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ABSTRACT

Detailed statistical analyses have been made of results obtained from a series
of interlaboratory measurements on the vapor pressures of cadmium and silver,
Standard Reference Materials 746 (cadmium) and 748 (silver) which were used
for the measurements have been certified over the respective pressure ranges
10711107 % atm and 107 *2-10~ % atm. The temperature ranges corresponding
to these pressures are 350-594 K for cadmium and 800-1600 K for silver. The
heats of sublimation at 298 K and the associated two standard error limits for
cadmium and silver are 26660 + 150 cal/mol and 68010 + 300 cal/mol,
respectively. Estimates of uncertainty have been calculated for the certified
temperature/pressure values as well as for the uncertainties expected from a
typical single laboratory’s measurements. The statistical analysis has also been
made for both the second and third law methods, and for the within- and
between-laboratory components of error. The uncertainty limits are observed
as functions of both the heat of sublimation and the temperature.

At the XX VIth Council Meeting of IUPAC in Washington, DC, on 21 and
23 July 1971, the use of metallic cadmium and silver as standards for testing
apparatus and procedures for vapor pressure measurement, proposed by the
Commission on High Temperatures and Refractory Materials, was approved.

1. INTRODUCTION

This report is part of a continuing program to establish five new vapor
pressure standard reference materials, and constitutes the second report

t W.S. Horton, Chairman (USA): G. D. Rieck, Secretary (Netherlands); Members: C. B.
Alcock (Canada), R. Collongues (France), E. Fitzer (Germany), A. E. Sheindlin (USSR).
Associate Members: F. Cabannes (France), J. Hlava¢ (Czechoslovakia), G. De Maria (Italy),
H. Mii (Japan), K. Motzfeldt (Norway), H. Nowotny (Austria). National Representatives:
E. R. McCartney (Australia), J. Drowart (Belgium), N. F. Bright (Canada), Atma Ram (India),
U. Colombo (Italy), S. T. Mrowec (Poland), A. Magnéli (Sweden), B. C. H. Steele (UK),

D. D. Cubicciotti (USA).
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of the Task Force on Vapor Pressure of the Commission on High Tempera-
tures and Refractory Materials. The materials cadmium, silver, gold,
platinum and tungsten are being certified by the US National Bureau of
Standards for vapor pressures as a function of temperature. The certifica-
tions cover the 10~ '?-107* atm range; for the complete series of materials,
the temperatures corresponding to these pressures will vary from 350 to
3000 K. Gold has previously been certified over the temperature range
1300-2100 K'. This report describes the current certification of cadmium
(350-594 K), and of silver (800—1600 K)*.

These vapor pressure standard reference materials will allow workers in
the field to detect systematic errors and to evaluate their results quantitatively.
The materials should be most useful for checking low vapor pressure
measurement methods, such as the Knudsen, torque Knudsen, Langmuir,
and mass spectrometric methods.

Experience in vapor pressure measurements, particularly at high tem-
peratures, has shown that large systematic errors are common, even among
experienced investigators. This report gives estimates of the uncertainties
of the certified temperature/pressure values as well as estimates of the un-
certainties of a ‘typical’ single laboratory’s measurements.

The current certification of cadmium and silver, when taken in conjunction
with the prior certification of gold, gives an indication of the temperature
dependence of the uncertainties of vapor pressure measurements. These
uncertainties are statistical in nature and reflect results for typical experienced
investigators. The use of vapor pressure standard reference materials should
aid in the detection and elimination of errors and should ultimately result
in the decrease of the uncertainty limits that are herein reported.

Our results are based on interlaboratory tests (including NBS) made
during 1968-9 (see list of the cooperating laboratories).

The results from the interlaboratory tests were used to obtain composite
heats of sublimation (AH_, ,,,) for cadmium and for silver at 298 K. The
certified temperature/pressure values were then obtained by back-calculating
through the third law equation

T[A{—(G; - ”ng)/T} —Rln P] = AHsubZ‘)S (1)

These calculations used composite AH_,, ;45026660 cal/mol (111550 J/mol)
for cadmium, and 68 010 cal/mol} (284 550 J/mol)} for silver, along with the
referenced free energy functions§. P is expressed in atmospheres. All tem-
peratures for this report have been converted to the 1968 International
Practical Temperature Scale (IPTS-68)]|.

The certified temperature/pressure values as well as the corresponding
1/T and log P values are listed in Table 2.

