
D_A DITMAftS )

AFOSR Scientific Report

AFOSR 67-0891

NATIONAL BUREAU OF STANDARDS REPORT
i

9500

Preliminary Report

on the Thermodynamic Properties of

Selected Light-Element and

Some Related Compounds

(The previous reports in this series have the NBS Report Nos. 6297, 6484, 6645, 6928,

7093, 7192, 7437, 7587, 7796, 8033, 8186, 8504, 8628, 8919, 9028, and 9389.)

1 January 1967

<NB>
U.S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS



Qualified requestors may obtain additional copies from the Defense Documentation Center.

THE NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards 1 provides measurement and technical information services

essential to the efficiency and effectiveness of the work of the Nation’s scientists and engineers. The
Bureau serves also as a focal point in the Federal Government for assuring maximum application of

the physical and engineering sciences to the advancement of technology in industry and commerce. To
accomplish this mission, the Bureau is organized into three institutes covering broad program areas of

research and services:

THE INSTITUTE FOR BASIC STANDARDS . . . provides the central basis within the United

States for a complete and consistent system of physical measurements, coordinates that system with the

measurement systems of other nations, and furnishes essential services leading to accurate and uniform

physical measurements throughout the Nation’s scientific community, industry, and commerce. This

Institute comprises a series of divisions, each serving a classical subject matter area:

—Applied Mathematics—Electricity—Metrology—Mechanics—Heat—Atomic Physics—Physical

Chemistry—Radiation Physics— -Laboratory Astrophysics2—Radio Standards Laboratory, 2 which

includes Radio Standards Physics and Radio Standards Engineering—Office of Standard Refer-

ence Data.

THE INSTITUTE FOR MATERIALS RESEARCH . . . conducts materials research and provides

associated materials services including mainly reference materials and data on the properties of ma-
terials. Beyond its direct interest to the Nation’s scientists and engineers, this Institute yields services

which are essential to the advancement of technology in industry and commerce. This Institute is or-

ganized primarily by technical fields:

—Analytical Chemistry—Metallurgy—Reactor Radiations—Polymers—Inorganic Materials—Cry-

ogenics 2—Office of Standard Reference Materials.

THE INSTITUTE FOR APPLIED TECHNOLOGY . . . provides technical services to promote the

use of available technology and to facilitate technological innovation in industry and government. 7'iie

principal elements of this Institute are:

—Building Research—Electronic Instrumentation—Technical Analysis—Center for Computer Sci-

ences and Technology—Textile and Apparel Technology Center—Office of Weights and Measures

—Office of Engineering Standards Services—Office of Invention and Innovation—Office of Vehicle

Systems Research—Clearinghouse for Federal Scientific and Technical Information 3—Materials

Evaluation Laboratory—NBS/GSA Testing Laboratory.

1 Headquarters and Laboratories at Gaithersburg, Maryland, unless otherwise noted; mailing address Washington. 1). C..

20234.

2 Located at Boulder, Colorado, 80302.

3 Located at 5285 Port Royal Road, Springfield, Virginia 22151.



NATIONAL BUREAU OF STANDARDS REPORT

NBS PROJECT

221-0404

221-0405
221-

0426
222-

0423

223-

0442

223-0513

313-0430

1 January 1967

NBS REPORT

9500

Preliminary Report

on the Thermodynamic Properties of

Selected Light-Element and

Some Related Compounds

(The previous reports in this series hove the NBS Report Nos. 6297, 6484, 6645, 6928,
7093, 7192, 7437, 7587, 7796, 8033, 8186, 8504, 8628, 8919, 9028, and 9389.)

Technical Summary Report

on the Thermodynamic Properties

of Light-Element Compounds

Reference: U.S. Air Force Order No. OAR ISSA 65-8

IMPORTANT NOTICE

NATIONAL BUREAU OF STA
for use within the Government, f

and review. For this reason, the

whole or in part, is not authori;

Bureau of Standards, Washington

the Report has been specifically
|

Approved for public release by the

director of the National Institute of

Standards and Technology (NIST)

on October 9, 2015

accounting documents intended

ubjected to additional evaluation

listing of this Report, either in

Office of the Director, National

the Government agency for which

pies for its own use.

U.S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS





ABSTRACT

Thermodynamic and related properties of substances important in

current high-temperature research and development activities are

being investigated under contract with the U. S. Air Force Office of

Scientific Research (USAF Order No. OAR ISSA 65-8) and the Advanced
Research Projects Agency (ARPA Order No. 20). This research program
is a direct contribution to the Interagency Chemical Rocket Propul-
sion Group, Working Group on Thermochemistry, and, often Simultane-
ously, to other organizations oriented toward acquiring the basic
information needed to solve not only the technical problems in
propulsion but also those associated with ballistics, reentry, and
high-strength high-temperature materials. For given substances this
needed basic information comprises an ensemble of closely related
properties being determined by a rather extensive array of experi-
mental and theoretical techniques. Some of these techniques, by
relating thermodynamic properties to molecular or crystal structure,
make it possible to tabulate these properties over far wider ranges
of temperature and pressure than those actually employed in the

basic investigations.

This report presents improved values for the heats of formation
and some other thermodynamic properties of a number of light-element
substances -- resulting from recent NBS experimental studies
(calorimetric, vaporization, and spectroscopic) and critical litera-
ture review. Methods, results, and earlier published values are
discussed critically and in detail. The standard heat of formation
of BFo(g) was determined by direct combination of the elements in
a bomb calorimeter and with an estimated error of ±0.5 kcal mol

-^.

