44596 18.710 30.794 32,456 L0 «000 -000
4200 4.600 18,821 30.984 32,914 «0UD «000 «000
4300 44603 38.929 31.168 33,376 <000 «0U0 +000
4400 44607 19,035 31.345 33,835 000 U0 «000
4500 44610 19.139 31517 34,296 «000 « 000 «000
4600 4a613 39.240 3l.884 34,757 +0U0 «0u0 000
4700 44617 39,339 31.84€ 35,218 Wl +000 -000
4800 4620 39,436 32.002 35,680 FCTeT =000 +000
4900 4e624 39.532 32.156 36,142 000 »000 -000
5000 44627 39.625 32.304 36.605 000 -000 =000
5100 44630 39.717 324449 37.088 =000 «00u «000
5200 4eb633 39,807 32.589 37.531 V00 +000 -000
5300 44637 19,895 32.T2¢€ 37,994 «000 «000 «000
5400 44640 319.982 32.A60 38,458 «000 +000 +000
5500 habi3 40.067 32.990 38,922 «Ouo +000 000
560C 4ebh? 404151 13.117 39,387 000 2Uuo «000
5700 44650 404233 334241 39,852 =000 =000 +000
5800 44653 404314 33.383 40,317 «000 wouo +000
5900 4ab56 404393 33.481 40,782 » U0 ST <000
6000 4660 w0472 13.597 “le248 U] 20U «000
Dec. 31, 1960; Mar. 31, 1961; Dec. 31, 1965




ul fur (S)

Crystal ) At. Wt. = 32.064
suLFUR  (8) (CRYSTAL) AT. WT. = 32.084
. el moledeg. ' ————  ——keal. mole "' —————
.
T, 'K [ 8% (F'-Hipg)/T H'-Hiy AH} AF} LogKp 71
s = 0 keal. mole
£ 0
[ +000 «000 INFINITE = 14053 000 o
100 3,060 2.965  11.885 -  .889 +000 2000 pte S3ce.15 = 7+63 £ 0-5 cal. deg.” more™ ¢ zeas =0 ML o=
;32 Aab36 54622 BalDd =  oh89 2000 +000 «000
5,401 Te831 Te631 «000 «000 «000 «000 T, = 368.54°K. &, = 96.01 0.5 cal. mole™}
4 x
412 7,66 . o 0 -
2 5 - He—itr e e T, = 3K o, = 0-38 + 0.2 cal. wore”}
500 6.819 11,013 B.958 1.327 = +720 o158 = +069 & 3 1
= e
200 7508 12317 B.911 2.0k - «B60 349 - «127 ‘. " 368.36°K. dﬂ‘ AR =
00 8,190 13:52% 9.485 2.828 - «B76 «577 - =180 o
800 B8.876 14664 10062 3.5682 = 13.8B47 - 488 =133 q 298,15 alk * 03 koal: mole
900 9.561 15749 10A34 4603 = 13.364 le154 = +280
1000 104247 16.792 11.108 5.598 = 12.814 2.138 - +598
1100 10.933 17.800 11752 6.653 - 12.198 . - Hes
1200 i;.g;z 18,761 120297 7.780 = 11.51% A R v & of Pormation.
. «738 124833 B.977 - 10,763 74139 =
1400 12990 20.67% 13.3860 10:2u - q:ua B.485 =~ ::;gg e
1500 13.676 214595 13.878 11.575 =  9.080 9.770 -  1.423
1600 14,361 224499 144389 12.978 -  B.107 10
. 996 ~ .
1700 15,087 23,390 14892 lessa? - 7.085 19358 T 1% eat eity snd En .
1800 15.733 26.270 15-38% 15.988 - 5.996 13.259 = l.610
1900 16.418 25.139 15.879 17,593 - 44830 14.298 =  1.685 E. D. Eastasn and W. C. McGavock, J. Am. Chea. Boc. 59, 145 (1937), have measured the low temperature heat
2000 17104 25.998  16.364 19,270 = 3.613 15.274 -  1.669 capacities of sulfur from 15° to 375°K. E. D. West, J. Am. Chem. Soc. 81, 28 (1959), has measured the high

temperature heat capacities from 298° to 678°K. These two sets of data were joined smoothly at 298.15 K.by &
graphical method.

The values of entropy at 110°C snd above in E. D. West's paper (table VIII) have been lowered by 0.5841
Jjoule. deg-~) mole”) because of s calculationsl error which wes pointed out by J. P. McCullough and D. W. Scott,
private comsunication, Sept. 27, 1960.

The entropy of rhombic sulfur at 298,15°K, was teken from E. D. Esstman and W. C. McOavock, loe. cit., based
on an extrapolation of s’15 = 0.12 cal. deg. > mole .

Transition Data.
The enthalpies of transition at 368.54°K. and 374°K,were obtained from E. D. West, loe. eit. The first
transition at 368.54°K.was the known r linic tion, but the second one near 374°K.was 8 pre-

viously unreported trensition.

Melting Data.
The heat of melting and the temperature were obtained from E. D. West, loc. cit.

Heat of Sublimation.

The heat of sublimation of sulfur {c) is the heat of formation of monatomie sulfur (g). see s(g) table
for details. Since Ss and lower polymers are major vapor species at room temperature, the heat of sublimation
to the equilibrium gas is much smaller. See Sg(g) table for detaila.

Dec. 31, 1960} Dec. 31, 1965




tfur (3)
iquid) At. Wt. = 32.064
——l moledeg. ' ————, ,————keal. mole "' ———
T, "K. c3 §*  <(F*'-H3)/T H"-Him AHY AF} Log Kp
0
100
200
298 Ta579 Babbd Babtih «000 « 334 «093 = «068
300_____Te579 ____ Ba49]_ Badih «Qlé +340 $092 - .
400 IS ETS 104676 B4l T %i BT L0600 --%%E
500 9.081 12.768 9.346 1.711 000 +000 «000

144333

184350

19084
19.753
20369
20.939
21470

21966
224433
22.873
23.289
23.683

10053

12671

13.221
13.738
laep24
144684
154119

154531
15924
16+298
164655
16.998

104296
11,065
11.835
124604
13.374

12.086
11741
1leal6
11.094
10773

10.451
10.131
9811
94692
9.174

Dec. 31, 1980; Dec. 31, 1965

1badbi

[ B B )

SULFUR (S) (LIQUID) AT. WT. = 32.064
Speg.1s = 8-44 £ 0.5 cal. deg. ™} mole™! A} poq.y5 = 0-34 + 0.01 kesl. mole™*
T, = 388.36°K. &2 = 410.52 + 0.5 cal. mole™
7, = NT.T5°K, &, = [2.30] keal. wole™

Heat of Formation.
The 8Hp 568,15 (S, 1) was obtained from that of the crystal by adding &1 snd the difference between Hygg 5g-
Hogg.15 for crystal and ligquid.

Heat Capacity and Entropy.

The heat capacity of the liquid phase was obtained from E. D. West, J. Am. Chem. Soc. 81, 29 (1959). No
simple equation fits the curve of cp against T which shows & peak. *

The value of 359&.15 (5, 1) was obtained in & manner snalogous to that of the heat of formation. The heat
capacity of sulfur {11quid) below the melting point was assumed to be constant as 7.579 cal. dag.“l wole ~j and
above the bolling point, it was assumed as 7.694 cal. dcg.'1 mole ™.

Melting Data.
The heat of melting and the temperature were obtained from E. D. West, loc. cit.

Vaporization Data.
According to the international practical temperature scale, the boiling point is 717.75°K. The heat of
veporization to the equilibrium vapor mixture was estimated by D. R. Stull and G. C. Sinke, "Thermodynamic

f the Elements,"” American Chemical Society, Washington, D-C., 1956. The equilibrium vapor inveolves

Properties o
and Sy

moncmeric and several polymeric speclesj 3, and S predominate above 1000°K. while Sg, 3g and possible 3,
are favored at lower temperatures.



Sulfur, Monatomic (S)
(Ideal Gas) At. Wt. = 32.064

——cal. moledeg. '—————  ————keal. mole ' ——n|
T, *K. c §*  ~(F-Hi)/T H"-H}e AHj AF] Log Kp SULFUR, MONATOMIC (%) (IDEAL 0AS) AT, WT. = 32.064
[} 000 2000 INFINITE = 1.591 664142 664142  INFINITE
100 54103 344127 45.046 = 1.092 664477 63,361 =~ 138.468 s a
200 5.589 37.831 40+604 = 4555 664621 604180 = 654758 Ground State Configuration “P, aa; o = 66:14 + 0.5 keal. mole
298 5.659 40.086 40086 «000 664680 57,004 =~ 414783 a2 =Y -1
555 15 = 40:1 # 0.1 cal. deg.” " mole M;. 298.15 = 66:68 + 0.5 kcal. mole
300 5.658 404121 40.086 «010 664680 56,044 = 41.481 = T "
400 54554 414736 40.307 .312 664143 53,718 =~ 29,349
500 54436 424962 404720 l.121 654754 50,657 = 22,141 Electronic Levels and QuSntum Weight
600 54340 43944 414178 1,659 654435 474669 = 174363 X =1
100 5.266 464762 aledd 2. 100 654166 44.753 = 13,972 By €4 c By € 4o cu 8y
800 54211 454461 42069 2.713 51a864 404586 = 11.087 “g i BRI s -
900 5,160 46.UT2  62.481 3.232 51.945 20,172 - 9.812 s 67,878.03 9 73,921.14 T
1000 54137 464615 42.A68 3,747 524019 374748 = 84250 - 67,890.45 7 74,269.2 5
1100 54112 474103 43.231 4.260 52.089 36,317 - 7.215 1 67,888.25 5 74,270.28 s
1200 5,093 4T.547 43,572 4a TTO 524155 34,881 =  6.352 9,239.0 5 67,885.87 3 74,272.32 1
1300 5.079 T.954 434004 5.279 524219 33,440 -  5.622
1400 5.070 48.33] 444108 5.786 52,279 31,992 =  4.994 22,181.4 1 67,884.67 1 75,342.02 40
1500 5,064 48,680 L4085 64293 524338 304540 =  beddQ 52,623.88 3 69,238.7 s 76, 706. 70 73
1600 5.062 49,007 46.758 6,799 524396 29.085 = 3,973 55,331.15 3 70,165.9 3 77,986.31 39
1700 5.063 494314 45017 7.305 52.653 274626 = 34551 63,446,356 3 70,166.8 5 78,338.35 54
1800 54068 494603 45763 T.812 524510 264165 =  3.177
1900 5.075 494877  45.49% 84319 524567 26,701 - 2.841 63,457.33 s 10,170-7 7 79,014.3 a3
2000 5.085 5U.138 45 TES B.H2T 52624 23.232 - 2.539 63,475.26 7 [70,708.01 5 79.782.1 52
2100 5,097  50.386  45.041 9,336 52,681 21,761 - 2,265 64,891.71 1 7.352.5 3 80,158.61 24
2200 5.112 504624 46e108 9. 846 524739 20,287 =  2.015 64,889.23 3 72,025.5 5 80,634. 89
2300 5.127 504851 46eI4E 10,358 524798 184811 =  1.787
2400 5.144 51,070  4ke540 10,872 52.859 17.332 =  1.578 64,892.89 s 72,382.5 3 81,089.9 29
2500 5.162 51.280 464725 11,387 524921 154851 =  1.386 67,816.87 3 72,572.4 1 81,405.23 B84
2600 5.181  51.483  4A.005 11.906 52,986 16367 - 1.208 67,825.72 s 73,011.53 3 81,884.6 101
21700 5,200 514679 47.078 12,423 53,049 12,879 =  1.062 67,843.38 7 73,915.16 5 82,353.3 25
2800 5.219 51.869 4Te?86 12,944 534115 11.387 = 1.1
2900 54239 524052 47en08 13,467 534183 9.808 = «T46
3000 54258 524230 474566 13,992 534252 Bab05 = «612 Heat of FPormation.
3100 5.277 5244U3 474719 14,519 53,324 6.908 = «4B87 L. . Chem. f thre .
2 peand 40 2 14=51 beRon. = i Brewer, J em. Phys. 31, 1143 (1959), has reviewed the e possible values of Dj (szi, 1.e. 4.4 e.V.,
200 524571 47486 048 534396 369 3.8 0.V. and 3.5 a.V. 5 4
1300 5.313 52.734 484013 15.578 534470 3.907 - +259 w3 Ve +3 e.V., which were due to the ambiguity of defining the excitation state of the atomic products
3400 5.331 52.893 48s154 le.110 534545 2.406 - +155 resulting from predissociastion in the spect pic measi . The value of 4.4 e.V. (101.5 kecal. -oza'lj
1500 54347 53,047 484292 164604 534621 901 - «056
was shown to be the most probable one. Since this review, further support for his value have been Eiven by the follow-
3600 54363 53.198 48826 17.180 53.700 - «606 +037 ing investigators. J. R. Marquart, Dissertation Abstract 24, 5027 (1964), h ound .
3700 5.378  53.365  4B.557 17.717 53.778 - 24115 “128 i 3 s e p = (1964), bes £ that the value of D; (8,) to
3800 5,392 53,489  4B.ABS 18.255 53,858 -  3.628 +209 ® consistent with the value of 4.4 e.V. in mass spectrometric studies. R. Colin, P. Goldfinger and M. Jeunehoume,
3000 5,408 53.620 £8.810 la.79s 3,939 - g,142 «288 Trans. Faraday Soe. 80, 308 (1964}, have found D (5,) = 97 + 5 ¥ -1 -
4000 5,419 53,766  48.932 19,336 544021 - 64655 364 =g : 0 '8g) LR S e N TR ARGkl Kpie 1
of the vaporization of CaS, Ba3, 3nS and PbS, but they reported a revised value, 1.e. na (s,‘,] = 101 # 1 kcal. mole ™™,
4100 54430 53,900 494052 19,879 564105 =  B.1T4 «436 which wae given in the note in proof. A. N. Singh and D. K. . " , =
4200 S.441  56.031 40,169 20,422 54,188 -  0.694 +506 el s: : ¥ Rai, J. Chem. Phys. &3, 2151 (1965), have selected
4300 5.451 544159 494283 20,967 544273 = 11.216 «570 est value of D, (-‘32) = 4.4 e.V. in theoretical comparisons of the potential-energy curve. As pointed-out by
4400 Se461 544285 49396 21.513 54+358 - 12.742 +633 L. Brewer, loc. cit., and A. G. Gaydon, "Dissociation Energies" Chapman . . ndon,
4500 5.470 56,408  49.506 22,0590 54,483 - 4,267 693 2 ' 1 9. encl Hell Tids, Bnds Bds; L on, 1658, the
old vapor pressure measurements which are not consistent with Dy tsal = 4.4 e.V. (101.5 kecal. mole™ ) are probably
4600 5e477 B4e528 49613 22.607 564530 = 15.795 «750 not relisble.
4700 5.485 S4eb46 49.719 23,155 544617 = 17.326 «B06
4800 5,491 544761 494823 23,703 544703 = 1B.857 859 !
4900 5.497 544875  49.a25 24,253 54,791 - 20,390 909 The value D, (Sp, g) = 4.4 6.V. (101.5 keal. mole™) was selected as the dissociation energy of diatomic
5000 5.502 54,986 50025 24,803 54.878 = 21.927 «958 sulfur, and combination of this value with heat of formation of diatomic sulfur gives the heat of formation
5100 5.507 55,095 50.124 25.353 54,965 = 23,462 1,005 of monatomic sulfur, 8y ,gq (S, g) = 66.68 keal. mole™;
5200 5.511 554202 50.220 25,904 55,053 = 254001 1.051 ’
5300 54515 554307 504315 26,456 554142 = 264542 1.094
5400 5.518 554410 500409 27.007 55,220 - 28.082 14136
5500 54521 554511 504500 274559 554317 = 29.625 1.177 Heat Capscity and Entropy.
5600 54523 554611 504591 284111 55.404 = 314172 1.216 The und state configuration, elect "
3700 e -5+ 25,708 50,280 I8ee04 5,492 - 32718 1 554 - Ero : » electronic levels and quantum weight were obtained from C. E. Moore, "Atomic
5800 5.526 55,808 50767 29.216 55,579 = 34,269 14291 Energy Levels™, Vol. 1, National Bureau of Standards Circular 467, June, 1949.
5900 54528 55.899 504853 29,769 554667 - 35.818 1.327
6000 5529 55.992 50+938 30.322 554754 = 37.366 1e361
Dec. 31, 19603 June 30, 1961) Dec. 31, 1965