A broad cross section of measurement techniques was used by the co-
operating laboratories; the techniques included the Knudsen (weight loss
and condensation methods), torque Knudsen, and calibrated mass spectro-
metric methods. Temperatures were measured using either thermocouples
or optical pyrometer. Summary information regarding the experimental
details for each laboratory is given in Tables 3 and 4.
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* The cadmium (SRM 746), silver (SRM 748) and gold (SRM 745) may be ordered from the
Office of Standard Reference Materials, National Bureau of Standards, Washington, DC 20234.
The respective prices for SRM 746, 748 and 745 are $65, $75 and $85 per unit; this price includes
a ‘Certificate of Analysis’ containing specific recommendations for the material’s usage as well
as several statistical tests by which a laboratory may evaluate its results. All three materials are
homogeneous and are in excess of 99.999 per cent pure. The cadmium and silver are in the form
of rods 0.25 in. in diameter and 2.5 in. long, while the gold is in the form of wire 0.055 in. in
diameter and 6 in. long,

t These AH_,, .4, are in good agreement with the respective values 26770 and 68 010 cal/mol,
and 26720 and 67900cal/mol quoted by: Wagman, D. D., Evans, W. H., Parker, V. P., Halow, 1.,
Bailey, S. M. and Schumn, R. H., ‘Selected values of chemical thermodynamic properties’,
Tech. Notes Nat. Bur. Stand. (US). Nos 270-3 (Cd-1968) and 270-4 (Ag-1969); and by
Hultgren, R., Orr, R. L. and Kelley, K. K., loose-leaf supplement to Selected Values of Thermo-
dynamic Properties of Metals and Alloys, University of California and Lawrence Radiation
Laboratory, Berkeley, California (Cd reviewed Sept. 1966 Ag reviewed April 1968).

1 1 calorie = 4.1840 joules

§ Table 1.
Condensed phase® Gas phase®
Gy — Hiog Gr — Hggs
Temperature - -—-—wTi T

K,(IPTS-68) cal'mol™'deg™! (Jmol~!deg™!)i cal'mol™'deg™' (J:mol '-deg™!)}

CADMIUM
298.15 12.38 (51.80) 40.065 (167.632)
400 12.63 (52.84) 40.260 (168.448)
500 13.10 (54.81) 40.628 (169.988)
594 (M. pt) 13.61 (56.94) 41-011 (171-590)
600 13.67 (57.20) 41.040 (171.711)
700 14.58 (61.00) 41.453 (173.439)
SILVER
298.15 10.169 (42.547) 41.320 (172-883)
600 11.378 (47.606) 42,295 (176.962)
700 11.899 (49.785) 42.708 (178.690)
800 12.408 (51.915) 43.107 (180.360)
900 12.898 (53.965) 43.487 (181.950)
1000 13.366 (55.923) 43.845 (183.447)
1100 13.815 (57.802) 44.184 (184.866)
1200 14.244 (59.597) 44,504 (186.205)
1235 (M. pt) 14.390 (60.208) 44.609 (186.644)
1300 14.767 (61.785) 44.807 (187.472)
1400 15.312 (64.065) 45.094 (188.673)
1500 15.822 (66.199) 45,366 (189.811)
1600 16.303 (68.212) 45.625 (190.895)
1700 16.755 (70.103) 45871 (191.924)

" Converted to [PTS-68 using data of Hultgren, R.. Orr, R. L. and Kelley, K. K.. loose-leaf supplement to Selected Values of
Thermodynamic Properties of Metals and Alloys (Cd-Sept. 1966: Ag-April 1968). and using data of Furukawa, G. T., Saba,
W. G. and Reilly, M. L., NSRDS-NBS 18 (Ag-April 1968). The data were converted to IPTS-68 using equations given by
Douglas, T. B.. J. Res. Nat. Bur. Stand. 73A, 451-69 (1969).

® From dala of Hultgren, ibid.

| The International Practical Temperature Scale of 1968, Metrologia, 5, 35-49 (1969).
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Table 2.
« (1/T) x 10* Log P* . (1/T) x 10* Log P*
T(K) P(atm) (K- 1) (atm) T(K) P(atm) (K- (atm)
Cadmium Silver
350 249 x 107'" 2857 -10.603 800 1.35 x 1072 12,500 —11.870
400 297 x 107° 2500 —8.528 900 1.48 x 107'° 11.111  —9.830
450 120 x 1077 2222  —6.922 1000 6.28 x 107% 10.000 —8.202
500 231 x 107% 2000 -5.637 1100 133 x 1077 9.091 —6.875
550 256 x 1073 18.18 —4.592 1200 1.69 x 10°% 8333 -5773
594 (M.pt) 1.51 x 107* 16.84 3820 1235(M.pt) 3.71 x 10°° 8.097 —5.431
1300 11335 x 1075 7.692 —4.868
1400 780 x 1075 7.143  —4.108
1500 353 x 107*  6.667 —3.452
1600 131 x 107 6250 —2.881
* latmosphere = 101325 N . m™2,
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2. TREATMENT OF DATA

The detailed temperature/pressure data from the six laboratories for
cadmium, and from the nine laboratories for silver, are given in Tables 5 and
6. Plots of the data for cadmium and for silver are given in Figures I to 14
inclusive. The full lines in these figures represent the pooled curves for all
accepted data from all laboratories. A total of 24 sets of cadmium data (runs)
with over 250 temperature/pressure points, and a total of 27 sets of silver
data with over 300 temperature/pressure points were available for con-
sideration.