0F
2 (g) was found to be endothermic (+5.86 ±0.3 kcal mol"l) from

flame calorimetry on the reactions of OF2 ,
O2 ,

and F2 with H2 . The
results of a precise entrainment (transpiration) study of the
sublimation of A^F-^(c) were combined with published data to give
new values for the thermodynamic properties of A4F^(g) and A^F^g).
A final revised report on high-temperature mass spectrometry of the
Be 0-BeF2 system discusses interfering ion intensities, and evaluates
the heat of sublimation of BeF2 (g^) and the standard heat of forma-
tion of Be20F2 (g). A quadrupole mass spectrometer appears to have
shown that liquid A^^h loses oxygen and becomes non-stoichiometric

,

a result consistent with the earlier NBS discovery of an irreversible
change in sublimed ^28)

3 (0 ). To illustrate light-element hydroxide



molecules, CsOH(g) and CsOD(g) showed high-temperature microwave
spectra indicative of a linear or near -linear molecule, a low-
frequency large -amplitude bending vibration producing an unusual
variation in the rotational constant, and a highly ionic Cs-0
bond. The dipole moment also was derived. From the current
revision of KBS Circular 500, recommended values of AH^p

98 for 39
Be-containing substances (including different states) of special
interest are given, together with discussions of the underlying
published data. Recent design and experimental studies have led
to a proposed feasible procedure for automatic power measurement
to complement the existing KBS automatic temperature measurement
in precise low-temperature heat-capacity calorimetry.

Thomas B. Douglas
Project Leader

Charles W. Beckett
Assistant Division Chief for Thermodynamics
Heat Division, Institute for Basic Standards
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Chapter 1

THE HEAT OF FORMA.TION OF BORON TRIFLUORIDE
BY DIRECT COMBINATION OF THE ELEMENTS1

Eugene S. Domalski and George T. Armstrong

Abstract

The energy of combination of crystalline boron in gaseous fluorine

was measured in a bomb calorimeter. The experimental data combined with

reasonable estimates of all known errors may be expressed by the

equation

:

B(c) + 3/2 F
2
(g) = HF

3
(g), AH°

29g
= -271.03 ±0.51 kcal mol'

1
.

This result is compared with other recent work on and related to the

heat of formation of boron trifluoride.

1
This research was sponsored by the Air Force Aero Propulsion Laboratory,

Research and Development Division, Air Force Systems Command,

Wright-Patterson Air Force Base, Ohio, under USAF Delivery Order

Nr. 33(6l5)6U-1003, and by the Air Force Office of Scientific Research

under Order No. OAR ISSA 65-8.

1



1. Introduction

An accurate value for the heat of formation of boron trifluoride is

of significant importance because this value is involved in the thermo-

chemistry of many boron compounds.

The study of the
compounds

thermochemistry of boron/was for a long time hampered by difficulties

in measuring a suitable reaction involving elemental boron.' The heat of

formation of boric oxide, for instance, was uncertain to several kilo-

calories per mole because of the difficulty of getting complete

combustion of the element in oxygen, or of determining the amount of

reaction, in the absence of complete combustion. The difficulty was

apparently due to the glassy and non-volatile character of the boric oxide
the

formed, which tended to terminate/reaction before completion, and made

the analysis of the product a complex problem.

The thermochemistry of boron was placed on a firm basis by the work

2
of Prosen, Johnson and Pergiel [1,2] on the decomposition and hydrolysis

of diborane, and of Johnson, Miller and Prosen [3] on the heat of forma-

tion of boron trichloride from the elements. With the aid of the heats

of these reactions and other data, they obtained reasonably consistent

values for B^O^Cc), H^BO^(c), B^H^Cg) and BCA (g). While more recent

work has suggested changes in some of the values, these changes have been

small

,

9
Numbers in brackets refer to references at the end of this paper.

2



The heat associated with the direct combination of the elements

in a bomb calorimeter was measured by Wise, Margrave, Feder and

Hubbard £U ] ,
who found tne heat of formation of BF^(g)

to be -269*88 ±0 . 2U kcal mol Another

study involving the direct combination of the elements by Gross, Hayman,

Levi and Stuart [5] gave -271*20 kcal mol
-
^ for the heat of formation of

BF
3
(s).

More recent additional measurements by Johnson, Feder and Hubbard [6]

showed that the calorimetric work of Wise, et al. [1±] was correct, but re-

analysis of the boron sample revealed impurities not previously taken into

o

account. A recalculation of their earlier data gave for AHfpQ n [BF_ (g) ]

,

calorimetric ' ^

-271*6 ±0.9 kcal mol . The / measurements reported by Johnson, et al.

[6] -were made using a boron sample of greater purity in both a conventional-

type combustion bomb and a two-chambered combustion bomb and led to a

value for AH^^tBF^g)] of -271*65 ±0.22 kcal mol \

Research prior to the work of Wise, et al. [U] is neither sufficiently

detailed nor accurate enough to derive a value for the heat of formation

of BF^ having an uncertainty less than several kilocalories per mole, and

hence, has not been considered. Gmelin [7 ] provides a review of the

earlier work on this subject for the interested reader.

3

270-022 0 - 67-2



that

We felt/additional confirmatory work on the heat of formation of

BF„ was needed to establish more fully the recent work of Gross, et al.

[5] and Johnson, et al# [6]. In addition, we have found that work in our

laboratory on the measurement of the heats of combustion of several

refractory boron compounds has produced values for their heats of

formation very sensitive to the auxiliary value used for the heat of

formation of boron trifluoride. Some systematic errors in the calcu-

lated heats of formation may be avoided by measuring the heat of

combustion of boron using a similar procedure in the same apparatus.