1l fur, Niatomic (52]

[deal Gas)

Mo |

it

= 64.128

5*

+000
46,623
514515
84,510

544508
56.848
58.693

60.238

64687

65.531
66e304
67,017
67679
6GR«296

658.875
6%.820
G9.934
TOe821
70.884

Tla32a
TlaTaSs
T2ela7
72.533
T2.903

T3.259
T3.602
T3.%32
Taadb2
Tae561

Ta=B60
T5.149
T5e430
757Ul
T5.5968

T6e 226
TH6TT
ThaT22
T6.960
TT.193

TTatlg
TTabil
TT858
T8.069
78276

78.479
78.678
T8.872
794063
719.250

T3.433
79613
79789
T9963
BO«133

B0.300
804465
80.627
80786
BO«942

Dec. 31, 1960; Dec. 31, 1965

el mole deg, ' ——
=(F*-Hig

INFINITE
61075
55204
544510

S6a510
544819
55.4186

564004

59204
59.A486
602371
60«RTO
Ble3ad

6la797
624230
62eA483
63.040
63aa2l

£3.787
64a139
644579
64.BOE
65123

654429
65.725
86012
66291
66562

S6aB24
6T=080
67329
67571
&6T«807

68.03E
6B.762
684482
6BeATE
684906

69111
69.311
69507
69699
69888

70.072
70.253
T0+431
T0+605
T0-776

To«Oak
71.109
T1ls2T1
Tlea3l
T1-587

TlaT4l
71.893
T2.042
T2.189
T334

MT B -Higs

- 2.lal
= lebis
- « 738

«000

«0l&
«811
1.639

24486

5.093
5.97%

Y. 1.1
7.T49
Ba640
9,533
10.428

Ll.325%
12.223
13,123
la.024
14,926

15.829
164733
17.638
18,544
L9,451

20,358
21.267
22.178
23,086
23.997

24,509
25,422
26,735
27,649
28,563

29.479
30,395

33, la8

344006
16,986
35,906
36,827
37.749

38.671
49,594
40.518
4latit2
42,367

%3.293
44,219
45,146
46.074
4T.002

47.931
48,861
49,791
50.722
51.653

AH}

30.8u5
31173
31.094
30840

30.834
29.433
78,385

27«518

LT

000
L0008

+ 000
=000
=000
000
=000

=000

T

«0UD
LU0
«0U0
«0UD
i

sbL0
= 0Uo
«000
« 000
«0U0

———keal. mole '

AF}

30,805
2T«104
234040
19.138

19.066
15.233
11.806

Be5TS

Log Ky

INFINITE
59.232
254176
l4.028
13,889

B.323
5.160

3.123

P[]V

000
000

00U
000
«0U0
«000
«000

2
SULFUR, DIATOMIC (S,) (IDEAL oAS) MOL. WT. = 64.128
- 3
Ground State Configuration °% o Ay | = 30.80 + 0.2 keal. mole
S3eg.15 = 54-51 cal. deg.”" mole™ B pog 15 = 30.84 + 0.2 keal. mole™

Electronic Levels &nd ntum Welght
€.,cw? g

o 3
W, = 724-86 om.72 Wx, = 2.852 cm.”) o -z
B, = 0.2948 em."d ok, = 0.0018 ea.”d r, = 1.889 A

Heat of Formation.
The standard enthalpy of formation of gaseous diatomic !nlfu:maﬁ} s5g = 30.84 keal. uole-l. was caleulated
from GH® ,gq = -20.30 keal. mole™ for the reaction Hp(g) + 0.5 Sy{g) — HyS(g) with JANAF value &HY ,50(H,S, &) =
-4.88 + 0.15 keal. nols'l- The aﬁ; 298 WBE obtained by the second and third law snalyses of equilibrium conatants
which have been determined by G. Preuner and W. Schupp (ref. 1) and M. Randall and F. R. Bichowsky (ref. 2). The

results obtained are presented as follows:

, 2nd law .3 . 5rd law Dedft 4
Refl. Temp. Renge Foints AHL 5gg keal. mole B} 5gg kcal. mole cal. mole "~ deg.
T 1023-1405°K 5 -19.92 + 0.13 -20.295 -0.282 + 0.097
2 1362-1667"K 4 -20.74 + 0.40 -20.307 +0.281 + 0.269
3 1023-1667°K 9 -20.13 + 0.12 -20.300 -0.066 + 0.093
Reflerencesa

1. G. Preuner and W. Schupp, Z. physik Chem. 68, 157 (1910).
2. M. Rendall and F. R. Bichowsky, J. Am. Chem. Soc. 40, 368 (1918).
3. Combination of above references.

The third law value of the combinatlon set was selected to calculate the heat of formation of diatomic sulfur.

The dissoclation energy of geseous dimtomic sulfur, D(.‘.' (85) = 101.5 keal. mole X, was chosen. For discussions
see JANAP monatomic sulfur (g) and sulfur monoxide (g) tables.

Heat Capacity and Entropy.

The molecular constants which were taken from 0. Herzberg, "Spectra of Diatomic Molecules”, 2nd Ed., D. Van
Nostrand Company, New York, have been modified for the natural isotopic abundances reported by D. Strominger,
J. M. Hollander and G. T. Seaborg, Rev. Mod. Phys. 30, 585 (1958).
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ulfur, Octatomic (38) 53
SULFUR, OCTATOMIC (3g) (IDEAL aGAS) MOL. WT. = 256.528
Ideal Gas) Mol. Wt. = 256,528
. -1
——al moleldeg. ' ————  ———keal. molel—————— Point group D, £ o™ 25.14 * 0.15 keal. mole
. . _(FU-H ._He . . i E
K G §°  ~(F-Hi)/T H'-Hpe AHj aF Log K S3og.15 = 102.823 cal. deg.”t mole™d Sy poe.15 = 24:20 + 0.15 keal. mole™d
o +000 +000 INFINITE = 7.487 25,137 254137 INFINITE Oround State Quantum Weight = [1]
100 20.831 704616 1324035 = B.l42 25170 204481 - 44,758
200 324086 884900 1064096 =~ 3.437 284731 15948 = 174422
6 N Tes - 8
298 37429 102.823  102.823 000 244200 11, «609 Vibrations) Prequencies and Degeneracies
300 374361  103.05%&  102.824 «069 24,189 11669 =  8.%00 =1 =F 3
400 39,841 1144183  10ae324 3.944 19.272 ToT85 = 4.237 W, cm.”” Ly cm. " @y cm.
500 414137 123,227 107.229 T.999 154823 5.281 =~ 24308 475 (1) 475 (2) 243 (1)
600 AL.887 1304799 110544 12,153 13.121 3,480 - 14253 218 (1) 1s2 (2) 437 (2)
700 42,355 137.293  111.912 164367 10.935 2.195 - ~685 47 (2) 56 (2) 248 (2)
800 42,665 1424971 1174107 20,619 - 95.413 - 9.086 2e477 191 (2) a1 (1)
200 42,882 148,009  120.346 26,897 - pa.639 1.681 - 408
1000 43,038 152.536  123.342 29,193 - 93.871 124346 =  2.498 .
Bond Distancet S-5 = 2.059 + 0.002 A
1100 43,158 1564643 1264186 33,503 - 93.10% 224919 = 44353
1200 43,264 180,402 128.883 37.823 - 92.337 13,440 =  £.090 Bond Angle: 35-5-35 = 107.9 + 0.6° 0 =8
1300 43,913 163,866 131.442 42,151 - 91.569 = T.380 - m1 = 6
1400 43,360  167.078  133.875 45,485 = 90,811 = 8.4T4 Product of the Moments of Inertia: I I.I. = 5.90326 x 10~ g-" cm.
1500 43,414 170,072 1364189 50,824 - 90,058 = Qebls ¢
1600 43,450 1724875 1384395 55,168 - B89.296 = 10,232 Heat of Pormation.
1700 43,481 175.510 140.502 59.514 = @A.542 = 10.946 b R e
lng ﬂo::: 177.996  142.516 :B-:u = 87792 - :;-:;5 The vapor pressure of 5(c) has been measured by many investigators. Using the seven more recent vapor pressure
- o - 5
1900 oy ety e Sesiy o ATated 15eeis = 130333 date, the respective heat of sublimation (8] ,os o) WES calculated by both the third and second law methods. The
values obtained are tabulated as follows: aH* keal 1e-1
2100 43,563 184,707 1484077 764925 - 85.555 125.681 - 13.079 s 298,150 Xoals mole
2200 Q!J:: 186+ 734 149.788 :I..!Iz - 8 1a 1!5.?:: - ia.u: Investigator raturs Rai *K. Third Law Value Second Law Value
2300 43,5 1884672  131.437 5.640 - 8 ] 165.7 - 13.848 1 - P T N
2600 43,599 190,527 153,027 90,000 =~ B3.344 155,717 = 144179 WestoNenxine 376.6 - 448.8 24.29 21.29
2500 43,609 192,307 1544563 94,360 - 82,608 1654685 - la.482 Neumann s 352.6 - 362.1 24.35 26.47
2600 43.617 194,018  156.048 98,721 - 81.879 175,580 - 14758 Fousable 304.1 - 351.6 24.36 24.10
:;eoo u.:;s 195664 }s?.u: }sa.us - Bl.149 us.wt - is.g:: ‘nundes 303.6 - 352.5 24.29 24.87
2800 43,631 197.2%0 58.87 Tehtb = BO.426 198,311 = 1%
2900  43.637 1084782  160.227 111,810 = 79,702 2054156 = 154460 b & 208.3 - 305.7 24.29 23.80
3000 43,643  200.261 1514537 1l6.174 = 78.988 214.974 =~ 15.660 Magee 331.9 - 368.0 24.11 24.44
3100 43,648 201,692  162.80% 120.538 =~ 78.262 224:756 = 154845 . 332.7 - 367.4 24.12 23.88
3200 43,652 2034078 164.046 126,903 = 77.553 238,517 - 164016 Briske 275.2 - 313.2 24.28 24.00
3300 43,656 2044421  165.249 129,269 =~ 764035 2644250 = 164175
3400 43,0660 205,725 1664420 133,834 = 76,126 253,985 = 164325 1 W. A. West and A. W. Menzies, J. Phys. Chem. 33, 1880 (1929).
3500 43,663 2064990 167.562 138,000 = T5.424 263.662 = 164463 2 K. Neumann, Z. physik. Chem. AL7l, 416 (1934).
3600 43,666 208,220 168.474 162,387 = T4s.713 273,348 - 16.594 3 0. Pouretier, Compt. rend. 218, 194 (1944).
3700 43,660 209,417  169.759 1464734 = T4.018 283,016 - 164716 Ty
3800  #3.672 2104581 170.818 151,101 = 73.315 292,650 = 164830 4 M. Taillade, Compt. rend. 218, 836 (1944).
3900 43,074 2114716 171.8%52 155,468 = 724620 302.266 - 16,938 S R. §. Bradley, Proc. Roy. Soc. (London) A 205, 553 (1951).
4000 43,676 212,822 172.863 159.836 - Tl.924 311,893 - 17.040 6 D. W. Magee, Ph. D. Thesis, The Ohio State University, 1955.
4100 43,678 213.900 173.851 164,203 - 71.229 3214469 - 174135 7 C. Briske, N. H. Hartshorne snd D. R. Stranks, J. Chem. Soc. (London), 1200 (1960).
4200 43,680 214,953 174817 168,571 = 704541 331,046 = 174225
4300 43,682 215,981  175.762 172,939 = 69.853 340,589 = 174310
2400 43,684 216,985 l.,M:“a 177:3“ 1 69:172 350,127 = 17,390 Due to the presence of 85(5} in Ss(s]. the measured total pressures were corrected to give the partial pressures of
4500 43,685 217.986 177594 181.878 = 58.492 350.863 = 1T.487 sa(g} for the firat five sets of vapor pressure data, according to D. W. Scott, U. 5. Bureau of Mines, Bartlesville,
-1
4600 43,687 2184927 1764482 1864045 = 67811 360.158 - 17.538 Oklahoma, private communication, May 22, 1964. However, the magnitude of the correction is only 0.1 - 0.2 keal. mole T.
4700 43,688  210.866 1794353 190,413 -~ 67.131 378645 - 17.406 The adopted value is the welghted average of both the third and second law values.
4800 43,690  220.786 180+206 194,782 = 66,458 388.112 = 17.470
4900 43,691 2214687 18l.084 199,181  ~ 65.78% 397,604 = 17.733
5000 43,692 222.570  181.865 203,521 -~ 85.119 40T.033 = 17.791 Heat Capacity and Entropy.
5100 43,693 223,435  182.472 207,890 = Gh.45A A18.482 = 17.847 "
5200 43,604 2242283 “!:“l~ 212,250 - 63.789 425.910 - 17.900 The vibrational frequencles were taken from D. W. Scott, J. P. McCullough and F. H. Kruse, "Vibrational
5300 43,6495 225118 188242 zlo.gn - 632123 435,312 - 17.9%0 Assignment and Force Constants of 58 (condensed States) from a Normal-Coordinate Treatment”, Prepublication
5400 43,696 225,932  185.007 220,998 =~ 624466 44heT22 = 1T7.998 =1
5500  43.6UT 335.73% 188958 335,988 = £3.808 4560102 - 182063 Report 64, U. 5. Bureau of Mines, Neirl?o, 1963. Pour of the eighteen frequencles, i.e. 86{2) and 218(2) cm.™,
. B were changed to 56(2) and 248(2) cm.”™", respe ed by D. Y. Scott, loc. cit., privete communication,
5600 43,698 2274521  186.497 229.737 = 6lal59 4634486 - 18.087
5700 43,698  228.205  1m7.223 2340107 = 60,509 AT24835 - 18,120 April 23, 1964. The molecular structure and bond distance and angle were reported by J. Donohur, A. Caron and EZ:'»?
5800 43,699 220,055  187.938 2384477 - 50.850 482,193 = 184169 Goldish, J. Am. Chem. Soc. 83, 3748 (1961). The three principle moments of inertia are: I, = Ip = 1.28594 x 10
5900 43,700 220,802  18B.641 262,847 - 59,200 4914510 = 184206 and I. = 2.36042 x 10°27 g. cm.Z.
6000 43,700 2304536  189.134 267,417 - 58.567 500,871 = 18.243 C
Dec. 31, 19603 June 30, 1964