Each temperature/pressure run has been used to obtain both the second
and third law heats of sublimation at 298 K. Equation (1) was used to calculate
the individual third law AH_, , . values corresponding to each temperature/
pressure point and the average AH_, ,,, value was calculated for each run.
Available information would indicate that the evaporation coefficient for
silver is unity. Cadmium, however, may have had evaporation-condensation
coefficients less than unity?. Observations at NBS have indicated a consider-
able bouncing of cadmium vapors impinging on glass surfaces at room
temperatures. Furthermore, remarks listed in Table 3 for cooperating
laboratories 1, 2 and 3 indicate possible effective evaporation-condensation
coefficients of less than unity. Since Knudsen cells with relatively small
orifices were used in all accepted experiments, we have not made corrections
for possible non-unit evaporation coefficients.

The second law heat for each vapor pressure/temperature run was obtained
by least-squares fitting the A and B constants in the equation:

A{—(Gy — H3,4)/T} — RInP = A + B/T (2)

where P is expressed in atmospheres. This calculational procedure is similar
to the sigma method, and does not require the specification of a mean
effective temperature® *. The slope B is a second law heat of sublimation at
298 K. The intercept A will be zero for the ideal case where the measured
pressures and the free energy functions are completely accurate. We have
kept the intercept 4 in the least-squares equation to accommodate possible
error. This second law procedure is very convenient to use when the calcula-
tions, including the interpolation of free energy functions, are made by
computer. The OMNITAB computer language® was used in this work.
Summaries of the second and third law results for cadmium and silver are
are given in Tables 7 to 10 inclusive.

3. STATISTICAL ANALYSES

The two OMNITAB programs written for the analyses of the gold (SRM
745) vapor pressure data were modified slightly and were used in the current
work. The ultimate purpose of these programs was to obtain overall weighted
average values of the second and third law heats of sublimation and estimates
of the uncertainties. :

The first OMNITAB program performed least-squares fits for each run
to obtain the second law heats and the average third law heats. The program
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INTERLABORATORY MEASUREMENTS OF CADMIUM AND SILVER
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INTERLABORATORY MEASUREMENTS OF CADMIUM AND SILVER
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Table 7. Cadmium—Summary of second law results

Intercept A Slope B, 2nd law

Lab. Run No. of seeeq.2) AH sce eq. 2 A Ja Sti
No. No. points caqunol' ﬂde)gfl Q::;lz?rk;'li)](' o ) (see eq. 4) (seeeq. 5) (see eq. 3)
110 — 1381 27158 3.4 1570 0.2387

2 8 —1.176 27109 326 1580 0.1511
3 8 —-0474 26817 3.37 1630 0.1370
4 8 —1.119 27128 3.27 1610 0.2501
5 8 —0.798 27130 3.23 1590 0.2498
6 8 —-0.512 26922 317 1570 0.2734
2 1 14 0.180 26347 2.48 1250 0.0916
2 10 —0.628 26488 391 2030 0.0682
3 16 2.247 26005 2.07 1010 0.3027
4 8 2.886 25247 5.86 3170 0.1035
3 1 25 2.758 25659 1.46 640 0.2507
2 17 —0.204 27020 2.06 930 0.3527
4 i 16 -0.378 26840 4.72 2530 0.0533
2 19 —-0.123 26734 5.01 2700 0.0792
5 1 8 0.300 26523 15.19 7970 0.0212
2 6 —0.084 26727 24.07 12640 0.0131
3 8 —0.794 27076 18.24 9370 0.0074
4 6 —0.383 26858 24.38 12410 0.0063
2 S 12 4.302 24239 9.10 5080 0.1434
6 10 4434 23913 12.24 6980 0.1835
7 15 6.000 23765 7.06 3680 0.2687
Table 8. Cadmium—Summary of third law results
Lab. Run No. of 3rd law AHsz«m £y Stie
No. No. points cal- mol (see eq. 9) (see eq. 8)
1 1 10 26480 0316 136:6
2 8 26528 0.354 102.8
3 8 26 584 0354 66-4
4 8 26568 0.354 129.7
5 8 26729 0.354 1219
6 8 26 665 0.354 121.3
2 1 14 26439 0.267 45,5
2 10 26159 0.316 444
6 10 26444 0.316 119.1
3 1 25 26906 0.200 192.4
2 17 26925 0.243 156.7
4 I 16 26636 0.250 29.7
2 19 26668 0.229 43.1
5 1 8 26681 0.354 10.9
2 6 26683 0.408 6.3
3 8 26668 0.354 9.2
4 6 26 663 0.408 4.6
6 1 > 100 26704 <0.1 See remark for
2 > 100 26722 <0.1 laboratory 6
3 > 100 26749 <0.1 in Table 3
2 3 16 27122 0.250 192.4
4 8 26816 0.354 114.4
S 12 26642 0.289 109.9
7 15 26898 0.258 176.3
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Table 10. Silver—Summary of third law results