The variations in the heat of formation of BF^, as reported by other

investigators, are large enough to make a significant difference in

the heats of formation of metallic borides if calculated from their

heat3 of combustion in fluorine#

k



2.0 Kiit e rials

2.1 Moron

The sample of 0 -rhomb ohedral boron was obtained from the Eagle -Picher
Company and had been

/prepared by the hydrogen reduction of boron tribromide on, a substrate of

zone refined boron. The maximum particle size was l£0 mi-

crons. The supplier reported traces of copper and silicon and a small

amount of carbon in the sample. Th9 sample was analyzed

spectrographically for metallic

impurities and quantitatively for individual metals to 0.001 percent.

A nitrogen assay was made using the Kjeldahl method and the carbon

content was determined by oxygen combustion of the sample and meas-

urement of the CO^ formed. This measurement gave a higher carbon con-

tent than was indicated by the supplier. We preferred our carbon

analysis for the assay of our sample. The analysis for oxygen in our

boron sample was performed by both neutron activation and inert-

gas fusion methods. The oxygen analysis obtained by inert-gas fusion-

is preferred over the analysis by neutron activation because of sus-

pected interference by isotopic species produced from irradiation of the

boron itself[8]. Table 1 summarizes the analysis of the boron sample,

showing the total boron content to be 99.68 percent by difference.

5



TABLE 1. Analysis of boron sample

Ketal impurities Total

Ai Fe Ng Mn Sr Ca Si Cu

<0.001 0.079 0.002 O.Olli 0.002 0.010 0.012

(0.0003 )

b
(0.0007)

b
0.120

Non-metallic impurities

N 0 c

<0.005 0.088° 0.11 0.203

(0.16l)
d

(o.o5 )

e

Assumed presence of non-metallic impurities

BN B2°3 V
0.009 0.128 0.5C6 0.6U3

Total boron content 99.677

Total boron as the element 99.237

3l

Analyses presented in Table 1 were performed by the NBS Analysis
and Purification Section, unless otherwise stated.

supplier ’s analysis (Eagle-Picher Co.)

C
Inert-gas fusion (Ledoux and Co.)

a
Neutron activation analysis (General Atomic

)

e
Supplier f s analysis for carbon in boron by' the method of

Kuo, Bender and Walker [.? ].

6



An x-ray diffraction pattern of the boron sample determined

by the NBS Crystallography Section yielded lattice parameters in good

agreement with data reported earlier. The lattice parameters were

a=10.922A and c=23.79A(compored to a=10.944A and c=23.811A [l(3 ) and

the space group found was E3m.

2.2 Teflon(polytetrafluoroethylene )

The Teflon film and Teflon powdei ( "Teflon 7”) used in preparing

pelleted mixtures for combustion experiments were the same as we have

described in an earlier publication[ll] . Here again neither the

Teflon powder nor the Teflon film were modified or treated in any

special way prior to use. The energy of combustion, of the

Teflon(fiim and powder) was -10,372.8 Jg ^*[11],

The fluorine used in the heat measurements assayed at 99.40

percent The fluorine was analyzed by absorbing the F^ in mercury

and observing the pressure and composition of the residual gases[l2].

The composition of the residue was determined by examination in a mass

spectrometer. Table 2 shows the results of typical analysis of a

fluorine sample.
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TABLE 2 • Composition of fluorine sample

Constituent Mole Percent

F
2

99.U0
a

°2 0.0960

n
2

O. 278U

C0
2

0.0175

CF
U

0.1962

Ar 0.0083

S0
2
F
2

0.0001

SiF^ 0.0003

C
2
F
6

0.0023

SF
6

0.0001

C
1i

F
8

0.0002

°3F8
0.0005

CgF^ or cyclic C^Fg 0.0001

a
By difference.
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3.0 Preparation of Sample Pellets

The first step of the procedure used to prepare the boron sample

for combustion in fluorine vas to mix the sample -with Teflon povder

in a bag made of Teflon film. The bagged mixture vas then pelleted

and provided with an additional coating of Teflon.(method B of our

earlier vork[ll]). Attempts to burn pelleted mixtures of boron and

Teflon povder on which no outer Teflon coating vas provided (method A,

[ll]) resulted in spontaneous combustion of the pellet during the

fluorine-loading procedure. However, if method B vas used, it vas

possible to carry out the calorimetric experiment, and the apparent

heat transfer coefficients calculated for the calorimeter in these

heat measurements were comparable to that of a normal combustion

experiment in which no premature reaction vas taking place.

Much care is needed in keeping track of the cumulative mass of the

sample as the Teflon and boron are added because some losses are always

observed and their distribution significantly affects the results of the

experiment.

Table 3 gives average values for the amounts of Teflon and boron

used in preparing a pellet and the losses detected in the process. The

sample masses were adjusted for losses in the manner previously described

[n].

The densities used for the Teflon film, Teflon povder, and boron

in making buoyancy corrections were 2.15, 2.16 and 2.35 g cm
J
[l3]p

respectively. Weighings of pelleted mixtures and intermediate stages

were made to 0.01 mg.

9



TABLE 3* Amounts of sample and losses incurred

during pellet preparation (averages)

1. Mass of Teflon bag, g. 0.30

2. Mass of boron in mixture, g. 0.16

3. Mass of Teflon in mixture, g. 1.88

U* Mass of Teflon coating, g. 0.70

5. Loss of Teflon in sealing bag, mg. 0.32

6. Loss of mixture in pelleting, mg. 0.30

7. Total loss in preparation, mg. 0.62

10



4.0 Calorimetric System

No major changes had been made in the bomb calorimeter,

the rmomotrie system or combustion bomb since our earlier vork[ll] which

was carried out with the same apparatus. The apparatus will be

discussed here only briefly.