Silicon (Si)
(Reference State) GFW - 28,086
gibba/mol —
T.°K cp* s =(G"-Hma)T H-Hm AHP AGP Log Kp
0 .000 L000 INFINITE = 769 L000 .000 000
100 1.737 918 T.966 = ,T0% .000 .000 +000
200 3,737 2.788 4,908 = ,a24 000 000 +000
298 a,r80 8,498 2,498 +000 .000 +000 +000
100 a,792 a.528 4,498 +00% L000 000 +000
400 S.292 5.783 Q4,693 #3516 =000 «000 +000
500 5,576 7,197 5,076 1,060 000 4000 +000
600 5.773 8:231 5,518 1.428 000 +000 <000
700 5,928 9:133 5,871 2,213 000 000 +000
800 4,061 9.933 s.817 2.81% <000 000 «000
900 6,184 10.455 5,089 3,425 000 .000 000
1000 6.295 11.312 T.263 4,089 000 .000 «000
1100 6,400 11.917 7,659 4,684 000 £000 000
1200 6,500 12.478 A, 037 5,329 000 +000 000
1300 6,500 13,002 8,399 5.988 L000 000 +000
1800 6,700 13,495 8,748 6,680 L000 000 000
1300 64800 13,961 9.078 T.328 000 4000 1000
1600 4,900 1a.403 9,397 8,009 L0800 4000 4000
1To0 6,500 21,981 9, 78T 20,897 000 ,000 L000
1800 6,500 22,312 10,854 21,387 000 4000 +000
1900 5.500 22.664 11.087 21,997 .000 000 «000
2000 6,500 22,998 11,678 22,847 000 000 .000
2100 4,500 21, 315% 12.221 23.297 000 000 «000
2200 6,500 23,817 12,732 23,947 000 £000 «000
2300 4.500 23,908 13,212 24,597 000 L000 000
2400 6,500 23.183 13,863 25,247 000 J000 +000
2500 6,500 24,888 14,089 25,897 .000 £000 000
2600 6,500 28,703 14,493 26.547 000 +000 +000
2700 6,500 28,948 14,876 274197 000 000 «000
2800 5,500 25.185 15,240 27,8487 000 L000 +000
2900 6,500 25,413 15,586 28,497 000 000 2000
1000 8,500 25,633 15,918 29,187 000 000 000
3100 6,500 25,846 18,235 29,797 L000 J000 +000
3200 6.500 24,053 16,538 10,407 .000 .noo .000
1300 6,500 26.253 16,830 31.097 000 .000 +000
3400 6,500 264087 17,110 3,77 4000 L000 +000
1500 6.500 26.635 17,379 32,397 L0008 .000 000
3600 5.508 524990 18,265 125,008 .000 000 +000
3700 5,513 53,181 19,208 1294559 +000 000 «000
3800 5,516 53.288 20,101 126,110 .000 +000 4000
1900 5,519 53.431 20,954 126,862 000 +000 J000
2000 5.521 53.571 21,767 127,218 4000 .000 +000
4100 5,523 53,707 22,545 127,767 000 000 000
4200 5,524 53,880 23,288 128,319 L000 .000 L000
4300 5.524 53.970 28,000 128,871 ,000 «N00 +000
4800 5,524 52,097 28,683 129,424 L0600 «000 +000
4500 5.524 58,222 25,338 129,978 4000 000 +000
8500 5.521 54,343 25,967 130,528 L000 000 .000
aroo 5,522 Sa.462 26,572 131,081 J000 000 4000
4800 5.521 58,578 27.155 131,633 000 000 000
2900 5.520 52,692 27,715 132,185 000 000 000
5000 5.519 58,803 28,298 132,737 L000 000 J000
5100 5,519 58,913 28,778 133,289 000 000 000
5200 5,518 55,020 29,284 133,844 000 000 000
5300 5,518 55,125 29,768 138,392 000 000 +000
5400 5:519 55,228 30,238 134,948 000 +000 +000
5500 5,520 55,320 30,698 135,494 .000 800 060
5600 5.521 554429 .10 136,048 .000 000 +000
5700 5,524 55,527 31,562 136,600 000 L000 .000
5800 5.527 55,623 31,976 137,153 4000 000 +000
5500 5,531 55,717 32,377 137,706 000 L0090 000
s000 5,538 55,810 32,787 138,259 »000 «000 000
Dec. 31, 1980; Dec. 31, 1962; Dec. 31, 1986; Mar. 31, 1967

SILICON (81) (REFERENCE STATE)

0 to 1685°K Crystal

1685 to 3513.8°K Liquid

3513.8 to  6O0O°K Ideal Monatomic Gas

See crystal, liguid and monatomic gas tables for details.

OFW = 28.086
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ilicon (Si ) SILICON (S1) (cRYsTAL) 0PV = 28.086
.
srystal) GFW - 28.086
utr; =0 keal/mol
g S3g9g.15 ™ 4-498 + 0.01 gibbs/mol BHf o 15 = O keal/wol
—(G*—H" |
X o L (G'~H'mal T  H'-H'me AHr aGr Log Kp T, = 1685 £ 3 °K fHn® = 12.0 + 0.1 keal/mol
° .000 +000 INFINITE = o769 000 000 INFINITE aHajog.15 = 107-7 ¢ 1 keal/mol

100 1737 918 Teabb - Tos o000 woo =000 >

20¢ 3737 2,788 a.q08 - .aze ~000 “000 2000 Heas of Porealion.

298 4,780 4ah9n 4408 «000 «000 «0U0 »000 Zero by definition.

300 :-;:; ;.;:l As kOl .gﬂ’ =000 «000 =000

400 «983 4893 «518 »000 000 000

500 5,576  7.197 s.076 1.060 <000 “000 ~000 Hest Capacity and Entropy.

.

800 5,773 8.231 5518 14628 000 000 000 Low temperature heat capacltlies are based on the preclse au‘ta-m K) of Flubacher, Leadbetter and

T00 5,528 9133 5.971 2.213 <000 «000 =000 Morrison. The entropy 1z obtained from the heat capacity using sn = 0.0005 eu. The selected values are

o A HIE L .91 =900 200 $b00 consistent with recent dats of Keesom and Seidel (1.2 - 4.2°K) and Kslishevich et al. (60-300°K). Earlier
looo 5,295 11312 Te263 LTt «000 =000 =000 data have been reviewed by R. Hultgren, R. L. Orr and K. K. Kelley, "Supplement to Selected Values of
1100 54400 11.917 Tess9 PP 000 000 000 Thermodynamic Properties of Metals and Alloys,” Univ. of California, Berkeley, November, 1965.

1200 6.500 12478 BapdT 5320 «000 «000 =000

::g ::gsg }::ﬁg ::::: i:n: :m :ggg :322 High temperature studles are summarized below,along with the pertinent low temperature studies. The
1500 6,800 13.981 P.078 Te324 « 000 «000 =000 selected heat capacities above 300°K are obtained rom 8 Shomate plot of the adopted low temperature
1800 ____ a9 heat capacities and the enthslpies reported or derived from the work of Dennison (1963), Kantor et al.
::on ';.? “"1;-;2: 0k (1960), Olette (1956), Serebrennikov and Oel'd (1952), and Magnus (1923). Discrepancies are apparent in
21000 $200 A tis }o_”g s i the enthalpy data, particulsrly in the range of 370 to 1100°K,where only the recent study of Dennison
2000 Te300 1%.985 10561 10,849 - w243 made use of & high purity ssmple. Enthalples from Dennison join most emoothly with the low temperature
2100 7.400 18.304 10.828 11,584 - 11.T13 2.926 - 305 Cp* but deviate increasingly at higher temperatures, being 1-2% lower than the other measurements above
g;g ;.2:: }:-:;& 1}-“? :;.3?9 - 3,619 = 360 1000°K. The selected functions agree with Dennison below 500°K, with Magnues from 600 to 1200°K, and with
2400 7o700  17.3%2 i :’:1 1,:2‘:; = ::;;: = ::;g Kantor et al. above 1200°K. The reésulting hest capacities are slightly different from those selected by
2500 7800 17668 11818 lh.b2a = 5,677 = 408 Hultgren et al., loe. cit.; the latter are 0.07 gibbs/mol higher at B00°K and 0.21 gibbe/mol lower at the

melting point.

nvest tora Method Quantity Reported T Run‘g.'l Sample
1. Plubacher et al. (1959) Calorimetry cp* 7.7 - 300 Single crystsl,
3mm pleces, Resistance

(300°K) = 100 onm cm,
Carrier Concentration

£10*% en?
2. Keesom et al. (1959) Calorimetry Specific Heat 1.2 - 4.2
3. Kalishevich et al. Calorimetry cp® 60 - 300 99.993%
(1985)
4. Oerlich et al. (1985) Temperature cp® 300 - 900 Resistance (300°K) =
Modulation 0.027 ohm cm,
Carrier Concentration =
1019 en™2
5. Dennison [1963) Drop Calorimetry Specific Heat 27 - 131 Resistance [300°K) =
107 ohm cm
6. Kantor et sl. (1960) Drop Calorimetry Enthalpy Equetion 1148 - 1885 "Highly purified"
7. Olette (1958) Drop Calorimetry Specific Enthalpy 1467 - 1685 959.99%
8. Serebrennikev et sl. Drop Calorimetry Specific Enthalpy 302 - 1558 59,34
9. Magnus (1923) Drop Calorimetry Specific Enthalpy 372 - 1175 59,28
Referencet

1. P. Flubacher, A. J. Leadbetter snd J. A. Morrison, Phil . Mag. %, 273 (1959).

2. P. H. Keesom and G. Seidel, Phys. Rev. 113, 33 (1959).

5. 0. I. Kalishevich, P. V. Oel'd. and R. P. Krentals, Russ. J. Phys. Chea. 39, 1602 (1965).
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5. D. H. Dennison quoted by H. R. Shanks et al., Phys. Rev. 130, 1743 [1983).

6. P. B. Kentor, A. M. Kisil and E. M. Fomichev, Ukrain. Flz. Zhur. 5, 358 (1960).

7. M. Olette, Phys. Chem.Steelmaking, Proc. Dedham, Mass. 1956, 18-26 (Pub. 1958).

8. M. N. Serebrennikev and F. V. Gel'd, Doklad. Akad. Neuk S3SR 87, 1021 (1952).
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Melting Data.
See the 51(1) table for details.

Hest of Sublimation. . 5 |
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licon (Si)
.iquid) GFW = 28.086
gibbs/mol it
T,"K Cp® § =(G"~Has)/T  H'—H’zes AHP AGE Log Kp
0
100
200
298 64500 104626 10,626 +000 11,585 9.75% = T.153
300 6,500 10,666 10,626 w012 11.588 9,707 = T.100
400 6.500 12,536 10,881 662 11,731 9.110 = 4,977
500 6,500 13,987 11,363 112 11,837 8,802 = 3,690
400 6,500 15,172 11.902 1,962 11,919 7.758 = 2.825
T00 6,500 14,178 12,882 2,612 11,988 7.05% = 2,203
800 6,500 17,082 12,968 3,262 12,038 6,387 = 1.73a
900 6,500 17,807 13,460 3,912 12,072 5,635 = 1,368
1000 64500 18,492 13,930 8,562 12,098 4,918 = 1,075
1100 6,500 19,112 18,373 5.212 12,113 8,199 = <838
1200 6,500 19,677 18,792 5.862 12,118 3,479 = 634
1300 6,500 20,197 15,188 6.512 12,113 2,760 = 868
1800 64500 204679 15.563 Tu162 12,099 2,080 = 319
1500 6,500 21.128 15,920 7.812 12,073 1,323 = 193

5,500 22.997

6,500 23,315
6,500 23.617
4,500 23.906
5,500 24.183
6,500 2a.4988

6,500 24,703
6,500  2a.948
6,300 25,185
6,500 235,813
6,500 25,633

Sis00  EeRnlt
6,500 26,053
6,500 26,253
6,500 26,487
8,500 24,635

64300 26,618
6,500 26,996
5,300 27.170
6,500 27,338
6,500 27.503

6,500 27.663
6,500 27.820
6,500 27,973
6,500 28,122
6,500 28.269

Dec. 31, 1960; Dec. 31, 19623 Dec. 51, 19663 Mar. 31, 1967

1T.18a
17,068
17,737
17,998
18,249
18,890
18,723

18,948
19,166
19,377
19,581
19,779

19,971
20,158
20,380
20,517
20,689
204856
21,020
21,180
21,335
21,487

21.636
21.782
21.928
22,063
224199

10,412
11,062

11.712
12.362
13.012
13,862
18,312

18,962
15,612
16,262
16,912
17,562

18.212
18,862
19.512
20.162
20.812
2ia802
22,112
22.762
23.412
20,062

26,712
25,362
26,012
26,662
2T.312

+000
.000
£ 000
«000
L000

»000
2000
«000
4000
4000

as mae
Fiav61

91.862
91,763
91,665
#1.567

91,079

10,098
12,705

15,310
17,912
20,513
23,113
25,710

000
«000

=000

SILICON (S1) (LIQUID) OFW = 28.086

S5gg.15 = 10.626 glbbs/mol B30 15 = 11.585 keal/mol

Tm = 1685 + 3°K AHm® = 12.0 + 0.1 keal/mol

To = [3515.8] °K (to monomer only) MHv® = [92.047) keal/mol

To = [3492) °K (to equilibrium mixture) MHv® = [85.8] keal/mol

Heat of Formation.

The heat of formation is obtained from that of the crystal by adding AHm® and the difference between
o -
Hym - Hagg.15 for crystal and liquid.

Heat Cepacity and Entropy.