Lab. Run No. of 3rd law AH 208 1y Stit
No. No. points cal mol ™! (see eq. 9) (sce eq. 8)
1 1 12 68076 0.289 219.4

2 11 68034 0.302 185.7
3 11 68155 0.302 137.3
4 11 68263 0.302 1214
2 1 19 67308 0.229 328.6
2 28 67257 0.189 390.2
3 1 10 67747 0.316 259.8
2 12 67963 0.289 206.9
3 9 6% 347 0.333 2292
4 i 13 68455 0.277 154.5
2 12 68510 0.289 105.5
5 1 21 68295 0.218 80.4
2 20 68272 0.224 79.5
6 { 22 68173 0.213 55.7
2 21 68 146 0.218 66.9
7 1 11 67636 0.302 119
2 11 67634 0.302 8.8
3 9 67761 0.333 12.0
4 9 67726 0.333 295
5 3 67620 0.577 7.2
6 3 67749 0.577 11.0
7 3 67762 0.577 20.0
8 3 67764 0.577 12.0
8 1 8 68 194 0.354 142.2
2 6 68 299 0.408 8358
9 1 5 66 309 (0.447 480.7
2 1 69 240 1.000 -

t

also made a preliminary test to detect laboratories that exhibited excessive
scatter of points about the fitted curves (see below).

The authors then examined the results and made tentative decisions
regarding the data to be excluded from the weighted averages and the esti-
mated uncertainties*. The detailed criteria used in making these tentative
decisions are given in the Appendix. Summaries of the accepted second and
third law results are presented in Figures 15and 16.

* A preliminary examination of the cadmium data, as well as an examination of the reports
from the luboratories. have indicated the run 5, 6 and 7 second law results and the run 3, 4, 5
and 7 third law results from laboratory 2 should not be pooled with results from the other
laboratories. The results from laboratory 2, however, are particularly valuable in supplying
information regarding usable limits for orifice areas (a < | - 10" 2 cm?).

A preliminary examination of the silver data, as well as an examination of the uncertainties
of the data, indicated that the second law results from laboratory 3 and the second and third
law results from laboratories 8 and 9 should not be pooled with the results from the other
laboratories.

A further discussion of results from the above laboratories is given in the Appendix.
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Figure 15 Figure 16
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The second OMNITAB program was next run to determine (1) the weighted
average values of the second and third law heats of sublimation, (2) the
uncertainties of the heats, and (3) the uncertainties expected for a typical in-
control laboratory’s measurements (see Appendix). In the second OMNITAB
program the rejected data were not used for the calculation of the weighted
averages and standard deviations, but were used in all other statistical tests.
This procedure avoided distorting the overall results, but still allowed for
further evaluation of all the data.

The statistical analyses for cadmium indicate the weighted averaget and
the two standard error limits of the weighted averages to be as follows:

A =015+ 0.87 cal'mol™ !-deg ™!
B = 2nd law AH, = 26610 + 380 cal'mol~!

ub 298

3rdlaw AH,_, ,,, = 26660 + 150 cal'mol ™

The A coefficient is essentially zero which indicates that the observed
pressures and free energy functions are reasonably concordant. In the analyses
it is tacitly assumed that the errors in the free energy functions are negligible.
The second and third law AH_, , ., are observed to be in good agreement.
We believe the third law AH_, , . of 26660 cal mol~! to be the preferred

value.
A laboratory measuring a single temperature/pressure curve for cadmium

may wish to compare its values with the weighted averages from this study.
The total expected variance required for this comparison will be the sum of:
(1) the between-curve component of variance, (2) the between-laboratory
component of variance, (3) the variance of the weighted average. Assembling
the numerical values corresponding to the components of variance in the
above order we obtain for the single curve case:

t The results from six cooperating laboratories with 21 curves and over 200 temperature/
pressure points were used to determine these weighted averages. The weighting procedure used,
is given in the Appendix.
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V(A) = 1.08 + 0.61 + 0.19 = 188
V(2nd law) = (163 + 12.7 + 3.6) x 10* = 32.6 x 10*
V(3rdlaw) = (0.7 + 32 + 0.6) x 10* = 45 x 10*

The numerical values in the above variance equations have been derived
using energy units of calories. The variance equations describe the typical
uncertainties in the measurement of a single cadmium temperature/pressure
curve. The equations are a summary of results for all accepted cadmium
curves. The average temperature range for these curves is 120 K and the
average number of points is thirteen.