An isothermal-jacket , stirred-water calorimeter was used;

the jacket was maintained at a constant temper-

ature near 30°C within 0.002 °C. Temperature changes in the calorimeter

were measured to 0.0001°C with a G-2 Mueller bridge in conjunction

with a platinum resistance thermometer. Reactions were carried out in

an "A" nickel combustion bomb, designed for service with fluorine,

having a volume of approximately 360 ml. Two aluminum electrodes each

suspended from the bomb head by a monel rod held a tungsten fuse (0.002

in. diam.) which contributed about 20 J to the combustion energy,

assuming complete combustion. The quantities of boron and Teflon in the

pellets were adjusted to produce a temperature rise in the calorimeter of

about three degrees (27° to 30°C). For procedures dealing with the loading and

emptying of the combustion bomb, and for details of the design and

construction of the fluorine manifold, our earlier work should be

consulted[l4]

11



3.0 Products of Combustion

Our previous work[ll,14j has established that Teflon burns in

13 to 21 atm of fluorine to carbon tetrafluoride as the only major

product. Higher fluorocarbons ye re not detected in amounts greater than

0.02 mole percent. The product gases vere analyzed in a mass spectro-

meter after absorption of the excess fluorine in mercury. It is

interesting to note that the mass spectrometiic examination of product

gases from a boron-Teflon combustion experiment showed no sign of BF^»

We suspect that under the conditions of the reaction of fluorine with

mercury, an interaction of some kind takes place between BF^ and the

mercury fluoride formed during the absorption of fluorine.

A typical analysis of the residual product gases from a combustion

experiment is shown in Table 4» The amounts of minor constituents

found in the product gases are greater than those expected on the basis

of the amounts present as impurities in the original fluorine. The

increments observed in the minor constituents were probably introduced

during sampling and analysis procedures and were probably not involved

in the actual bomb process

»

Boron trifluoride was identified as a combustion product by in-

frared spectrometry. Examination in the region 650 to I4OO cm ^ of a
fluorine

sample of the bomb product gases containing excess/ revealed the

-1 -1
BF 0 band at 401 cm and the CF, band at 630cm . Spectra of the

j 4

evacuated cell and of BF alone were taken over the region mentioned
j

above to substantiate the identification. The cell used was 8 cm long

and had polyethylene windows, 0.0625 in. thick.

12



TABLE U« Composition of residual product gases from a

combustion experiment (mass spec trometrie examination)

Component Mole Percent

N
2

0 .7U

°2 0.87

C0
2

0.16

CF
U

98.h

BF
3

-

s°
2
f
2

0.008

SiF
u

0.026

C
2
F
6

0.012

SF
6

0.008
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6.0 Calibration Experiments

Twenty calibration experiments were performed in which benzoic

acid (Standard Sample 39i) was burned in 30 atm. of oxygen and with one

ml. of distilled water in the nickel combustion bomb. Their con-

sistency and reproducibility have been discussed in our earlier paper

[llj. The average energy equivalent was calculated to be 14,803.27±

0.99 Jdeg The uncertainty cited is the standard deviation of the

mean. The energy equivalent is that of the standard initial oxygen

calorimeter which included the nickel combustion bomb with 30 atm. of

oxygen, a platinum crucible and fuse support wires, platinum fuse (2 cm

long, 0.01 cm diam.), a type 304 stainless-steel liner, monel pellet

holder, and no sample. Fastened to the bomb was a heater and ignition

leads. The mass of the calorimeter vessel and water was 3750*0 grams.

Using the appropriate heat capacity data, the energy equivalent of

the standard oxygen calorimeter was adjusted to the proper value for

the fluorine experiments. This involved allowing for the heat capacities

of 30 atm. of oxygen, one ml. of distilled water, the platinum ware,

21 atm. of fluorine, and two aluminum electrodes. The application of

these corrections gave 14,805*17 J deg ^ for the energy equivalent of

the standard initial fluorine calorimeter over the temperature range

used (27° to 30 °C).

14



7.0 Fluorine Combustion Experiments
calor imetric

The / measurements included seven experiments, vhich have been

previously reported in detail [ll], in vhich Teflon vas burned in 21 atm

of fluorine. The value listed in section 2.2 for the energy of combus-

o
tion, vas determined in these experiments. Ten heat measurements were

performed in vhich boron-Teflon pellets ve re burned in 21 atm of fluorine.

These measurement a are summarized in Table 5* In each experiment the

sample pellet vas placed in the recess of an "A" nickel plate on the

bottom of the bomb. The bomb vas attached to the fluorine manifold

and filled to 21 atm vith fluorine by the usual procedure. All bomb

parts (bomb base, bomb-head assembly, electrodes, liner and nickel plate)

vere veighed before the first experiment and after each successive

experiment. The bomb parts vere vashed vith vater and dried before

the veighings vere made.

15



TABLE Boron-Teflon combustion experiments

Experiment No. 1 2 3 1+ 5

(la) m(sample), g 0.157378 0.153795 0.151I+06 0.1531+77 0.163715

(lb) m(Teflon), g 2.767867 2.81371+8 2.675968 2 .717357 2.88001+5

(2) P(Fg) atm. 21.2 21.6 21.1+ 21.6 21.1+

(3) (e ), J deg"
1

lh, 798.95 ll+, 796.70 ll+,805.56 11+, 803. 17 ll+,80l+.6l

00 At
,
deg 3-051+91+ 3.06023 2.9U21+9 2.98886 3.1761+5

(5) (e ) (-At
c

), J -1+5,209-9 -1+5,281.3 -1+3,565.2 -UU,2HU.6 -1+7,026.1

(6) AE fuse, J 20.2 20.5 20.3 20.1+ 20.1+

(7) AE gas, J 13.2 13.6 12 .8 13.1 13.9

(8) AE° (Teflon), J 28,710.5 29,186 .1+ 27,757.3 28,186.6 29, 871+.