Enthalpy data for high purity samples in quartz or vitreous silica capsules have been reported for
the renge 1698-1915°K by P.B. Kantor, A. M. Kisil and E. M. Fomichev, Ukrain. Piz. Zhur. 5, 358 (1960},
and for the range 1686-1825"K by M. Olette, Phys. Chem. Steelmaking, Proc. Dedham, Mass. 1956, 18-26
(Pub. 1958). Due to the limited temperature range and the experimental uncertainty, the data do not
appear to justify more than a constant heat capacity. A& value of 8.5 gibbs/fmel is selected, inter
mediate between the values of 6.75 and 6.15 obtained from the separate experiments. The entropy 1is
obtained in & manner snalogous to that of the heat of formatlon.

Melting Data.

Modern determinetions of the melting point range from 1683 + 1 to 1630 + 4 *K, the former [rom
the specific volume study of L. D. Lucas and G. Urbain, Compt. Rend. 255, 2414 (1962), end the latter
from the enthalpy study of Kentor et al. The selected velue of Tm = 1685°K is taken from R. Hultgren,
R. L. Orr and K. K. Kelley, "Supplement to Selected Values of Thermodynamic Properties of Metals and
Alloys," Univ. of California, Berkeley, November, 1965, who heve reviewed the melting data. The heat
of melting is calculated from the selected enthalpy of the crystal and the liquid enthalpy
measurements of Kantor et al. and Olette, who reported comparable values of AHm® = 11.95 + 0.18 and
12,095 + 0.1 kcal/mol, respectively.

Veporization Data.

Tb 1is calculated as the temperature for which the AOr° = 0 for S1{1) = Si(g). AHv® 1is calculated
88 the difference between AHf*(g) and AHL"(1) at Tb. The normal boiling for the equilibrium vapor ia
calculated as the temperature at which Si, 512 and !;1.‘5 attain a total pressure of one atm. AHv" et this
temperature is calculated &s the enthalpy of vaporization of one GPW of liquid to vaper containing 92.1,
7.0 and 0.2 mole percent of monomer, dimer end trimer, respectively. Tetramer and higher polymers, which
are ignored in the equilibrium calculation, are probably negligible at this temperature.

Si

S



icon. momaTtomic Vot canaiCoN (51) ( IDEAL OAS) arw = za.cse 5|
deal Gas) GFW = 28.086
ground State Configuration ¢, QHfy = 106.66 + 1 keal/mol
. y i} - .
Keal/meol 835,15 = 40-121 gibbs/mol 8f505 15 = 1077 + 1 keal/mol
T,’K ("3 5 —G-Wma)T HW-Hms AHF AGP Log Kp
Electronic Levels and Cusntum Weights
o L000 L000 INFINITE = 1,80% 106.::; i::.::: l;;;";;s N i 1 1 1 1
0 89T W46 45,180 = 1,149 107. 103, = . - - - - = -
;zo :.:ur :3.91; 0817 = 337 107.587 100,558 = 109,885 i on Lt P .t A e SO QO By & com B §&com g
298 5,318 #0121 40,121 2000 107,700 9T.oTe: = T.161 0 1 45,308 15 50,533 9 56,699 s 58,782 28 61,489 75
300 5,118 s0.1%8 40,121 W10 107.701 :;.o;; - ;:s;; 77.12 3 47,284 3 51,812 1 56,780 3 58,802 3 82,720 117
. a1.660 40,328 533 107.717 RITEE .
;:g 2%32 a'z:aon 80,713 1.04% 107.,68% 89,482 = 19,287 223.16 5 47,352 5§ 53,362 7 57,084 15 58,893 7 62,727 69
6,298.86 5 48,161 15 53,387 3 57,402 g 58,077 15 63,405 18
sa0 5,056 41,181 1.553 ::;':zz RLE T ! 15,394.37 1 48,128 9 54,226 1S5 57,489 21 59,108 56 63,653 81
205 300 107,887 79,251 = 21.650 33,326 5 49,400 3 54,425 s 57,542 3 59,674 21 63,707 45
200 5,012 107,338 TI.2AN = 18,30 39,860 9 49,866 21 54,871 3 57,79 5 80,706 36 64,456 s
1000 5,011 26,298 107,213 72,229 = 15.784 s
40,992 3 50,189 S 56,503 5 58,311 1 61,278 72 [85,300) [200]
1100 S.018 ag.TTa 107,080 68,737 = 13,857
D27 v 106,937 65,257 = 11.88%
s HI AN 108,785 61,790 - 10,380 Heat of Pormation,
106,825 58,338 = .10
i;g: ;:ggg :;:::: 106,454 Sai892 = 7,998 The heat of formation 1s the heat of sublimation, aﬁuégs’u = 107.7 keal/mol, selected Crom third law
analyses of the vepor pressure data reviewed below. Langmuir, Knudsen and transport studies sre all in
1400 5,113 48,668 106,283 51,859 = 7,029 =
1700 5:“2 28,978 95,108 - 8,189 sstisfactory agreement throughout the range of 1400 - 2000°K. In sdditien, 0. C. Trulson and P. 0. Schissel,
1800 5,171 u,grg :;.::; = Condensation Evaporation Solids Proc. Symp. Dayton, Chiec 1962, 313-17 (Pub. 1964}, heve experimentally
;::: :::g; :::523 u:ﬂ.! - verified that the veporization coefficient i= about 0.8 at 1300°K. This was accomplished by mass spectrometric
5,70 93,588 Pl oo determination of the Langmulr and Knudsen rates of sublimetion from 8 single crystal sample in & cell designed
g;:: ::::; :g::;; .;:”: 93,066 3air1s - to give Knudsen effusion from one end end free evaporation from the other end.
2300 543186 30,558 "',‘,2’ u.;;; :5.:;: -
¥ 86,295 93 ' -
§§‘;3 :.;:: 3?.533 46,479 93,114 26,724 = The recent studies conlirm the mass spectrometric date of R. E. Honig, J. Chem. Phys. 22, 1810 (1954),
a 86,657 11,808 §3.001 28,077 = and substantiste the duthor's postulate that vapor pressures obtained in early bolling point experiments are
:;g: ::::: :::i:e 16:“0 IE:MI n:nl ZI:IZ? - too lerge due to resction or decompositlon of the alumina and 8llicon carbide containers. In their review
ung i.li; :1-:;: :?.::; :g.:#l‘l gg-::: ::-:;: 5 of the earlier experiments, R. Hultgren, R. L Orr snd K. K. Kelley, “Supplement to Selected values of
4 . . .
:;:u :::“ ,i‘"u 270318 Ii:Gl? 92,570 13,099 = Thermodynamic Properties of Metals and Alloys," Univ. of Celifornia, Berkeley, November, 1965, caleulsted
9 18,563 92,488 10,885 = To8 apparent heats of sublimation of less than 50 kesl/mol from the data. Neither these values nor the value
:;g: 2::;: 2;:;:; ;5:1,11 92:151 !:ne - L5862 of 92 keal/mol,obtained from the Knudsen data {1485 - 1593*K) of A. V. Teseplysevs, Yu. A. Priselkov and
1300 5,87 52,511 15:850 oot Jike T ies V. V. Karelin, Vestnik Moskov. Univ., Ser. 2 Knim. 15, No. 5, 35 (1960), were conaidered in the JANAF
" 8T . . .
;;3: 5:;;; :;-u: “:r“ 92,061 RIS L023 selection. It is not clear why Tseplyaeva et al. obtain Pressures larger by 8 factor of 200 from their
' adt . oo molybdenum cell.
# 890 48,182 17,308 . . .
i::: HEiH 2§:|u 48,31 17,859 4000 4000 000 Container T Range No. of BHs5en (keal/mol) Drift
ELET 5,518 53,288 1:.1;1 -ggg .ggg —ggg Source Method or ort ("x) Points 2nd Law 3rd Law eu
. - - D e v T YT ———"——
:.:;3 :.]\;:i e 15:2%2 ‘200 " 900 1000 1. Oulbrensen (1966) Lengmuir  Quertz fiber 1373-1623 10 104.9 + 4.1  107.15 1.0 + 2.8
. . tt + +
2. Nannichi (1963) Langmuir Tentalum 1398-1527 4 95.3 + 6.0 107.88 8.6 + 4.1
5,523 53.707 28,813 20,087 000 000 000 + +
5.52a 53840 20,619 .000 .000 +000 3. Batdorf {1959) Lengauir  Tantalum 1473-1600 12  108.8 # 5.7  108.02 0.5 + 3.7
5,524 53,970 21,172 000 000 +000 4. Devia (1961) Knudsen  SiC-ltned 1848-2003* 11 112.6 + 12 108.50 -2.2 + 6.2
5.528 54,097 49,140 21.720 .:s: .gg: .ggg graphite % +
5,522 sa.222 89,27 22,278 u . ¥ 5. Grieveson {1959) Knudsen  S4C-1ined 1640-1684 3 97.5 + 0.2 107.72 6.1 + 0.1
5,523 5a,383 49,390 22,829 000 100 L000 graphite
5,522 Sa. 862 lm;:r 2;-!3 -225 -gg: -ggg Grieveson (1959) Knudsen 51C-11ned 1701-1900* 8 109.7 + 0.1 107.74  -1.1 + 0.04
5,521 55,578 49,592 23,9 . . . graphite L
5,520 58,492 49,695 28,485 000 <00 2000 o
: i 000 900 000 Grieveson (1959) Transport S1C-lined 1853# 14 - 107.72 ~
4,519 Sa,803 19,794 25,037 0 graphite
5,519 5a.913 45,895 29,585 L0009 2000 000 and MoS1,
5.!;‘: :3'?:3 ;:-g:g §:°;:‘1 'ggg ':gg '::: 6. Drowart {1960) Mass Spec. S1C-1ined 1703-2160% 12 108 + 1.0 107.00 -0.5 + 0.5
5,51 . . . 5 v ' + +
5,519 55,228 50,183 27,24% 000 w000 .g:: graphite
5,520 5s.329  %0,275 ar.ror 1000 =000 » *Data for 1iguid phase.
5-::1 :S-;g: :g-::: §:':;7 ':g; phic e 1. E: A Oulbransen, K. F. Andrew and F. A. Brassart, J. Electrochem. Soc. 113, 834 (1966).
2:521' S::bﬂ 50,58 29,851 L000 000 £000 2. Y. Nanniehl, Jepan J. Appl. Phys. 2, 586 (1963), data given graphlcally.
e :;;:; st -t :gg: s e 3. R« L. Batdorf and F. M. Smits, J. Appl. Phys. 30, 259 {1959), data ziven graphically.
4 t : 4. 8. G. Davis, D. P. Anthrop and A. W. Sesrcy, J- Chem. Phys. 34, 659 (1961).
Dec. 31, 1980; Dec. 31, 1962; Dec. 31, 1966; Mar. 31, 1987 ls. ¢ I g s

C. B. Aicock, Special Cersmics, Proc. Symposium Brit. Cersm. Resesrch fasoc.,
Stoke-on-Trent 195Y, 183-208 (Pub. 1960). Points above 1500°K are omitted.

6. J. Drowart snd 0. De Maria, pp. 16-23 in "Silicon Carbide,”’ Edited by J. R. 0'Connor and J. Smiltena,
Fergemon Press, London, 1860.

Heat Capacity end Entropy.

Electronic levels and quantum weights sre from L. J. Radzlemski and . L. Andrew, J. Opt. Scc. fm. ES,
474 (1965), and V. Kaufman, L. J. Redziemski and K. L. Andrew, 1bid. 56, 911 {1966). #n sdditlonal level with
guantum weight of 200 15 estimated sbove the observed levels and below the dissocistion limit; however, the
effect of this level on the entropy at 6000°K is negligible. Levels above 39000 P are averaged.

Si



(IDEAL 0AS)

GFW = 56.172

Silicon, Diatomic (SEE)
(Ideal Gas) GFW = 56.172
keal/mad N

T,°K cp* §  —(G"-HoslT  H'-H'ma AHP AGP Log Kp
o +000 L000 INFINITE = 2,214 180,324 140,328 INFINITE
100 7,029 44,655 81,829 = 1,517 140,893 136,810 = 298,124
200 7,492 $1.71% 85,632 = .IM3 141,065 131,837 = (44,064
298 8,234 58,895 54,895 4000 141,000 127,31% = 93.32%
100 8,242 54,946 54,895 J01% 140,997 127,230 = 92,887
400 a,458 7,375 55,224 W861 140,829 122,685 = &7.021
500 9.079 59,352 55,857 1.747 180,827 118,188 = 81,443
800 9,499 61,085 ETRLT 2,478 140,420 113,671 = al,80a
700 9,867 62,517 87,330 1,688 180,219 109,230 = 34,103
800 104151 83,875 58,088 L.6a7 140,021 104,818 = 28,634
500 10,343 45,082 58,779 5,672 139,822 100,028 = 24,387
1000 10,453 48,178 59,4865 8,713 139,815 96,061 = 20.994
1100 10,502 BT 17T 40.122 ToT84 139,393 .78 - 18,222
1200 684091 60,748 8,812 139,158 87,392 = 15.918
1300 BB.932 L13 138,893 83,087 = 13,958
1400 89,707 61,918 10,908 138,810 TH,808 = 12,302
1500 Tn.a27 52,480 11,951 138,303 Ta.5e5 = 10.861
1600 71,006 42,979 12,988 137,970 70,306 =  9.603
1700 714723 63,475 18,022 113,628 64,208 = 8,523
1800 T2.31 43,950 13,050 113,358 61,523 = 7.T13
1900 72,885 64,408 18,075 113,081 60,761 =  6.989
2000 10,200 T3.389 [T 151 17,097 112.803 58,017 =  6.340
2100 10,178 71,888 45,260 18,118 112,522 55,280 = 5,753
2200 10,153 Ty, 359 55,663 19.132 112.238 52,583 = 5.222
2300 10,135 Tq.810 46,050 20,145 111,952 49,857 = &.737
2800 10.122 Ts.241 558,425 21.159 111,885 AT, 185 = 4,295
2500 10,112 75,658 45,785 22,171 111,377 48,082 = 3,889
2600 10,106 74,050 47,13 23,182 111.088 41,813 = 3,515
2700 10,101 Te.432 LT, AT2 24,192 110,798 39,151 = 3.149
2800 10,399 74,799 AT.798 25.202 110,508 14,507 = 2,849
2900 10,5%% Tr.153 48,115 26,212 110,218 EEP T B 2.5%2
000 10,100 Tr.496 68,022 2r.222 109.928 31,239 = 2.27T8
1100 10,103 Tr.e2r 48,720 28,232 109,638 28,819 = 2,018
3200 19,107 Ta.148 69,009 29.202 109,348 26,018 = L.777
1300 10,111 TH.A%9 49,29 30,253 109,059 23,018 = 1.5%1
3400 10,117 Ta.TBL 59,565 31,263 108,771 20,821 = 1.338
1500 10,124 T9.054 69,832 32,277 108,483 18,239 = 1.1
1600 10,131 T9.339 70,092 = rs.rar 20,181 =  1.22%
iron 104139 Te.817 Tn,34s = 75.81% 22,03 - 1349
3800 10,147 To.887 70.598 = 75,903 25,51% = 1.467
1900 10,156 80,151 70,835 = 75,992 25,181 = 1.579
4000 10,165 80,408 71,071 = 74,080 30,858 = 1.688
4100 10,175 Bp. 680 71,302 = 78,189 33,52y - 1.787
4200 10,18% Bp.90% Ti.528 = T4.255 38,000 = 1.884
4300 10,195 Ay.145 Ti.Ta9 = Ts.340 A8 ATY = 1,978
4400 10,206 B1.379 T1.96% 1. = 74,428 1,580 = 2,068
4500 10,218 Bj.609 TZ.ATT 42,480 - 78,508 48,289 = 2,149
4400 10,229 B1.833 T2,38 W3 ubs - 78,590 45,934 = 2.230
aro0 10,2481 82,033 72,588 44,489 = 74,873 49,521 = 2.307
800 10,234 B2.289 T2.787 45,518 = Ta&,752 52,308 = 24382
4900 10,266 82,481 72,983 As.540 = 78,830 58,995 = 2,453
000 10,279 82,588 73,178 aT.387 = 78,907 ST.883 = 2,524
5100 10,293 82,892 73,383 49,598 - 78,982 60,381 =  2.588
5200 10,308 83,002 73,548 A9.828 = 77,036 83,074 = 2,8%1
5300 10,320 B3.288 T3. 730 50.457 = rr.ar §5.772 = 2.712
Sa00 10,333 83,481 T3, %09 51.490 = T7.198 653,087 = 2.7T1
3300 10,349 83871 Ta,083 52.72a = T7.268 Tl.181 = 2.828
5400 10,364 83,838 Ta,258 53,780 = 77,338 Ti,A6a = 2,883
5700 10,379 Ba, 081 Ta,M28 54,797 = F7,40) TASTL = 2,938
800 10,393 Ba.222 74,595 55,834 = 77,470 79,280 = 2,97
5900 10,810 Ba. 400 Ta, T80 55,878 = TT.538 B1,78% = 3.036
&000 10,428 82,578 74,927 s7.918 = F7,400 Ba.570 = 3,088