The cadmium and silver data differ from the gold data' in that the between-
curve components of variance are not realistically described by the products
of the pooled standard deviations of fit (gm) and the f factors (f,. f, and f})
which reflect the number and spread of 1/T values for the individual curves
(see eqs 4 to 9 inclusive). Tables 7 to 10 inclusive show a gencral lack
of homogeneity of the S, values. The variations of the between-curve (within
laboratory) A, B and third law values, however. are reasonably well behaved.
The between-curve components of variance were therefore directly obtained
from the analysis of variance® of the A, B and third law values.

The following limits for cadmium, which are equal to twice the square root
of the above variances, can be used for the estimation of maximum allowable
differences between the single curve results obtained by the ‘typical’ labora-
tory and the weighted averages. Approximately 95 per cent of the time, a
single curve result obtained by the above described typical laboratory should
fall within the following limits:

A
2ndlaw AH , ,,, = 26660 + 1140 cal'mol "'
3rd law AH , ,04 = 26660 + 420 cal'mol !

Since the third law value is belicved to be more accurate, we have replaced
the second law weighted average by the third law weighted average, 26 660
cal'mol !

For silver, the weighted averages* and the two standard error limits of the
weighted averages arc as follows:

A= -0.79 £ 0.58 cal-mol " -deg "'
B = 2ndlaw AH_, ,,, = 68970 + 570 cal mol '
3rdlaw AH _, ,,, = 68010 + 300 cal-mol

A comparison of the two standard error limits with the weighted averages
indicates some inconsistency in the second and third law results, i.e. the
uncertainty limits do not quite allow an overlap of the second and third law
heats. Furthermore, the valuc of the A coefficients cannot be assumed to be
zero. The individual second and third law heats for each silver curve also

* The results from seven cooperating laboratorics with 23 curves and over 250 temperature
pressure points were used to determine these weighted averages.
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indicate a consistent bias with 19 out of 20 accepted second law heats being
higher than the corresponding third law heats (see Tables 9 and 10). This
problem has been examined in detail and it has been concluded that the
higher second law heats are a result of the basic temperature/pressure data
obtained from the cooperating laboratories, and are not a result of the
treatment of the data. From a detailed analysis of possible error sources, it
has been concluded that the silver second law results are most likely to be
in error and that the third law results are essentially correct. A more detailed
discussion of the problem is given in section 4.

For the silver single curve comparison with the weighted averages, the
respective components of variance are as follows:

V(A4) = 0.14 + 0.44 + 0.08 = 0.66
V(2nd law) = (25 + 40 + 8) x 10* =73 x 10*
V(3rd law) = (1.6 + 150 + 2.2) x 10* = 19 x 10*

These single curve variances are a summary of results for all accepted silver
curves. The average temperature range for these curves is 240 K and the
average number of points is fifteen.

The following limits for silver, which are equal to twice the square root
of the above variances, can be used for the estimation of maximum allowable
differences between the single curve results obtained by the typical labora-
tory and the weighted averages. Approximately 95 per cent of the time, a
single curve result obtained by the above described typical laboratory
should fall within these limits:

A = —0.79 + 1.63 cal'mol™'-deg™!
2nd law AH_, ,,, = 68010 + 1700 cal'mol !
3rd law AH_, 4, = 68010 + 870 cal'mol ™

Since the third law value is believed to be more accurate, we have replaced
the second law weighted average by the third law weighted average, 68010
cal-mol~!. The larger single curve uncertainties would, however, have
easily overlapped the second and third law values.

An examination of the above cadmium and silver values of the components
of variance for the typical single curve case is of considerable interest. For
cadmium and silver, the between-laboratory components of variance are
found to be an appreciable fraction of the total expected variance. Thus, a
typical laboratory that measures (n — 1) additional temperature/pressure
curves will reduce only the between-curve variance by a factor of 1/n, and
will not affect the large between-laboratory component of variance.

Repetitive curve measurements within a single typical laboratory will not
greatly diminish the overall uncertainties in the measured heats of sublima-
tion. To paraphrase, we can say that a typical laboratory’s ability to reproduce
its own vapor pressure measurements exceeds its ability to reproduce other
laboratories’ measurements. This will be particularly true for measurements
of the third law heat of sublimation.
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4. DISCUSSION OF SILVER SECOND AND
THIRD LAW RESULTS

Both the comparison of the standard error limits relative to the second
and third law AH_, ,,, weighted averages, and the comparison of paired
second and third law heats for individual pressure/temperature curves have
indicated inconsistencies in the silver data. A more severe rejection of indi-
vidual second law results would decrease the inconsistencies. Additional
rejections were not felt to be justified since one of our primary goals was to
evaluate ‘typical’ uncertainties of vapor pressure measurements made by
experienced investigators. There is always a fundamental question of how
much data to reject. For silver, it was felt that additional rejections would
have unrealistically minimized the reported between-curve components of
variance.