1

(9) AE°
03

(sample), Jg"
1

-101+ ,627 -ldl+,1+30 -id+,189 -101+ ,1+10 -lGl+,558

Experiment No. 6 7 8 9 10

(la) m ( sample ) , g 0.11+921+9 0.152208 0.153996 0.1601+86 0.167872

(lb) m(Teflon), g 3.21+3633 3.168021 2 .933396 3. 0531+95 2. 807121

(2) P (Fg ) atm. 21.8 21.6 21.9 22.0 21.9

(3) (e), J deg'
1

11+ , 803.77 ll+
, 801+ .26 Hi, 799. 88 H+, 805. 01 H+, 803 .61

oo At
c ,

deg 3.33155 3.2961+7 3.H+578 3.27706 3.151+15

(5) (a) (-At
o ), J -1+9,319.5 -1+8,801.8 -1+6,557.1 -1+8,516.9 -1+6,692 .8

(6 ) AE fuse, J 20.1+ 2 0.1+ 16.9 17.1+ 18.5

( 7 ) AE gas, J 15.8 15.1+ H+ .3 15.1 13.9

( 8 ) AE° (Teflon), J 33,61+5.6 32,861.2 30,1+27.5 31,673.3 29 ,117.7

(9) A E°
03

(sample), Jg"
1

-ld+,776 -10l+,l+9l+ -10!+,538 -iQi+,751 -iol+,5 oo

(10) AE° (boron sample), Jg
1 = -10li,527 Jg

1

3 u-2 -1 -1
(11) Standard Deviation of the Mean = 5>1| Jg = O.lli kcal mol

(12) Contribution from impurities = 5U5 Jg for 0.763$ inpurities

( 13 ) ae°
98

- ae°
03

= 2 Jg'
1

(ll+) a^q 8
(boron) = -lQl+,779 Jg

1 = —2 70. 7U kcal mol

(15) AnRT = -115 Jg"
1

(16) ah£
q

(boron) = -10l+,89l+ Jg"
1 = -271.03 kcal mol
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The numbered entries in Table 5 are as follows:

(la) mass of the boron mixed with Teflon in the pellet, corrected for
weight loss in preparation, for recovery of unburned boron, and for
a boron blank.

(lb) mass of Teflon mixed with sample in the pellet, corrected for
weight loss.

(2) pressure of fluorine introduced into the bomb prior to combustion,
corrected to 30°C.

(3) energy equivalent of the initial calorimeter for a given experiment.

(4) temperature change of the calorimeter , corrected for
heat of stirring and heat transfer.

(5) total energy change in the bomb process.

(6) energy liberated by the tungsten fuse assuming the fuse burns
according to the reaction: W(c) + 3F^(g) = WF^(g)

From the heat of formation of WF, [15], ve calculate 9»44 J mg
for the energy of combustion of the fuse.

(7)

net energy correction for the hypothetical compression and
decompression of bomb gases.

-1

P
i(gas)

AE gas = AE
1
(gas) + AE (gas) Jp

f
(gas)

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

(9)

* standard energy of combustion per gram of the sample.

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

(11) standard deviation of the mean of the average cited in (10).

(12) energy contribution by impurities.

( 13 ) energy correction converting the reference temperature to 298°K.

(14) standard energy of combustion of the pure substance. Contributions
from impurities have been accounted for both in mass and in energy.

(15) AnRT term.

(16) standard heat of formation

17
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The heat capacities at constant pressure, C„ , used in the
Jr

calculation of entries (3) and ( 13 ) are as follows in cal deg ^ g
^ at

25°C: boron, 0.245 [16]; and Teflon, 0.28 [17] • The heat capacities at

constant volume, Cy , used in the calculation of entries (3) and (13)

—1 —1
were 5.52 [18], 12.62 [19] and 10.04 [16] cal deg mol" , respectively

for fluorine, carbon tetrafluoride , and boron trifluoride at 30°C.

Washburn corrections, entry (7), were calculated following the

procedure outlined by Hubbard [20] for experiments in which

fluorine is used as an oxidant. The coefficients [9E/dP]^ = -Tf'dt/dT]

were found in tables compiled by Hirschfelder , Curtiss and Bird [21]

using the appropriate force constants. The force constants used for

fluorine, carbon tetrafluoride and boron trifluoride were those

determined by White, Hu, and Johnston [22], Douslin [23] and Brooks and

Raw [24]> respectively. Force constants appropriate to the mixtures

F^, CF^ and BF^ in the reaction products were calculated from those

for the pure components.

We assumed that the metallic impurities in the boron sample were

present as the elements and that the non-metals, oxygen, nitrogen and

carbon were present as B^O^, BN and B^C, respectively.

In calculating the correction for the B^C impurity in the boron

sample, we have chosen ^298
= “97 .81* kJg ^ for the reaction: B^C(c) +

8F^(g) = 4BF^(g) + CF^(g) based upon heat measurements performed in our

laboratory. These latter data will be reported in more detail in a

future publication.
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Note that in adjusting the energy of combustion of the sample,

entry (10) , to the energy of combustion of pure boron, entry (14.) > the

energy contributed by the impurities is subtracted from entry (10)

,

and at the same time the mass of sample is reduced by the mass of the

impurities. In calculating the corrections for the combustion of other

impurities in the boron sample, the following heat of formation values

were used and are given in kcal mol' B^O^, “30U. 20 [25]; BN, -60.8

[25]; Mg?
2 , -268.7 [26]; CaF

2 , -290.3[27] ; SiF
4

-385.98[28] ; FeF^,

-235[29]; SrF
2
-290.3 [27]; MnF-, -238 [29]; and AlFj -361.0 [11].

The raw data obtained in the benzoic acid calibration experiments

were programmed for the IBM 7094 computer according to procedures out-

lined by Shomate [30] for the computer calculation of combustion bomb

calorimetric data. The energy equivalent obtained was adjusted to that

of the standard initial oxygen calorimeter as described in Section 6.0.