Dec. 31, 1960; Dec. 31, 19623 Mar. 31, 1967

SILICON, DIATOMIC (si,)

Ground State Configuration 5:; BHES = 140.3 + 3 keal/mol

SEBB.].S = 54.895 gibbs/mol mrasu.ls = 141 + 3 keal/mol

Electronic Levels and Quantum Wel

-1

state ¢, vl gy State el g Statp €, om 5
Tfi o s ?@ (10000] (2] _3-1?; [30000] &
*r, (2000] 6 [12;] [13000] [1] gy soms 3
Ll tsoo) (1) (LY [eo000] (3]  (*W) (40000) (2]
*w,] [ecoo] (2] BT meses 3 'L} tesoo0] (1]
Spc asrez 3
®, - 510.98 ca”} w,x, = 2.02 cn™} a-2
B, = 0.23%0 cn”} a, = 0.0013 ca™ T, = 2.246 A

Heat of Pormation.

The selected value 1s based on the spectroscopic and equilibrium data summarized below. Verma and H‘nnﬂpl
econcluded from anslysis of the absorption spectra that Da =70+ 4 keal/mol. Predissociation of the H state suggested
the upper limit n; £ 74.0, while linear Birge-Sponer extrapolations of the H and K states gave 78.4 and 68.9 keal/mol
for the ground state. By assuming that the true extrapolation would not reduce the linear extrapolation for the H
state by more than half, i.e. from 26 to 13 kesl, the authors arrived at the lower limit of DB # 65.5 for the ground
state.

Drowsrt and co-workers have used the Knudsen effusion-mass spectrometric technique to determine the vapor equil-
ibria over the systems lic-mphﬂez. 31C-silicon” and bcrcn-elr‘bon-ulicon‘- Third law snalysis of the partial
pressures of 51, and 81 over the three systems yields Da values of 73.3, 74.3 and 70.4 keal/mol, which sre in good mgree-

ment with the spectroscopic values. The selected velue, 6||'.l‘§m =141 + 3 kcal/mol, corresponds to Da = 75.0 kcal/mol.

Ate® . .
Range, K P 1 n 2nd law e im”ﬂi Ice:;.“:osf
Verma (1963) Prediss. of H state quécﬂ'h_ - Ls'ﬂé'rl
LEX of K state - 70.3 145.1
Extrap. of H state - #66.9 £148.5
Drowart (1958) Mass Spec. 2149-2316 7 95.3+7.1 74.68 -3 140.7
Drowart {1960) Mass Spec. 1703-2160 9 B1.0+1.1 5.7 -2.740:6  138.7
Verhaegen (1964)  Mass Spec. 2166-2344 “ 68 4 16 .7 247 143.6

*For the reaction s:z(s} = 2 si(g)

Hest Capacity snd Entropy.

Vibrational end rotational constente are those obtained by Verma and 'tllﬂo:pl through combination of their data for
the H-X system with those of nuu;lus- Observation of the same H-X system in matrix isolation by Weltner and McLeod®
confirms thet the lower state 1s the ground state. Comparison with the igcelectronic molecules CE' BN, BeQ and Mg0
(7,8,9,10) suggests that there are several possible low-lying excited states in 512- Tentative estimates for these
levels are given sbove, based on this comparison and on the cbserved states (1, 5). These estimates are relatively un-
certain and probably yield an upper limit for the entropy at te!perltml where Si, is significant. A probable lower
limit may be cbtained by increasing the two !"I'I' states by 8000 cm™ 1 ana omitting the other estimated levels. This would
reduce the entropy by 1.7 eu at 2000°K, corresponding to a change of 3.4 keal/mol in AHr® values based on equilibrium data.
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licon, Triatomic (Si3)
deal Gas) GFW = 84.258
iihalosnd kealiosal
T,’K Cp* 5§ =(G°*~H'ma)iT  H—H1e AHP AGF Log Kp
0 +000 +000 INFINITE = 3,088 151,219 151,219 INFINITE
100 9.357 $1.599 Ta, 779 - 2.318 151,797 186,912 = 321,076
200 11,927 58,983 65,172 = 1,238 152,038 181,910 = 155,072
298 13,158 6a.002 64,002 «000 152,000 134,981 = 100,380
300 13,178 &4.088 64,002 024 151,997 136,847 = 99,593
200 13,811 674971 44,528 1,377 151,829 131,820 = 72.023
500 14,162 T1.098 65,539 2.177 151.597 126,888 = 55,844
600 18,371 T3.698 A6, 688 4,208 151,321 121.919 = 24,809
700 14,508 T5.922 67,852 5,649 151,010 117,088 = 36,583
800 14,594 77,865 68,985 7,104 150,665 112,212 = 30,655
900 18,656 T9.58T 70,069 8,587 150.292 107,432 = 25.088
1000 1a,702 81,134 71,099 10,03% 149,888 102,490 = 22,8483
1100 18,738 A2.537 72,078 11,507 109,455 97,990 = 19,469
1200 14,766 83,821 73,002 12,982 148,995 93,331 = 16,998
1300 18,790 85,008 73,881 18,460 148,508 BA, 711 = 14,918
1400 18,814 85,101 74,715 15,980 147,993 88,131 = 13,133
1500 18,838 Br.123 75,508 17,423 187,851 79,591 = 11,598
1400 18,863 88,082 76,268 18,904 104,881 75,088 = 10,256
1700 14,993 88,984 T6,.986 20,396 110.30% 70,931 = 9.119
1800 14,924 89.836 TTL.ATT 21,884 109,845 48,831 = 8,313
1900 14,964 In.684 78,338 23,381 109,390 66,351 = T.632
2000 15,007 91,013 78,973 24,879 108.938 64,100 =. 7,005
2100 15,055 92.186 79,583 26,382 108,49, 61,969 = 6,439
2200 15.107 92,847 30,170 27,890 108,049 59,558 = 5,926
2300 15,164 93.520 80,736 29.408 107,613 57,468 = 5,461
2400 15,224 98,167 81,282 30,923 107,182 55,299 = 5,036
2500 15.288 98,790 A1,810 32.5845% 106,758 53,183 = 4,586
2600 15,358 95,390 82,321 33,981 106,340 51,009 = 8,288
2700 15,423 95,971 82,816 35,520 105,929 48,884 = 3,957
2800 15,891 95,533 83,298 37,084 105,525 46,784 = 3,652
2900 15,568 97.078 83,762 18,518 105.127 48,598 = 3,388
1000 15,636 97.607 84,218 40,178 104,737 42,413 = 3,104
1100 15,707 98,121 84,655 41,7488 104,355 40,547 = 2,859
3200 15,777 984621 35,083 43,320 103,979 38,500 = 2,629
1300 15,847 99,107 45,501 84,901 103,610 36,482 = 2,415
3400 15,915 99,581 55,908 48,089 103,248 = 2.211
3500 15,981 100,082 96,305 48,08a 102,893 = 2.02a
3600 16,086 100,495 86,493 49,685 = 173,339 = 2.257
1700 16,108 100,935 ar,0r2 51.293 = 173,384 = 2,581
3800 16,168 101,366 a7,883 52,907 = 173,823 = 2,811
1500 16,225  101.786 37,805 58,526 = 173,480 = 3,066
8000 16,279 102,198 48,160 56,152 = 173,490 = 3,309
4100 16,331 102,600 88,507 57.782 = 173,519 = 3,540
8200 16,380 102,995 a8, 847 59,418 = 173,539 = 3.760
2300 16,428 103,381 49,181 61,058 = 173,555 -
4800 16,869 103,759 39,508 62,703 = 173,569 -
2500 16,509 104,129 89,829 68,352 = 173,574 -
4600 16,547  102.493 90,144 68,005 = 173,579 -
a700 18,582 104,849 90,453 67,661 = 173,582 -
4800 18,514 105.198 70,756 69,321 = 173.578 it
4900 16,4883 105,541 91,055 70,988 = {73,571 -
5000 16,470 105,878 91,348 72,649 = 173,562 119,093 =
s100 168,594 104,208 F1.638 Ta, 314 = 1T3,58% 124,959 = 5.355%
5200 16,7186 104,532 91,919 75,98% = 173,535 130,811 = 5,498
5300 16,735 104,851 92,198 TT.881 = 173,515 135,662 =  5.635
5400 16,752 107,184 92,472 79,335 = 173,497 182,511 =  5.788
5500 16,767 107,471 92,742 Bl.011 = 173,477 148,361 = 5,895
5800 16,780 107,774 93,008 82,588 = 173,856 156,217 = 5,019
5700 16,791 108,071 23,270 88,367 = 173,833 160,078 = 6.138
5800 16,900 108,363 93,527 86,088 = 173,413 165,922 = 6,252
5900 16,907 108,650 23,784 87,727 = 173,391 171,765 = 5,363
4000 16,913 108.933 94,03 89,408 = 173,389 177,511 = B.4T0
Dec.

31, 1960; Dec. 31, 19803 Mar. 31, 1967

‘SILICON, TRIATOMIC (S1)

(1DEAL 0AS) GPW = B4.258

Point Group (D] Mra = 151.2 + 10 keal/mol

+ 10 keal/mol

859&'15 = [64.0] gibbs/mol m"’zss 15 = 152

Electronic Levels and Quantum Weights
€45 em™1 _g_!
] 3
{10000] (8]
[18000] (2]
21480 3

Vibraticnal Prequencles and Degeneracies

W, cm
[380] (1)
(200] (2)
[630] (1)

Bond Distance: Si-51 = [2.25) A
Bond Angle: 81-51-51 = [180°)

Rotationsl Constant: By = [0.05928) en”™?

0= [2]

Heat of Formation.

The selected value is &n average based on the equilibrium data summarized below. Drowart and co-workers have used
the Knud effusi B8 8p ometric technique to determine the vapor epecles over the systems Sic-gmphitel and
Sic—sillconz. Third law anslysis of the partial pressures of si5 and 81 yields the values 154.0 and 149.9 keal/mol.
Both drifts suggest that the entropy may be lower than the tebulated values. It is unlikely that the entropy 1s in
errér by more than 5 eu so that most of the drift is inherent in the data. The adopted value of Mr%ga = 152 + 10
kcal/mol includes allowance for an error of up to 5 eu.

No. of aHr oo (keal/mol)® Drift 24T g

Source Method Range, T°K Points Znd_Law 3rd Law (eu) (keal/mo1)
Drowart (1958) Mass Spec. 2230-2316 2 209 169.1 -18 154.0
Drowart (1960) d i 1703-1850 4 204+3 178.2 -1742 149.9

*For reaction Si5(g) = 3 51(g)