The differences in second and third law results are believed to be due to the
basic temperature/pressure data submitted by the cooperating laboratories. A
detailed inspection has shown that the calculational procedures and the
OMNITAB computer programs have not artifically ‘synthesized’ the dif-
ferences. Theindividual curve second and third law heatsare found to be in good
agreement with the results calculated by the cooperating laboratories. The co-
operating laboratories results also showed the same trend of higher second law
heats. To check the calculational procedures and programs further, tempera-
ture/pressure data from eleven randomly selected literature reports on silver
were used to calculate second and third law heats. The results showed no trends
of high individual second law heats. The overall average second and third law
heats were 67 800 and 68 000 cal mol ™', respectively.

Visits and discussions with several of the cooperating laboratories have
not positively identified the source of the inconsistency. It appears most
likely that the observed second law heats are too high and that this is caused
by systematic errors in the measurement of the sample temperatures.

It seems very unlikely that the third law heat can be 900 cal - mol~! too
low. For this to occur it would be necessary that either (1) the free energy
functions are in error by 0.6 cal - mol ! - deg ™', or (2) the measured pressures
were 35 per cent too high, or (3) the measured temperatures were 20 K too low,
or (4) some combination of factors (1), (2) and (3) should prevail. It does not
seem reasonable that either the free energy functions or the measured
pressures can contain such large errors. Furthermore, the direct observation
of melting-freezing point halts by laboratory 1 would seem to eliminate the
possibility that the temperature scale was 20 K too low.

Let us now consider trended errors that could affect the second law heat
by 900 cal - mol~'. By trended errors we mean errors that either gradually
increase or gradually decrease from one end of the measurement range to the
other. Analysis of equation (2) shows that, for an average 240 K temperature
interval, the factors in the left hand side of the equation would have to have
a trended error of about 0.1 cal - mol ™! - deg " '. Such a trended error in free
energy functions is highly unlikely since extremely large errors in heat capacity
data would be required. A trended pressure error of five per cent would be

equivalent to the 0.1 cal - mol~'-deg™'; such an error is possible, but does
not seem likely.
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The formation of a dimer or higher polymer does not appear to offer an
explanation for a trended pressure error. The literature’ shows the total
polymer concentration to be less than 0.5 per cent of the monomer at 1600 K,
the highest temperature used by the cooperating laboratories.

The most probable explanation of the 900 cal - mol ™! difference in second
and third law results would appear to be a trended error in the measurement
of temperatures. A trended error of 4 K over the 240 K interval, or 1 K out
of 60 K, would be required. At temperatures of 800-1600 K, gradients of
5-15 K within a Knudsen cell are far from uncommon. A shift of temperature
gradients within the cell could account for an average trended temperature
error of 4 K. The spectral and total emissivities of silver!? are both less than
0.1. This could help exaggerate temperature gradients within the cell and
could lead to temperature measurement errors and high second law heats.

After consideration of all the above factors, we favor the use of the third
law AH value of 68010 cal - mol ™.

sub 298

5. COMPARISON OF RESULTS FROM CADMIUM,
SILVER AND GOLD

A comparison of results for the cadmium, silver and gold! standard
reference materials allows for a partial examination of vapor pressure
uncertainties as a function of the temperature at which measurements are
made. The future certification of platinum and tungsten should allow a
further examination of temperature effects. A summary of the currently
available AH,,, ,5 uncertainties is given in Table 11.

Table 11

Two standard deviation limits of AH .y, 505

Average AH 208

Material temp., K cal-mal-1 Weighted average Typical single curve
2nd law 3rd law 2nd law 3rd law

Cadmium 500 26 660 +420 +150 +1140 + 380
Silver 1300 68010 +870 + 300 + 1700 +570
Gold 1700 87720 +1350 +420 +3700 +1000

As would be expected, the larger uncertainties in the second and third
law heats are associated with the higher temperature measurements. It can
also be noted that the uncertainties are roughly proportional to the size
of the heat sublimation. The uncertainties for the second law results are
appreciably larger than for the third law results.

By virtue of equation (1), an uncertainty in AH_, ,,, will cause a cor-
responding uncertainty in our knowledge of the relationship between tem-
perature and pressure. Table 12 shows the temperature/log pressure un-
certainties resulting from a change in plus or minus two standard deviations
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in the third law AH_, ,,,. The uncertainties in temperature are calculated
assuming a fixed pressure, and the uncertainties in log pressure are calculated
assuming a fixed temperature.

Tuble 12

Two standard deviation limits corresponding to
3rd law AH,, »4x uncertaintics

o Average AH 208 - - - - - e
Material temp.. K cal - motl ™! Weighted average Typical single curve
AT or Alog P AT or Alog P
Cadmium 500 26 660 +3 +0.069 +7 +0.185
Silver 1300 68010 +7 +0.049 +20 +0.146
Gold 1700 87720 +9 +0.053 +30 +0.173

Inspection of the above A log P values shows the values to be relatively
independent of temperature. A consideration of the factors involved in the
measurement of vapor pressure/temperature curves that would seem to
indicate that the relative constancy of the A log P values may be due to the
combined change with temperature of (1) the uncertainties of temperature
measurement and (2) the relative magnitudes of the various heats of sublima-
tion.