The combustion experiments were similarly programmed, however, the only

valid data calculated by the computer were the corrected temperature

rise, At , because the program used had not been modified to accommo-
c

date the use of fluorine as the oxidant.

Atomic weights were taken from the 1961 table of atomic weights

12
based on C =12 and adopted by the International Union of Pure

and Applied Chemistry [31]* The unit of energy is the joule, and one

calorie was defined as U*18U0 J.

19
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About 500 mg of crystalline boron was transformed into boric acid

3solution by pyrohydrolysis and the solution examined by surface

omission mas3 spectrometry for the isotopic abundance of B^/B^.

This study resulted in the atomic weight determination of our sample

of 10.812 ±0.005.

As a result of the good agreement with the atomic weight of

12
boron in the Table based on C =12 we have used the value 10.811

g mol ^ from this table in our calculations.

8.0 Discussion and Results

A residue amounting to less than one mg. which was assumed to be

unburned Teflon and/or carbon, was observed in heat measurements

involving Teflon alone. No correction was applied to any experiment

for this residue, and we assumed that the formation of the residue took

place in all experiments approximately in proportion to the amount of

Teflon initially present. The heat of combustion per gram of Teflon

would be constant and the error due to residue formation would be

eliminated when the energy due to the combustion of Teflon in the

pelleted mixture was subtracted from the total energy released in the

combustion.

3
The authors are grateful to M. W. Lerner and L. J. Pinto,

U. S. A. E. C. New Brunswick Laboratory, New Brunswick, New Jersey,

for performing this task.
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After a boron-Teflon combust ion experiment, a larger residue was
than when only Teflon was burned amount of

found/, which necessitated determining the/unburned boron and also

finding a method for gathering the residue from the nickel support

plate. The mass of the residue was obtained by weighing the plate

before and after the experiment. The average mass found from these

weignings was three mg.

The residue was taken up from the support plate by mixing and
the amount of

rubbing Na^CO^ into the residue with a spatula. To determine /boron,

the residue mixed with Na^CO^ was fused and put into solution with

dilute acid. The pH of the solution was adjusted, mannitol added, and

the liberated acid titrated with base. The mass of unburned boron found

in the residues by this analysis ranged from 0.5 to 1.1 mg. To

determine the reliability of the above procedure, control experiments

were performed in which crystalline boron was mixed with Na^CO^ and the

mixture was analyzed for boron using the same procedure. As a result

of the control experiments a correction factor was applied to the boron

recovered from the residues. Analysis of residues mixed with Na^CO^

were made by the NBS Analysis and Purification Section



We attempted to assign a composition to the residue even though

the mass was subject to effects difficult to estimate such as reaction

of the support plate with fluorine, hygroscopicity of the residue, and

spattering of molten tungsten onto the plate from the ignition process.

Our estimate for the boron blank, boron recovery, unburned Teflon, and

tungsten account for about two thirds of the mass of the combustion

residue. The remainder could be attributed to one of the above effects,

but in the absence of definite information no adjustment was made for it.

A test made to determine whether the presence of boron affected

the residue of Teflon, indicated a negligible effect.
was analyzed and the results showed an

A boron-Teflon combustion residue/for carbon,/ amount

comparable to the carbon content of residues formed from

burning Teflon alone . A test for weight changes of pellets on exposure

to fluorine indicated a slow weight increase, which was not fully

reversed on evacuation. A pellet which has been exposed to fluorine and

later exposed to moist air showed additional small weight gains,

indicating a hygroscopicity resulting from the exposure to fluorine.

These effects were small and slow, and no corrections were applied for

them. However, they have been taken into account in assessing possible

errors.

22



9.0 Summary of Errors

We have tried to estimate the over-all experimental uncertainty

lor the heat of formation of 3F„(g) determined as a result of this

investigation. Table 6 lists the errors considered in making

the estimate. We have used the loss of sample found during the pellet-

ing operation as a guide in estimating the error incurred in

preparing a pellet (see Table 3# line 6). From this source we estimate

an error of 0.10 percent. The tvo oxygen analyses were 0.161 and 0.088

percent and the two carbon analyses were 0.05 and 0.11 percent. The

effect that the diffeienees of the analyses would have upon the heat

data introduces an error of 0.06 percent. An error from

the reaction of the sample in the bomb prior to ignition was estimated

at 0.03 percent. This was based upon the assumption that pre -reaction

occurring in the bomb prior to ignition was not. more than 5 J hr
-

^* as

suggested by mass increments of pelleted mixtures upon exposure to

fluorine. We assumed that the determination of unburned boron was not

in error by more than 0.1 mg (0.06 percent) and that the.

additional error in estimating the total composition of the combustion

residue is similarly 0.06 percent. Since the carbon in the boron

combustion residue was comparable to the carbon from the

combustion of Teflon alone, no error has been attributed to the

uncertainty in residue left by the combustion of Teflon.
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TABLE 6. Summary of errors

Description of errors Magnitude of error expressed
o

in percent of AHo Q o for boron

1. weighing pellet 0.01

2. loss during sample preparation 0.10

3. analysis of impurities 0.06

1;. reaction prior to ignition 0.03

5. determining the amount of

unburned boron 0.06

6. determining the composition of

the combustion residue 0.06

7* fuse energy 0.01

8. bomb corrosion 0.01

9. calibration experiments 0.01

10. energy of combustion of Teflon [16] 0.03

11. boron combustion experiments 0.12

12 . atomic weight of boron 0.05

13. total error (percent) 0.19

a. -1\
(This is equivalent to 0.51 kcal mol ). .
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fuse energy,

Errors due to tho weighing of the pellet,/ana bomb corrosion

were estimated at 0.01 percent. Estimates of uncertainties arising

from the benzoic acid calibration experiments, Teflon combustion

experiments and combustions of boron-Teflon mixtures were made by

multiplying the percent standard deviations of the means of the experi-

ments by the appropriate factors for the Student t distribution at the

95 percent confidence level. Finally, we suggest that the

error present in the determination of t^e atomic weight is 0.05 percent

as a result of our experimental findings given in Section 7.0.