Heat Capacity and Entropy-

Weltner and Hcl.eods ohaerved an absorpticn band near 48660 ; in mtrix isolation studlies. Their tentatlive asslgnment
of this band an the SE- - E' transition of Si, 1s adopted here. A 'I' state 1s assumed at 18000 cm™ L, which is 7000
and 2000 em” belou the analogaus levelss for ca and cgsi. Also a 31? 1eve! is sssumed Bt 10000 cm 1. presumably ariaing
from the same molecular orbital configuration as the ‘I"“ state. The uolueule is sssumed to be linear with a bong distance
eq\.a!. to that in 31 Vibrational frequencies are estimated from a valence bond calculation using kl = 2.16 x 10" and
k6712 = 0.1 x 10° dyn/cw- The stretching force constant is obtained from Si,, while the bending force constant is based

on Czai and the 1Tu excited zt,atez' of CJ- The moment of inertia ls 47.22 x 10-39 g em .
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Titanium (Ti)
(Reference State) GFW = 47.90
T, K op? § =G -Hme)T  H-Ham AHF AGF Log Kp
o #0000 «00D  INFINITE 1,152 000 2000 +000
100 I.ul2 1.969 12152 1.018 #0200 +000 «000
200 54333 Sa060 7870 «56u LU0 uub «000
298 5.987 Ta325 Ta328 «00U SUU0 J0U0 «000
300 5.998 Tedh2 Ta325 #011 = 0UQ SLa0 +000
400 Ba301 Yel3a 7565 «629 UL «0UD +000
500 fe559 10578 fap28 1,475 «000 <000 =000
600 6.75% 11a791 Aa5ST 1.921 0u0 —uul ~000
700 6,976 124848 EFLT 24627 UL UU0 «000
A0 Ta229 13,794 F.562% 34337 #000 000 «000
ann 74499 144663 10.137 4073 uuo «UL0 «000
1000 7.767 150467 10.571 4,837 +000 «000 «000
1100 84025 164220 11105 54626 SUu0 «uud +000
1200 7.068 17.761 11502 T.378 <000 . .
1300 7e210 18,312 124087 8,092 J00D 000 000
1400 Te367 1B4B52 12551 BabZl bl U0 «000
1500 T.580 19.368 174989 94566 $0UD SUu0 +000
1600 T.730 194850 134403 10,329 J0U0 $U00 +000
1700 TW540 20.333 13757 114412 VT $000 «000
1800 8,160 7204793 144173 11.917 000 20U0 +000
0 B3890 la2s 144533 12,760 sUUQ sU00 000
2000 B,500 7234971 142956 18,082 +0uD -00G -000
2100 A.500 244397 15.29¢ 18,492 2000 000 000
2200 Bae5UC 244787 15.814 19,747 »0U0 «000 +000
2100 A.500 754168 164212 204592 PUTH +U00 «000
2400 A.500 25,527 164593 21,462 - 000 «0Q00 «000
2500 fa500 29,874 16.957 22,292 LT $000 «000
2600 B.500 262207 17+307 23,142 U0 J0u0 000
2700 8,500 264528 174642 23,992 NI «000 $000
2800 84500 26.837 174965 26,842 «0UD +000 «000
2900 Ba.500 27136 18.27¢ 25.692 «000 £000 000
3000 84500 2T.424 184578 2ha5u2 «0U0 000 «000
1100 84500 27.703 18.866 274392 SO0 2000 «000
37200 8.500 27.972 1092147 284242 2000 000 <000
3300 AL500 28,234 194418 24,092 L000 000 .000
3400 BaSU0 28.688 19+681 29,942 sutg sULD 000
3500 A.500 FLOETS 184536 30,742 <000 «0U0 <000
21600 Aaleh 574276 204257 133,268 «000 «000 000
1700 8,283 574501 21s240 134,000 2000 4000 «000
1800 A.l7 574723 22217 134,925 Loy J0U0 000
1900 B.548 574944 23.130 135,773 P «000 000
4000 8876 58.162 Zhapol 1364634 000 «000 +000
4100 R.T799 58.378 24.8139 137,508 sOUY sl «000
&700 Ba91l9 5B+591 25640 1384354 =000 000 T
4300 B.035 58,802 FLTL L 139,207 000 +000 000
4400 A,14a6 594011 27.147 lau, 201 P «000 « 000
4500 9,252 59,218 274858 141,121 «000 «000 «000
4600 EPELT 594421 2Re542 142,081 slu ) £ 000
4700 Gab51 554675 29.201 142,991 +0U0 +000 « 000
4800 9,54k 59,825 29.817 143,941 000 000 - 000
&a00 94631 60.022 304451 144,900 R T «0U0
5000 9,713 604218 Ilanbb 145,867 $ 000 +000 « 000
5100 a,791 £0.011 31eA1B 14h 8462 U0 060 +200
53200 9,864 604602 EEDS R 147,425 £000 «000 +000
5300 9,933 60. 790 32,712 148,815 «000 «000 - 000
5400 9,596 60.977 33,234 140,812 Luuo T 000
5500 104056 51lal61 334740 150,814 +000 « 000 000
5800 104111 £1a342 344231 151,823 «0U0 LU0 ~000
5700 104161 fla522 3n.T0E 152,836 $000 «000 «000
5800 10,208 Al.699 35.172 159,855 +000 «0U0 000
5600 104251 6laB74 35627 154,874 000 2000 £000
6000 10.289 624046 64062 155,905 #0000 L000 000

Dec. 31, 1960; Sept. 30, 1966

TITANIUM (T4)

1155
1933
3591

to
to

{ REFERENCE STATE)

1155°K
1933°K
I591°K
B000°K

See crystal, liquid snd monatomic gas for details.

Crystal alpha
Crystal beta

Liquid

Ideal Monatomic Gas

GFW = 47.90

Ti

-



x . . TITANIUM, ALPHA {T1) {CRYSTAL) OFW = 47.50
itanium, Alpha (Ti)

sty GRW o WI0

BHf5 = 0 keal/mol

. S308.15 = 7-325 + 0.02 gibba/mol gy 15 = O keal/wol
£ - H=H" AHF AGr K
TR O - Lo ke Tt = 1155+ 3 °K CHE' = 0,99 koal/mol
L000 INFINITE = 1,152 .uug .:gg .::: &Ha5gq 15 = 113.0 + 1.0 keal/mol
« 969 2415 = 1,018 « 00 - .
flr.:no x 1.115 - :gso +000 +000 4000 Heat of Formation.
Te - «000 oo «0uo <000
35 Te325 ool ! Zero by definition.
Tadb2 Te325 o1l «000 «0U0 «000
94139 Tasas et SO0 L000 «000 Heat Capacity snd Entropy.
10.578 8e028 1,275 +000 =000 =0 The low tesmperature hest cepacities, 1.1 - 305.51°K, have been messured by many investigators. Their messured
114791 Ba557 la%al -300 ogﬁg -ggg temperature range, specimen purity and velue of S3gg,15 Teported are listed in the following table. The Cp values,
1z.848 9006 a2 . o0 1000 below 236°K, adopted were mainly derived from the dats obtained from references 3, 5 and 6, which are in good
léatif3 104137 a.gn .:gu '333 -ggg agreement with other sets of Cp data.
152667 1ges31 he837 +000 . . i g
S R Investigator Temperature, 'K Purity,$ 3298.15’ B
zeL =i L I 1. K. K. Kelley (1344) 53.5 - 295.1 98.75 7.24 + 0.07
Tedfd = 807 slls = 2019 2. Estermann et sl. (1952) 1.8 - 4.2 99 -
Ba153 - LS «179 = «028
124832 9.048 - +518 .235 = «034 | 3. Kothen and Johnston (1953) 15.44 - 305.5) 99. 96 7.33 + 0.02
4 . o _— | 4. Aven et al. (13556) 3.95 - 15.76 99.95 -
45, - 9 8 - . - . .
e i 10918 - o191 s - soso S. Wolcott (1957) 1.17 - 20.85 9.8 i
1800 ] 2 i i}..ia? - +U30 ::: = -::: 6. Clusius and Franzosini (1958) 13.72 - 271.92 99.88 -
1900 10.118 2lel28 JETE 1T 2088 sl . = .
2000 10:376  31.653 140698 13,910 - 44132 «516 - 056 7. Burk et al. (1958) 22.5 - 200.0 EL) &
B. Kneip et al. (1953) 1.1 - 4.5 99.86 -
| 9. Heke and Cape (1964) 1.2 - 4.5 99.92 -

1. K. K. Kelley, Ind. Eng. Chem. 36, 865 (1944). Sgg.1p = 0.401 eu.

2. 1I. Estermann, 5. A. Priedberg and J. E. Goldman, Phys. Rev. 87, 582 (1852).

3. €. W. Kothen and H. L. Johnston, J. Am. Chem. Soc. 75, 3101 [1953). S]g = 0.013 eu.

4. M. H. Aven, R. S. Craig, T. R. Welte and W. E. Wallace, Phys. Rev. 102, 1263 (1956).

5. N. M. Woleott, Phil. Mag. 2, 1248 (1857).

6. K. Clustius snd P. Pranzosini, Z. Physik. Chem. 18, 194 (1938).

7. D. L. Burk, I. Estermann and 5. A. Priedberg, 2. Physlk. Chem. 16, 183 (1958).

8. G. D. Kneip, Jr., J. 0. Betterton, Jr. and J. O. Searbrough, Phys. Rev. 130, 1687 (1963).
9. R. P. Hoke and J. A. Cape, Phys. Rev. 135, A1151 (1964).

The high temperature hest capacities, 320-1856°K, have slso been determined by many investigators. The valuer Bbove Tt

are not in good agreement. The measured temperature range, method used, and kind of dats reported by these investigators
are presented in the table below.

— Investigator —Tesperature, "X —Method =~ Property Messured
1. Jaeger et al. {196) 492.9 - 1475.8 drop calorimetry B - H3os s
| 2. Kothen (1952) 1067.0 - 1856.0 drop calorimetry W - Hasg.15
3. Scott [1957) 333.2 - 1233.2 adiabatic calorimetry Cp
4. Backhurst (1958) 873.2 - 1383.2 adlsbatlc calorimetry Cp
5. Golutvin (1958) 388.0 - 1401.9 drop calorimetry Hy® - H3gg.1s
€. Hollend (1963) 593.0 = 1345.0 reslsténce measurement Cp
7+ Kohlhsas et al. (1965) 320.0 - 1800.0 adisbatic calorimetry Cp

1. P. M. Jaeger, E. Rosenbohm and R. Ponteyne, Rec. trav. chim, 55, 615 (1936).

2. C. W. Kothen, Ph. D. Dissertation, The Onio State University, 1952. Sample purity 99.96%.

3. J. L. Scott, DRML -2328, Oak Ridge Nationsl Laboratory, July 1957.

4. I. Backhurst, J. Iron Steel Inst. (London ) 185, 124 (1958).

| §- ¥. M. Golutwin, Russ. J. Phys. Chem. 33, 164 (1953).

| 6. L. R. Hollend, J. Appl. Phys. 34, 2350 (1963).

7. R. Kohlhaas, M. Braun and 0. Vollmer, Z. Naturfersch. 208, 1077 {1965). Sample purity 99.8%.

Dec. 31, 1960; Sept. 30, 1966

The sdopted Cp valuea, 238.15 - 1155°K, were mainly derived from the Cp data reported by reference 7. The low
tempersture and high temperature Cp data were Jolned smoothly 8t 298°K. The Cp values above 1155"K were estimated by

Eraphical extrapolation. S,;ge’ls was derived from the adopted Cp, based on sh = 0.015 eu.

Transition Data.

See the T1 { B, ¢) table for details.

Heat of Sublimation.

&HB g, 1o 15 céleulsted as the difference between Mr;s@.li for Tilg) and Tt { of ,e).

Ti



Titanium, Beta (Ti)
(Crystal) GFW = 47.90
— Ribbs/mol —— keal/mol

T,'K § =G =Wl T H-Ham AHFP AGE Log Kp

1]
100
200
258 6,205 B.B%1 Befol 000 1.a33 1.026 = 752
300 Be2UB B8.729 Bapdl =011 Let33 1,023 = aThE
400 6,280 10.525 B.0%5 =536 laba0 «885 - kB4
500 B350 11.934 Fa39% 1.288 lat26 T4 = 327
#00 6,439 13.101 92922 1.%07 1a3599 #613 = »223
700 62525 l4sl00 22556 whB5 - =151
800 heblB 14977 3.413 #3684 = =099
00 GaT1 15762 879 - «280 = =061
1000 5,828 16.475 11.919 4858 1.152 alas - 032
1100 6,940 17413 124363 5,245 1,052 $050 = 4010
1200 Tu068 1T+741 124786 (AT « 000 +000 +000
1300 Te2l0 18.212 13190 Bab59 - 000 bl =000
1400 74367 184852 134578 74387 000 ~000 «000
1500 Ta540 194368 13944 Beliy =000 =000 =000
1600 T.730 194858 14s208 8,895 =000
1700 T.940 20,333 lh.839 9.670 =000
1800 8,160 204793 Laeg6s 104484 »000
1800 SedR0. 21,280 _ Q3egel. . lLpal). .
Z000 weedo 218TT ls.gs" 1?’.an'; - "":ggg
2100 B.860 224103 15895 13,037 = #3685 - 04D
2200 9,090 224521 164187 13,938 - W8l = 4081
2300 9,312 22.930 18471 P L 838 = 079
2400 9,530 23.33) 16749 15,797 - 1.058 = =098
2500 2.750 234724 17+020 1676l = 1.277 - al12

Sept. X0, 1s8g

TITANIUM, BETA (Ti) ( CRYSTAL) aFW = 47.90

Mra = Unknown
535,15 = 9-691  gibba/mol 8Hf5o0 1 = 1433 kesl/mol

Tt = 1155 + 3 °K A" = 0.99 keal/mol

Tm - 1533 + 10 K Ma* = [4.45] kesl/msl

48344 45 = [111.57] keal/mol

Heat of Pormation.

The heat of formation {Mr'm_u} was obtained from Mfan_m ( o » ¢} by adding Ht® and the difference
My, = Hpgg 45 Tor T ( o, o) and Ti ( B, e)-

Heat Capacity and Entropy.

The hest capacities, 1155 - 1856°K, have been determined by many investigstors. See the TL (gl , ¢} table
for detalls. The selected Cp values were evaluated besed on the data reported by C. W. Kothen, Pn. D. dissertation,
The Ohic State Univeraity, 1952, and R. Kohlhass, M. Eraun and 0. Vollmer, Z. Haturforsch. 204, 1077 (1965). The
heat capscitiss below 1155°K snd sbove 1B00°K wers sstimated by graphiecal ax ion. Tha py wes obtained
in & manner anelogous to that of the heat of formation.

Transition Data.

Titenium has two crystal forma, i.e. the hexagonal close-packed low-temperature form and the body-centered
cublec high-tesperature form. The of— ,8 transition temperature has been determined and reported over @
range of temperstures, 1154-1187°K, by many inveatigstors. The value of Tt L& affected by the lspurities in the
specimen or sdsorbed by the specimen during the messurement and the method used for the determination. The following
table indicates the walues of Tt reperted by different investigators. Also included are the heats of transition (2Ht*),
purity of specimen and property messured. The value of Tt adopted s 1155 + 3°K, and the value of &Ht" 18 selected
a8 0.99 kesl/wol.

Investigator T, K SHE", keal/mal Furity,% Method or Property Meassured
1. Past (1939) 1158 + 10 - Iodide electrical resistance
2. Oreiner snd Ellils (1919) 1158 + 2 - 99.9 electricel resistance
3. McQuillen (1950) 1155.7 + 1 - 99.83 hydrogen sclubility
4. Duwez {1951) 1155 + 4 - Icdide cooling curve
5. Worner (1951) 1158 + 2 - 99.593 thermoelectric power
6. Kothen (1952) 1154 0.943 95.96 dropping calorimetry
7. Edwards et al, {1353) 1157 + 3.5 - 99.88 ©ooling curve
8. Schofleld (1956) 1158 0.814 - rate of heating
9. Seott (1957) 1156 + 2 0.978 + 0.025 Iadide adisbatic calorimetry
10. Backhurst (1958) - 0.880 Commercial adiabatic calorimetry
11. Gelutwin (1959) 1155 0.820 + 0.020 Iodide dropping calorimetry
12. Kohlhsas, et al. (1965) 1167 0.952 9.8 adisbatic calorimetry

1. J. D. Fost, Rec. trav. chim. 58, 73 (1939).

2. E. 5. Greiner and W. C. Ellis, Tréns. Am. Inst. Min. Met. Eng. 180, 657 (1949).
3. Ao D. MeQuillsn, J. Inat. Metals, 78, 249 (1550).