Finally. it should be reiterated that the large uncertainty of a typical single
curve measurement is primarily due to the large between-laboratory un-
certainty. A single laboratory’s evaluation of error may be greatly under-
estimated if systematic between-laboratory errors are not considered. The
diligent use of vapor pressure standard reference materials should help in
the detection and climination of such systematic errors.

List of cooperating laboratories for cadmium

Bureau of Mines, A. Landsberg

Douglas Advanced Research Laboratories, D. L. Hildenbrand
Gulf General Atomic, Inc., H. G. Staley

Los Alamos Scientific Laboratory, C. C. Herrick and R. C. Feber
Marquette University, T. C. Ehlert

National Bureau of Standards, E. R. Plante and A. B. Sessoms
Sandia Corporation, D. A. Northrop

List of cooperating laboratories for silver

Aerospace Corporation, P. C. Marx, E. T. Chang and N. A. Gokcen

Air Force Materials Laboratory, G. L. Haury

Douglas Advanced Rescarch Laboratories, D. L. Hildenbrand

Institut fiir Physikalische Chemie der Universitit Wien (Austria), A. Neckel
Los Alamos Scientific Laboratory, C. C. Herrick and R. C. Feber
Marquette University, T. C. Ehlert
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National Bureau of Standards, E. R. Plante and A. B. Sessoms
National Chemical Laboratory (India), V. V. Dadape

Sandia Corporation, D. A. Northrop

Universita Degli Studi di Roma (Italy), V. Piacente and G. De Maria

The authors are greatly indebted to the above listed cooperating labora-
tories for their vapor pressure measurements. D. L. Hildenbrand of Douglas
Advanced Research Laboratories should be given particular credit for the
original impetus in the establishment of the vapor pressure standard reference
materials. The authors also wish to acknowledge aid received from the
following NBS staff members. E. R. Plante has contributed freely to dis-
cussions dealing with thermodynamic aspects of the analysis, and J. J.
Diamond has made an extensive literature survey of the vapor pressure
measurements on cadmium and silver. F. L. McCrackin has aided in the use
of his computerized GRAPH routine.

6. APPENDIX

This Appendix gives additional details of the statistical analyses which
were necessary for the evaluation of the cadmium and silver vapor pressure
data. The two-part statistical analysis has been made in terms of two
OMNITAB programs. An outline of the two parts is as follows:

6.1

1. The temperature/pressure data for each run were given least-squares
treatments described below to obtain the second and third law values and
the associated uncertainties. In all fits each data point was given unit
weight.
(a) For the second law equation, the least-squares model was Y = 4 + BX,
where X = 1/T. The standard deviation of the fit (S, ) was obtained using
the OMNITAB ‘FIT’ command. For the least-squares fitting of the N data
points to a straight line curve,

m = VY = )N =2 3)

14

S

The standard deviations of the coefficients (S, and S,) can be expressed
in terms of the standard deviation of the fit (S,,):

Sq=Ji S 4
Sp =118 (5)
where
1 (X)? 3
flz[ﬁ+z(x.—7)2] ©
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1 4
b= s "

i

The f, and f, values provide a very convenient quantitative description of
the number and spread of the X(= 1/T) values. The f, and f, are inde-
pendent of the measured Y, values.

(b) The third law equation was also treated by least-squares. Here one
obtains a single coefficient, C (the average of the individual AH__, , . values),
the standard deviation of the coefficient (Sc), and the standard deviation of

the individual AH_, ,,, values (S, ). For the third law case, it can be shown
that:
Sc = S5 S (8)
where
£y = 1/J/(No. of points) 9)

It can be noted that equation (8) has the same form as equations (4) and (5).
The same general computational treatment was therefore used for both the
second and third law results.
(c¢) The cadmium and silver results for the second and third law least-square
fits are given in Tables 7 to 10 inclusive.

2. The authors next examined all results in terms of criteria (i) to (v), listed
below.
(i) The chi-square test. Comparisons were made of S, values from all curves.
(1) A tentative pooled S, was first calculated from the individual S, values
from all curves*.
(2) Each individual S, was compared to the pooled S, using the approxi-

mate test:
2 2
Av,0-025 Xv, 0975
Sm \/( . Iy ) < Sm < gm \/( v AA)

* A special pooling procedure for standard deviations was used throughout this study. An
example of the pooling procedure is as follows:

N

pooled S = ¥ 2,5.,/Y. B;

where the sum is over the i curves and
o = 2v; + 1/(2 + 3v)
Bi=2v, — 4 +2/3 + 5v)
and v, = number of degrees of freedom. For a normal distribution, this pooling procedure for
standard deviations will give results comparable to those obtained by the usual procedure of
pooling variances. This procedure, however, has the advantage of being less sensitive to distor-

tion by outlier values. The authors wish to thank B. L. Joiner of the National Bureau of Standards
for the derivation of this pooling formula.
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where y? is the 0.025 or the 0.975 percentile of the chi-square distribution with
v degrees of freedom. A laboratory showing several curves for which the
values of S, fell outside these two limits was noted for further evaluation.
(ii) The between-curve (within-laboratory) differences for both the second
and third law results.