The total percent error in this study was found by taking the

square root of the sum of the squares of the individual errors cited.

10.0 Heat of Formation of Boron Trifluoride

On the basis of the calorimetric data given

in Table 5, we calculate for the standard heat of reaction (l)

,

. .
B(c, p-rhombohedral) + 3/2 F^(g) = BF^ (g) (l)

and, hence, the standard enthalpy of formation of boron trifluoride at

298°K, -271.03. ±0.14 kcal mol \ The latter uncertainty is the

standard deviation of the mean. We estimate our over-all experimental

uncertainty to be 0.51 kcal mol
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Our value Tor the enthalpy of formation of BF^(g) is in good agree-

ment with the result reported by Gross, et al. [5J and differs from the

result reported by Johnson, et al. [6] by approximately our over-all

uncertainty.

Johnson, et al. [6] have used some recent work by Gunn [32] on the

solution of BF^ in cone HF(aq), Good and Fans son [33] on the combustion

of boron in oxygen in the presence of excess aqueous HF, their own data

on AH^,
0^q [BF

3
(g )] ,

and other appropriate auxiliary data to derive a

value for [HF^B^C^aq)] = -76.78 kcal mol~^. Insertion of our

value for [BF^(g )] into this cycle, gives -76.58 kcal mol ^ for

AH
?293

[HFOHgOtaq )] . Both our work and that of Johnson, et al. [6]

agree in showing that the heats of formation for aqueous solutions of

KF should be more negative than those suggested by Wagman, et al. [3U],

but less negative than those indicated by Cox and Harrop [35] • In this

respect they substantiate our similar finding on the heat of formation

of HF(aq) as derived from several other reactions in our study of the

heat of formation of CF^ [11].

26



Ludwig and Cooper [ 36] reported for the heat of reaction (2),

S?
3
(g) + B(c) = BF

3
(g) + 1/2 K

2 (g) (2)

O

^*298 = -239.7 ± 1.2 kcal mol \ Combining our data on [^F^Cg)]

with the heat of reaction ( 2 ), we calculate for [NF^(g)]>

-31.33 kcal mol Although this is in good agreement with the heat of

formation of NF^(g)
,
—31 kcal mol”^ reported by Sinke [37 3.* the

merits of the agreement are dubious because of the large uncertainty

associated with the heat of reaction (2).
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Chapter 2

STUDIES ON THE AUTOMATION OF

LOW-TEMPERATURE HEAT-CAPACITY CALORIMETRY

G. T. Furukawa

I • Intr oduc tion

Heat capacity is determined in the incremental heating method

from a series of observations as illustrated in Figure 1.

FIGURE 1

Perfect thermal isolation is not achieved even in the most carefully
designed low-temperatur e adiabatic calorimeter used for heat-capacity
measurements. This is manifested by the continuously changing tempera-
tures of the calorimetric system under conditions considered adiabatic.
Corrections must be applied for the energy transfer between the calori-
metric system and its surroundings that occurs during the course of an
experiment. Because of the relatively high degree of thermal isolation
of low temperature adiabatic calorimeters, the steady-state temperature-
time curves before and after any heating interval are essentially linear.
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The assumption is made that during the heating interval the heat transfer
is the average of the steady-state rates before and after heating. This
corresponds to the extrapolation of the steady-state temperature -time
curves for the fore- and after-periods to the middle of the heating
period as shown in Figure 1. The temperature increments corresponding
to the measured energy increments introduced are T^-T^ and T^-T^.

The observations shown in Figure 1 represent equally the processes
in reaction calorimetry and in heats of mixing calorimetry. In all
these experiments temperature -time curves are determined. In Bunsen
calorimetry the equivalent volume -temperature curves are determined
directly or indirectly, for example

,
through the change in the mass of

mercury contained in the system. In heat-capacity experiments the
input energy is known from direct measurements and the corresponding
temperature increment determined from the temperature -time curves. In
heats of reaction or mixing experiments the heat capacity of the system
is known from calibration and temperature increment caused by the
energy release of the process is determined from the temperature -time
curves. The methods used to determine the temperature increment in
reaction calorimetry and in heat of mixing calorimetry are very
similar to the method just described for the heat-capacity measurements [1]

.

The temperature -time observations and the calculations of tempera-
ture increments associated with energy increments depicted in Figure 1
have now been automated for low-temperature heat-capacity measurements.
Automatic observations of temperatures equal in precision to standard
manual methods of platinum resistance thermometry have been performed
in this laboratory since May 196U* Computer methods have been
developed for making calibration corrections for the bridge resistances
used, for the plotting of the observations, for calculating the
temperatures associated with resistances extrapolated to the midpoint
of heating intervals, and for estimating the standard deviations of
the extrapolated temperatures.