4. P. Duwes, J. Metals, 3, 765 (1951).

5. M. W. Worner, Australisn J. Sci. Res. 4, 62 (1951).

6. C. W. Kothen, Ph. D. Dissertation, Tne Ohlo State Univeralty, 1952.

7. J. W. Bdwsrde, H.L.Johnston and W. E. Ditmars, J. Am. Chem. Soc. 15, 2467 (1953).
8. T. H. Schofield, J. Inst. Metals, 85, 88 (1958).

9. J. L. Scott, ORNL - 2328, Oak Ridge National Laboratory, July 1957.

10. 1. Backhurst, J. Iron Steel Inst. (London) 189, 124 (1958).

11. ¥. M. Oolutvin, Russ J. Phys, Chem. 33, 164 (1359).

12. R. Kohlhess, M. Braun snd D. Vollmer, Z. Naturforsch. 20A, 1077 (1965).

Melting Data.
See the T1{1) table for detalls.

Heat of Sublimation. Ti
tHs3q9 15 1o caleulated an the difference between Af5eq y¢ for Ti(g) and Tif B, o).

Ti



“itanium  (Ti)
Liquid) GFW = 47.90
ibbs/maol — kealfmel
T,K cp § =G =) T  H—H'ree AHFP
[
100
200
258 5,205 104695 10+695 *000 5.433
300 6,206 10.733 10+695 +011 5,433
400 64280 124529 10+939 536 54440
500 64358 13.938 11403 1.268 50426
600 64439 154105 114926 1.907 54399
700 64525 164104 124453 2.556 54362
800 64618 16,981 124965 3.413 5309
Q00 fe718 17766 13.456 3.879 54239
1000 6,825 184479 13,923 4,556 54152
1100 64940 194135 164347 54245 5,052
1200 7.068 19.745 144790 54945 44000
1300 8.500 20,318 154104 6,459 4,000
1400 84500 204946 15.582 7,509 4.121
1500 8,500 21s532 15960 8,359 4a226
1600 8.500 224081 164325 9.209 44313
1700 8.500 22.596
1800 8,500 23.u82
1

B8.500
B.500
B.500
B.500
B.500

8,500
8,500
B.500
84500
8,500

B.500
B.500
84500
84500
B.500

8,500

B.500
Be500
B.500
84500
Ba500

244392
244788
254165
254527
25874

264208
264528
264837
27138
2Tets24

27703
27973
284234
284488
28.734

28.974
29.207
79.433
29.658
294869

304079
30.284
30584
0BT
30.8T0

17.983
1B+ 284
184575
1R.B5T
194131

19.396
19655
19.908&
20150
20+388

20.6819
204845
21065
21e279
21.489

16,859

17,709
18,559
19,409
204259
21,109

21,959
22,809
23,659
24,509
25,1359

AGE

LI B B O

Log Kp

264209
27.05%
27.909
28,759
29,609

30,459
31,309
32.159
33,009
33,859

101.615
101.58%
101.56%
101.566
101.576

101.599
101.634
101.680
101.738
101.807

Dec. 31, 1960; Sept. 30, 1968

BaThs
11.576

142402
17+230
20.081
224896
254732

TITANIUM (T1) (LIQUID) GFW = 47.90
8558.15 = [10.895] gibbs/mol AHr%SB-lE = [5.433] kcal/mol
To = 1933 + 10°K &Hn® = [4.45] keal/mol
Tb = [3591]°K 2Hv® = [101.83] kesl/mol

Heat of Formation.

‘.I:m: heat of formation [“"riga‘ls} was obtained from Mf’é”_ls {3, ¢) by adding &Hm® and the difference between
Hiym - H3gg.1s for Tt ( B, ¢) ena m1(1).

Heat Capacity and Entropy.

A glass transition tempersture st 1300°K was assumed. The heat capacities below 1300°K were obtained from those
for Ti lﬁi. c)+ The Cp value sbove 1300°K was estimated by comparison with those for the other transition elements
and assumed to be constant in the temperature range 1300 - 4500°K. The entropy was obtalned 1n & manner analogous to
that of the heat of formation.

Melting Data.

Becsuse of the highly reactive nature of Ti{c), the accurate determination of the melting point 1s difficult.
The results reported by different investigstors show wide discrepancies. The Tm velue edopted was determined by
Schofield and Bacon (1553) and later confirmed by Westrum snd Feick (1963). The other values of Tm reported are
presented in the table below. The heat of melting was calculsted based on &n estimated entropy of melting, ‘5‘3933
- 2.3 eu.

_Tw, K Investigator
2068 + 15 0. K. Burgess and R. G. Waltenberg, Z. anorg. Chem. 82, 361 (1913).
1993 J. D. Past, Rec. trav. chim. 58, 973 (1939).
1993 + 25 M. Hensen, H. D. Kessler and D. J. McPherson, Trans. Am. Soc. Metals, 44, 518 (1952).
1973 + 15 H. K. Adenstedt, J. R. Pequignot and J. M. Raymer, Trans. Am. Soc. Metals, 44, 990 (1952),
1953 + 10 D. J. Maykuth, H. R. Ogden and R. I. Jaffee, Trans. Am. Inst. Min. Met. Eng. 197, 231 (1953).
1933 + 10 T. H. Schofield and A. E. Bacon, J. Inst. Metals, 82, 167 (1553).
1945 + 4 R. A. Oriani end T. 5. Jones, Rev. Scl. Instr. 25, 248 (1954).
1941 + 10 D. K. Deardorff and E. T. Hayes, J. Metals, 8, 509 (1958).
13933 E. F. Westrum, Jr. and G. Peick, ASD-TDR-62-204, Part II, University of Michigan,

Ann Arbor, Michigen, May 1963.

Vaporization Deta.

Tb ie the temperature 8t which the gibbs energy chenge (4Gr®) for the reaction Ti(l) = Ti{g) approeches zero.
The difference between &HT® (Ti,g) and 2Hf® (T1,1) at Tb 1s AHv®.



Titanium

(Ti)

(Ideal Gas) GFW = 47.90
T.°K op° § (G =Wl T H-Ham AHP AGF Log Kp
[ J000 «000  INFINITE 1,402 112,352 112,350 INFINITE
100 6,047 36,123 28,5394 1,206 112,772 199,357 = 238,998
200 6,330 40,535 43,815 L3598 112,968 195,851 = 115,448
298 5.339 43,068 53,068 L300 113,000 102,344 = 75,020
ang 5,431 03,102 43,064 011 113.000 102,279 = 78,509
490 5.322 88,733 43,291 W57 112,798 78,710 = 53,933
500 5,348 05,945 a3,79% 1.120 112,985 95,161 = 481,595

i
i 603 5,237 46,509 48,162 1.548 112.707 F1.636 = 33,379
700 s.170 ar.711 44,613 2,158 112,541 A8.137 = 27.518
R00 5.128 48,398 45,080 2,583 112,348 894,568 = 23,129
a0 5.108 49.001 45,851 3.1%a 112.121 1,217 = 19,722
: 1000 5,095 49,538 45,833 3.70a 111.A67 7T.T98 = 17.002
1100 5,106 50,0248 45,193 8,214 111,388 Ta,a08 = 18,783
1230 5,132 50,469 45,51 4,728 112,348 71,078 = 12.984
1309 5,175 50,481 44,959 5,241 110,189 67,810 = 11,800
1800 5,237 51,267 47,192 5,762 109,941 44,560 = 10,078
1500 5,313 51,831 47,433 4,280 109,723 81,324 = 8,915
1600 5,403 51,977 a7, 711 4,825 109,495 58,107 =~ 7,937
1700 5,508 52,307 ar, 3z T.afo 109,258 5a,%02 = 7,058
1800 5.614 524425 48,222 T.328 109,703 51.711 = 6.279
1990 5.737 32,932 ad, a8 3674 128,75 83,535 =  5,5A3
2000 5,348 53,229 48,633 7,974 104,032 45,528 = 4,975
2100 5.998 53.518 48,315 7586 193.778 62,517 = 4,430
2200 6a132 53,801 43,131 19,272 103,531 37,700 - 3. 940
21300 6.271 54,078 49,340 13.893 103,301 34,808 = 3.a97
2800 B.413 54,386 49,501 11.527 103,085 331,923 = 3,089
2500 8.557 S4.611 49,743 124178 102,900 1,081 = 2,718
2600 6701 564871 49,933 12,335 102497 27,170 = 2.358
27100 6,947 55.124 50.120 13,518 102,528 25,399 = 2,049
2803 6,991 55.378 50,394 18,208 102.36% 22,851 = 1.752
2900 7,140 55.625 50,433 18,915 102.221 19,402 = 1,477
3000 7.284 55.871 50,5%3 15.636 102,094 16,753 = 1.220
3100 7,432 $6.112 50,831 15,373 101.98) 13,912 = L981
3200 7,578 56,350 51,999 17,122 191,882 1,071 = o756
3309 7,722 56,585 51,165 17,887 131,795 8,237 = L5046
ELT 7,845 56,818 51,329 19,487 131,725 5,40} = « 347
3500 B.207 57.048 51,4335 19,461 191,469 2,570 = « 180
ELL b B.l145 57,278 51,6404 27,2448 <08 +207 «N00
Ir90 B.283 57.501 51,301 21.0%0 L0093 L300 .000
3800 8,417 57,723 51,954 21,325 L0102 L300 000
1900 B.3548 57,944 524175 22,773 RTE] 2300 000
&000 8,476 58,152 52.253 21,831 NE] L7190 L000
4100 8,799 58,378 52,400 28,508 L0002 «209 .000
&200 B.719 58,571 52.5a5 25.3%a #0032 307 «000
400 9.035 58,307 52.489 28,392 L0002 L300 L000
4400 3.146 59.011 52,829 27,201 +002 L0090 L000
4500 2,252 59,218 52.9%% 28121 L0032 ,399 000
4800 3,358 59.423 53,197 27.051 L0023 L7092 +000
&700 9.451 59.425 53,2488 27.991 «003 «300 «000
4890 9,548 59.425 53,373 39,981 L0002 L300 000
4900 9,631 &0,022 53.512 31,700 »003 L300 L000
5000 F.713 60,218 53.8080 32.887 #0203 «300 000
5100 9,791 80,611 51,775 13,342 003 209 L000
5200 9,858 60,4072 53,705 38,825 000 700 +000
5300 9,913 60,790 50,033 35,815 L103 R EE] L000
5400 9,998 80,977 55,149 35,812 N L3109 L000
5502 10,058 61,161 54,285 37,418 009 202 000
5699 10,111 41,342 Su.419 39,823 MR 4300 L000
5709 10,141 61.522 58,533 39,336 902 EEE) L000
5800 10,208 51.479 564455 43,355 L0090 199 .000
5900 10,251 41.47a Sa,774 41,378 003 4200 L000
5000 10,289 57,048 54,895 02,305 002 L3230 L 000
Dec. 31, 19680; 3ept. 30, 1966; June X0, 18967

TITANTIUM (Ti) {IDEAL GAS) GFYW = 47,90

Ground State Configuration °F, AHER = 112.8 & 1.0 keal/mol

. 2 o -
Spgg.15 = 43.066 gibbs/mol 3‘""?98.15 = 113.0 * 1.0 keal/mol

Electronic Levels and Quantum Weights

fir ent By b 0 ent Bg bt &) en! 81 i ont 8y
0.00 5 11639.82 7 17467.00 15 35943.00 ET
170.13 T 11776.82 9 18101.00 9 37685.00 105
386.87 9 [12000.001 (11 18392.00 76 38939.00 161
E556.86 3 12118.46 9 19789.00 4y 40121.00 BO
E59E.83 5 13981.75 3 21381.00 38 41471.00 180
6661.00 7 1un28.47 5 22270.00 12 42106.00 18
E7T42.79 ] 14105.68 7 25405.00 B7 43734.00 145
6B43.00 11 15108.15 7 27178.00 123 ¥4732.00 127
7255.29 5 15156.80 9 28745.00 65 LE2EL.00 213
B436.63 1 15220.40 11 30144 .00 89 48513.00 330
FHG2 .44 3 16008.00 21 31845.00 TE
8602.35 5 16371.00 n 33751.00 5u
11531.81 5 17046.00 35 34698.00 23

Heat of Formation

The vapor pressure of Ti(B), 1510-1822°K, has been measured in three separate investigations. Based on the reported
vapor pressures, the enthalpies of sublimation (Altsgga_ul are evaluated by both the second and third law methods. The
results obtained are presented in the following table. The adepted value of aHf;“_ls for Ti(g) is 113.0 ¢ 1,0 kecal/mel.

L) -
4Hraqq 150 keal/mol Drift Hfgg.15
Reference Temperature, °K Second Law Value Third Law Value ey keal/mol
1 1510 - 1822 112.23 ¢ 1.91 110,26 = 0.81 -1.3 = 1.2 111.68
2 1658 - 1808 112.41 + 6.30 110.71 ¢ 1.10 =1.1 = 3.7 112.1%
3 1587 - 1764 112.26 ¢ 1.12 111.79 ¢ 0.18% -0.2 t 0.6 113,22
*Calculation based on the third law M., and AHFZ. (P) = 1.43 keal/mol.

1. J. M. Blocher, Jr., and I. E. Campbell, J. Am. Chem. See. 71, 4040 (1949).

2. L. G. Carpenter and W. N. Mair, Proc. Phys. Soc. B4, 57 (1951). The preliminary results were
reported by L. G. Carpenter and F. R. Reavell, Nature, 163, 527 (1949).