(iii) The overall differences for results from the different laboratories.
(iv)The possible drift of results with respect to time.

(v) The laboratory’s experimental procedures.

3. Rejection of any laboratory’s results was based on consideration of
criteria (i) to (v). For cadmium, the run 5, 6 and 7 second law results and the
run 3, 4, 5 and 7 third law results of laboratory 2 were not used in further
calculations of averages and pooled standard deviations. The second law
results for runs 5, 6 and 7 were not used due to the runs’ small temperature
intervals, and to minor difficulties in points (ii) to (v). Laboratory 2 has made a
total of seven runs investigating the effect of orifice area (1.69 x 1072 to
1.24 x 107! cm?) and has contributed to our knowledge regarding the
usable upper limits for orifice areas for cadmium. A consequence of this
knowledge is that the cadmium third law results for the large orifice runs
could not be used in our pooled results.

For silver, the results from laboratory 8 were not used because of difficulties
in criteria (i) to (iii) and (v). The results from laboratory 9 were not used
because of problems in criteria (i) to (jii).

Some laboratories did not randomly vary their temperatures during the
measurement of the temperature/pressure curves. The S, values for these
laboratories tended to be abnormally small. For this reason, the S, values
of laboratories 3 (run 1) and 5 for cadmium, and of laboratories 6 and 7 -
for silver, were not used in the pooled S, . All other values from these labora-
tories were used in the further calculations.

6.2

1. In the second OMNITAB program, a comparison was made of runs
within each laboratory. This comparison was made in terms of both the
intercept A and the slope B for the curve fitted to each run, and in terms of the
average third law heat derived from each run. Using the F test, the variance
of the 4 values between curves within each laboratory was compared to the
estimate of this variance derived from the pooled S,,. The B and the third
law heat values were similarly treated.

2. A comparison was made of laboratories with each other. First a pooled
value was obtained for the between-curves (within-laboratories) standard
deviation for each of the three parameters A, B and third law heat; an average
value (for each of the three parameters) was also computed. Then, using
Student’s ¢t test, the deviation of the average value of each laboratory from
the overall weighted average was compared to the pooled standard deviation
between curves (within laboratories). In this way, detailed information was
obtained on the variability between laboratories in terms of the deviation
of each individual laboratory from the consensus value.
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3. An analysis of variance was made® for each of the three parameters,
A, B and third law heat, using the estimated values of these parameters
accepted after application of the first OMNITAB program. The ultimate
purpose of the analysis was to estimate the components of the within- and
the between-laboratory variance. An analysis of variance indicated the
between-laboratory components of variance to be significantly greater than
zero. The calculation of components of variance for this situation, where the
number of curves is not the same for all laboratories, has been discussed
elsewhere by the authors'"'.

4. Overall weighted average (4, B and third law heat) values and the
associated variances were determined. Since the laboratories did not submit
the same number of runs, the overall weighted averages are dependent on
the specific weighting procedure used. Statistically, a proper weighting
procedure would be one that minimizes the variance of the weighted average.
The weighting factors obtained by this procedure are functions of the ratio
of the between- to within-laboratory components of variance. Denoting the
ratio for A by p. it can be shown'' that laboratory i with n, curves has the
weighting factor:

W.=n/l + np)

The value of p can be estimated from the results of the analysis of variance''.
The weighted average 4 will be:

A =S WAL W
where A, is the average 4 value for laboratory i.
Using this procedure, the variance of A will be smaller than for any other
weighting procedure, and its approximate value will be:
. ‘A’ component of within-lab. variance'?
V(A) = i

LW

The values for the B and the third law heat were evaluated in an analogous
manner using the p and n, values corresponding to these paramecters.

Two extreme cases for the weighting factor deserve special attention. For
the situation where the ratio p of the between- to within-laboratory com-
ponents of variance is large with respect to unity, essentially equal weight
is given to each laboratory. For the situation where the ratio p is close to
zero. each curve is given essentially equal weight. The cadmium and silver p
values for A, B and the third law heat which we obtained from the analysis
of variance are 0.568, 0,780 and 4.575, and 3.137, 1.590 and 9.546, respectively.

5. Finally, the components of variance were assembled from the analysis
of variance to estimate the uncertainties for the pooled and single curve values.
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