3. J. W. Edwards, H. L. Johnston and W. E. Ditmars, J. Am. Chem. Soc, 75, 2487 (1953).

Heat Capacity and Entropy

The electronic levels and quantum weights are obtained from C. E, Moore, Mational Bureau of Standards Circular 467
(1949), Vowever, above the level e, = 15877.17 cm_]'. the values of £; and g4 listed in the above table are average values
calculated from those given by Moore, The 150 level of the ground multiplet which has not been observed is estimated to

lie at 12000 cm ' by comparison with the corresponding levels for it ion, Zr and 2r*? ion Teported by C. E. Hoore, los. cit.



anium Unipositive lon (Ti")

Dec. 31, 1967

eal Gas) GFW = 47 899457
AT R

VK Cp° §° —(G'-Hzs)T  H=H'zss AHF AGE Log Kp

0
100
200
298 6,257 23,858 L0000 271,880 257,082 = 190,190
100 64257 83,393 .02 271,850 252,395 = 198,941
400 6,245 85,692 W837 272,358 255,153 = 119,409
500 5,177 47,079 48,542 1,258 272,424 250,797 = 1N9,423
500 6,080 4R, 1798 45,079 1,871 271,270 206,389 = M9,733
700 5,931 49,120 45,591 2,479 273,479 241,928 = 75,502
&00 5.912 4y.908 46,093 3.057 278,053 237,253 = 44,314
990 5.T12 50,583 44,504 3.431 274,390 232,531 = 56,491
oao 5.533 S1.180 84,940 8.200 274,490 227,374 = 49,824
100 5.573 51,718 87,347 4.760 274,958 273,291 = 84,340
200 5.529 52.197 87 . 748 5.315 278,258 218,426 = 39,917
300 5.499 52.639 48,128 5.967 274,592 213,972 = 15.972
anp 5.491 53,045 4R, 843 S.01% 274,909 209,297 = 12.473
500 5.474 53,423 WA, T8}y 5,961 2r5.208 204,400 = 29,810
400 5.475 51,774 19,082 7511 275,490 199,988 = 27,303
700 5,084 58,109 49,358 A.059 275,752 195,157 = 25,088
800 5,099 54,022 99,640 8,508 275.992 190,801 = 23.118
900 54321 54,720 a%,900 9.159 275,211 185,581 = 21,354
:1.1:] 5547 55.008 50.148 9.712 2T1.955 191,023 = 19.7R1
100 S.57R 55.276 50,396 13,258 272,158 176,870 = 1B,365
200 5.513 55.535 50,814 10.828 272,375 171,998 = 17,077
100 54550 55,795 Sn,830 11,391 272,584 167,334 = 15,901
400 5.590 56,027 51,045 11.958 272,798 162,757 = 14,821
500 5.7 58,261 51.249 12.529 273,015 158,157 = 13.827
600 5.773 56,488 51,044 13.108 271,238 153,553 = 12,909
700 S.317 54,705 51.637 13.582 273.465 148,353 = 12.058
800 5,380 54,917 51.822 15,267 271,495 146,388 = 11,247
$00 S.708 57.128 52,00 14,855 2r3.930 139,725 = 10.530
ano 5.746 57.328 52.175 15,848 278,169 135,991 = 9,841
100 5,788 57.520 52,368 15,085 274,013 130,852 = 9,197
200 6,029 §7.7T11 52.599 15,584 278,461 125,998 - 8,592
100 4,069 57.897 52,659 17,291 278,913 121,189 = 8,023
ano #.107 58,079 52.8258 17,859 275,167 114,487 = 7,488
500 #1800 §8.254 52.973 19.472 275,827 111,815 = 4,982
500 6,179 5R, 830 53.128 179,088 178,060 107,439 = 6,520
702 6,217 58 53,271 19,708 178,359 105,542 = 5,238
&00 4,243 58,766 53.01% 27,139 178,443 103,474 = 5,943
903 4,273 58,328 53,555 23,954 178,918 101,899 = 5,705
003 4.301 59,047 53,431 21,585 175,182 99,923 = 5,440
193 4,325 59,243 53.825 22,215 175.835 94,780 = 5.226
209 5,351 59,398 53,955 22,850 175,681 96,154 = 5,003
00 6,373 59,345 54,044 23,054 175,915 98,254 = 8,791
agd 4,190 59,692 28,125 176,183 92,35% = 4,587
500 G818 59,938 20.76% 174,159 90,888 = 4,393
500 4,032 59,37R 58,690 25.407 174,589 A% 580 = a.207
700 fo0ad 40,116 58,573 24,051 174,769 84,521 = 4,028
409 4,841 40,252 58,690 24,897 176,362 84,791 = 3,857
900 4,077 40,385 58,808 27,341 177,87 82,774 = 3,892
009 A,890 50,518 54,918 27.992 177,328 40,833 = 3,534
100 6,307 80,445 55.029 24,847 177,094 74,918 = 3,382
209 Aa513 40,77y 55.118 23.293 \TT . 681 TA 987 = 3. 235
300 4,521 40,898 35.2085 23,345 177,429 75,085 = 3,095
400 #4333 41.31A 55,351 313,597 177,972 73,107 = 2.95%
500 LT T 414138 55,455 M.25 178,121 T1.,1658 = 2,878
A00 42349 41,235 55,538 11,304 178,263 83,211 =  2.701
700 Ay 357 51,371 55.639 32,581 178,002 57,272 = 2.57%
400 6,363 81,038 35,758 31,217 178,535 45,317 = 2,861
0l Au3TA 414578 55.854 31,4874 178,667 53,15 = 2e3a7
ond 8,376 41.708 55.933 3.5 178,798 $1.000 = 2.237

+

Ti

TITANIUM UNIPOSITIVE ION ('Ti‘) (IDEAL GAS) GFW = 47.89945

oHEY = 269.62 + 1.0 kcal/mol

P 5 u
Ground State Configuration ?3” 0

- = 43,854 * 0.01 gibbs/mol HHE = 271.84 + 1.0 kcal/mol

. s
298,15 298.15

Electronic Levels and Quantum Weights

£iv cw L E_i £is cm” ii i end El
0 b 9508.611 1w 46339.691 42
93.94 B 9970.051 16 52658.791 26
225.47 8 12722.863 32 EBTHL 104 38
393.22 10 15593.028 24 B2717.485 42
907.96 L] 22558.664 26 65139,311 &4
983.80 B 30448.B62 B4 E5650.954 46
1087.21 8 3209y.291 uy 67836.381 58

1215.58 10 69610.661 L8
u782.315 1%

8945.376 28

36951.357 36
40329,191 38
3558.293 uo

Heat of Formation

The heat of formation is caleculated from the reaction Ti(g) = riteg) + e (g) with the JANAF auxiliary value for Ti{g)
and an ionization potential = 6.82 eV or 157.276 kcal/mol, obtained from C. E. Moore, "Atomic Energy lLevels,” Natl. Bur.
Std. Circ. 467, Vol. III, 1958.

Heat Capaeity and Entropy
The electronic levels and quantum weights are taken from C. E. Moore, "Atomic Energy Levels," Natl. Bur. Std. Cire. 467,

¥ol. I, 1949. The electronic levels above 4700 ent are averaged, The H® - H;gg value at 0°K is -1.888 keal/mol.

Ti



~conium {(Zr)

aference State)

GFW = 91.22

T,’K cp §  —AC=Won)T H-Hes AHP AGP Log Kp
0 «000 «000  INFINITE = 1,321 « 000 000 «000
100 4,406 3,352 1a,883 = 1,109 L000 000 J000
200 5.754 6,946 9,862 = 383 L000 L0090 4000
298 £.068 F.314 9310 L000 «000 000 +000
300 6,097 §.352 ¥.318 J011 L000 000 L000
200 6,367 11.143 ¥.55¢ PB34 L000 L000 £000
500 6,642 12,593 10,0232 1,285 L000 L6000 J000
400 6,519 13.828 10.557 1,963 000 000 +000
700 7,197 18,516 11,103 2,669 L000 00U JouD
800 7.475 15.895 11.642 3,802 000 L000 000
00 7.753 16791 12.1865 4,184 2000 000 «000
1000 8,032 17.623 12,670 4,953 000 LO00 000
1100 8,311 18,401 13,158 5.770 000 000 <000

€088 19.8 13,667 7,066 000 '

1300 6,557 20eaaa 14,167 8,160 L000 L00U L000
1a00 7.108 20,966 ta.t3a 8,865 .000 L, 000 L000
1500 T.219 21,481 15,073 9,581 L000 Jo0d Loue
1600 T.330 214930 15.487 16,309 +000 L0009 +000
1700 7441 22,378 15,874 11,047 L000 000 L000
1800 74552 22008 18,252 11,797 000 LOu0 000
1900 T.t63 23.218 16,608 12,958 000 L000 000
2000 7.774 23,413 16,949 13,330 000 L000 L000
2]00 7,885 23,995 17,275 14,1113 1000 ,000 L000
2200 E,C00 26719 17.66% 19,910 000 000 +000
23100 8.000 27.075 18,071 20,710 000 LO00 +000
2400 8,000 27.415 18,453 21,510 000 .000 L000
2500 8,000 aT.782 18,818 22,310 +000 L00u «000
2600 8,000 28,056 19,187 23,110 L0080 L00U L1000
2700 2,000 28,358 19,502 23,910 000 L000 000
2800 8,000 28,849 19,0824 26,710 000 000 +000
2500 8,000 28529 20,133 25,510 L0040 L000 000
300 8,600 29.201 20.430 26,310 000 L0000 000
3100 8,000 29,063 204718 27,110 000 L000 +000
dzo0 8,000 Evar17 20.995 2T.910 <000 000 000
3300 8.000 29,963 21.261 28,710 Ju00 000 000
ia00 8,000 30.202 21.522 29.510 000 000 «000
1500 8,000 30,438 21,774 30.310 000 L000 (000
1600 8.Cog 30.£59 22,017 31,110 000 000 000
EET 8,000 30.678 22,254 31,910 000 L000 L0ud
Jaoo 8.000 31092 22.4%8q 32.T10 000 000 000
1500 8,6t 114399 22,707 33,4910 J000 L000 +000
4000 8,000 31,502 22,924 34,310 J000 000 1000
4100 8.000 31,700 23.138 35,110 000 000 000
8200 8,000 .92 23,342 35,¥10 W00 000 000
300 B.C00 j2.c81 23,543 36,710 «000 000 000
3a00 8,000 32,204 23.73% Ir.s10 #0090 000 +000
1500 8.000 32,064 23,931 32,310 000 L000 J000
1600 8,000 32,620 28,118 35,110 Jo00 000 L8000
aroo -] 12.192 24,301 3%,910 +000 L00u «000
1800 §.020 €2.511 20,622 181,867 . Lo00 L000
wo0 9.073 EE 697 25,2397 182.771 000 000 000
igoo 9.122 CERCLE 26,145 183,681 000 L00U <000
i100 9.18% 63,062 26,867 164,596 L0040 000 £000
5200 F.El2 63,240 27,564 185,515 L0080 +000 «000
1300 9,852 63,416 28,239 186,434 000 L00u 000
1400 G,e88 63,590 28,852 187,385 L00u 000 000
1500 9,322 43.760 2v.525 188,298 000 L000 +000
1600 ¥,352 81,529 36,138 189,22V LU0 000 J000
iT00 9,37y ta,098 30.732 190,168 .000 000 «000
200 9,403 sa,55¢8 31.308 191,105 000 000 4000
1900 9,024 da,0l¥ 31,800 1ve.0ae «000 000 #000
1000 9,043 8,577 jz. a1z 192,990 .000 Lo0u 000

Dec. 31, 1980; June 30, 1961; Dec. 31, 1967

ZIRCONTUM (Zr)

o to
1135, to
2125 to

W776.9  to

See crystal, liquid and monatomic gas for details.

(REFERENCE STATE)

1135°K
2125°K
8776,9°K
6000°K

Crystal alpha
Crystal beta
Liquid

Ideal Monatomic gas

GFW

91.22

ir

ir
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Wt. = 0.00054876
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W, An
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LS L1
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BL.9AR
u,98h8
4,940
4, 04A

PR TY
b.PAE
4.940
T
LY

a,%h8
4,948
.%60
4,968
L1

PALET)
4,960
4,958
LT
4,958

Ll
4, FhR
4764
DL LL
4,948

40N
4, 9RH
4, 9hH
C L1
PRETTY

T
CRRLY ]
u, PAH
4aTAR
1Y)

5,940
[ TY
w90k
T
4.948

4 9hn
4,968
LT
a,¥AD
LT

u,TAR
4.94b
e LL
[LT
4,94k

W YER
T
CPLLL
w940
TR L]

g

a,94y

H.019
6,089
Tan57

B,463
9,229
“.R92
10,477
11.00)

11,074

1.90n
17,304
12.672
13,015

13,338
13.837
13.721
16,1A9
14,880

18,644
14,918
15,130
154350
15,553

15,7480
15,935
16,118
14,290
16,354

16.621
16,779
16,032
17,040
17,7224

17,344
17500
17.633
17.782
1T 4B

1H,010
18,130
18,287
18,361
10.a73

164542
18,089
16,793
18,398
14,998

19,004
1919
19,2P8
19379
19,400

19,559
19,887
19,734
19.418
19,902

Lomole ' —

N a
=(F*-Hiu) /T H'-Hiy  AHj AF;
4,949 L0309 .000 L0600
w539 L009 000 -000
5,184 L50& . 000 000
5.552 1.003 .000 000
5.964 1,500 000 000
#3717 1,996 000 .000
B8.776 2.493 000 000
T.155 2.990 000 000
7,514 .87 000 L000
7,853 3,9%ha .000 .000
A, 173 4,880 oo 000
n,475 ., 977 oo 000
8,742 5,474 000 000
¥,03a 5.971 oo 000
v.7293 6,467 oo 000
9,540 6,960 o000 000
9.776 7,461 000 000
10,001 7,958 000 L000
In.217 B.455 oo 000
10,824 8,951 000 000
17,623 .848 000 000
10,8149 9,945 000 000
11,999 10a84a2 000 000
1.aarr 10,939 .ooo 000
11,349 11.835 000 .000
A1,518 11,932 <000 000
11,677 12,829 L000 000
11,833 12,926 . 000 T
11,9480 13,423 000 .00
12,111 13.919 .000 000
12,274 14,416 .000 .000
12,813 14,913 000 000
17,548 15,410 000 000
12,679 15,907 000 000
17.R08 16,403 .000 - 0040
12,933 16,900 .000 .000
13,055 17,397 .000 000
13,174 17.89%a 000 000
13,790 18,390 000 .000
13,408 18,887 .000 .000
131,515 19,344 .000 .000
11,623 19,881 . 000 .000
20,378 . 000 000
20,878 .000 .000
13,418 21,371 .000 000
1a,036 ?1.086A 000 000
14,1738 22,345 .00 .000
16,230 22,62 000 .000
16,326 ESTREL] .000 .000
1a,anr 23,455 .000 .000
14.508 20,392 000 .000
10,597 24,829 .000 L000
14,645 25,348 .000 .000
1,771 25,042 000 000
14,858 26,339 000 000
1n,93% 26,816 .000 .000
15,02) 274331 .000 .000
15.102 27.A30 <000 000
15,181 78,374 .000 .000

Mar. 31, 1985

Log Ky

« 000

L000

000

LU0

000

Lono
«Loo
L0200
« 000
LO00

000
L000
000
L000
000

ELECTRON GAS (e”) (REFERENCE STATE) AT. WI. = 0.00054876

0 to E000°K. IDEAL GAS

. - -1 -1
52gg,15 = 4-988 cal. deg.”" mole ﬁﬁ} 298.15 = O

Electronic Levels and Multiplicities
-1
Ey e &
o 2

Heat of Pormation.

Zero by definition.

Heat Capacity snd Entropy.

Caleulated by assuming to be an ideal monatomic gas of mass 0.00054876 with two equivalent apin states. The
enthalpy between 298 and 0°K. 1s 1.481 kecal. mole"l as for all unexcited monatomic gases.