Methods for the automatic measurement of energy increments intro-
duced into the calorimeter and methods for the automation of the heat-
capacity measurement process have, in the meantime, been under investi-
gation. The goal for the accuracy of electrical energy measurements
was set at 0.001 percent* Preliminary test experiments have been per-
formed to check out certain methods. This report is an account of the
studies made in which procedures and methods for realizing automatic
energy measurements are described* The discussions presented in this
report progress in evolutionary steps, starting from the development
of the basic and adjuvant equipment for attaining the final automatic
energy measurements . Much of the discussions on the evolutionary
steps have been made brief in order to proceed quickly to the proposed
method for automatic energy measurements*
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II. Symbols , Abbreviations , and Definitions

The symbols, terminology, and abbreviations used in this report

are defined in this section*

foreperiod

afterperiod

period prior to the start of energy input
during which accurate temperatures are made
to evaluate the heat leak and the "initial”
temperature

.

period following the termination of energy
input during which accurate temperature
measurements are made to evaluate the heat
leak and the "final" temperature. When
energy increments are introduced successively,
the afterperiod of one energy increment is

the foreperiod of the next energy increment
(See Figure 1).

initial temperature = temperature corrected for heat leak by extrapo-
lating the foreperiod curve ahead to the middle
of the heating period, corresponds to the

"temperature" prior to introducing heat.
(e.g., and of Figure 1).

final temperature

sampling time

voltmeter

temperature corrected for heat leak by extrapo-
lating the afterperiod curve back to the middle
of the heating period, corresponds to the
"temperature" after introducing heat.
(e.g., and of Figure 1).

time required to complete a measurement, e.g.,
voltage

.

the instrument will be referred to in a very
restricted sense. The essential difference
between this instrument and the digital volt-
meter is only that the latter is automatic and
the former is manually operated and the balance
visually observed. The features of the instru-
ment include :

a. self-contained precision power supply, de-
rived usually from 110 V ac, for generating
voltages for comparison which are manually
selectable

b. high input impedance amplifier detector and
meter for indication of balance.
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operate time = time interval from relay coil energization to the
performance of a particular functions. In this
study, operate time = time interval from the end
of one function to the beginning of another
function.

standard resistor = stable resistor of known magnitude.

dummy resistor

J

P

Hz

» auxiliary resistor, of resistance close to that
of the calorimeter heater, through which the
current is diverted when not flowing through the
calorimeter heater in order to maintain the
power supply load constant.

= joule

= power = J sec ^ = watt

= Hertz = cycles per second

R

R
s

R
c

%
E

E
s

E
c

i

C

SW.
1

SW
e

F

m

M*

= resistor or its magnitude

= standard resistor or its magnitude

- calorimeter heater or its magnitude

- dummy resistor or its magnitude

« voltage

« voltage developed across the standard resistor

= voltage of stable reference voltage source

- voltage developed across the calorimeter heater

- current through the calorimeter heater

=* capacitor or capacitance

« switch for transferring the current to either

R
c

or S
= switch for connecting the voltage measuring

equipment to R
c
or R^

= Farad

= lCf3 (railll)

= 10 micro
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W = energy

t = time interval of heating, defined in seconds*

k = voltage to frequency conversion rate =

counts per volt per second.

N = M = counts on the integrating digital voltmeter.

DVM = digital voltmeter, automatically measures the
voltage

.

BBM - break-before-make action of a double throw
switch or relay (corresponds to Form C ).

MBB = make -before -break action of a double throw
switch or relay (corresponds to Form D).
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III. General Requirements for Energy Measurements

IU.l Calorimeter Heater

With the use of a constant current power supply, the voltage change
across the calorimeter heater is directly related to the temperature co-
efficient of resistance of the heater wire.. Shorter sampling times and
time intervals between measurements are required for measuring rapidly
changing voltages* Instruments tending to meet these requirements be-
come, in general, less accurate. A study was made to find heater wires
of low temperature coefficient of resistance over the temperature range
used (10 to 380°K). The resistance of alloy wires of about 75$ Ni and
20% Cr plus other elements, depending upon the manufacturer, has
been found to change only 0.9 percent over the range 10 to 380°K [2].

At the usual heating rate of 1 deg/min and at constant current, the
average voltage change across a heater constructed from such wires would
only be about 0.002 percent per min. The accurate measurement of

voltages changing at such low rates should be relatively easy to achieve.

III.2 Power Measurements

The electrical power dissipated in the calorimeter heater is deter-
mined from the relation:

P = E i (1)
c v

where E and i are the instantaneous voltage across and current through
the header. A typical calorimeter heater circuit is illustrated in
Figure 2. The upper voltage limit of most manual high-precision
potentiometers is about 2 volts. The heater voltage can be 20 volts or

higher. A voltage divider is, therefore, required at terminals a and b
(Figure 2 ) to perform the measurements . Part of the current that flows
through the standard resistor R

g
(used for determining the current) now

flows through the voltage divider, the relative magnitude depending
upon the ratio of the resistance of the heater to that of the voltage
divider

.
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In low-temperature calorimeters the leads from the heater are

necessarily long and of small gauge and to minimize heat conduction a

large portion of the lead wires are temperature controlled. The re-

sistance and the change in resistance with temperature of the leads
must, therefore, be considered in the determination of the actual

power developed in the calorimeter heater, A method using a voltage

divider of exceptionally high resistance plus a sensitive detector of

high input impedance can minimize or make negligible the effect of the

voltage divider, A procedure for making direct measurements of the

heater voltage without the voltage divider would be an even better
choice. The present study has been directed toward the latter method,

III ,3 Stable Reference Voltage Sources

The use of a voltage divider can be avoided by balancing out or

biasing most of the heater voltage by means of a kncwn constant voltage
source and by measuring the relatively small difference by means of the
potentiometer. The internal resistance of the voltage source must be
low enough and that of the detector high enough to achieve the desired
sensitivity and accuracy. Reference voltage sources up to 100 volts
are available with 0,001 percent or higher stability over a period of

a day and longer and with six to seven decades of resolution. With the
potentiometer for measuring the difference, the high degree of resolution
is not required. The prerequisite of a reference voltage source would
be high stability and reproducibility of the voltage for a particular
dial setting. Any deviation from the nominal dial setting can be
readily corrected by calibration, if the above requirements are met.

111.1; Voltmeters and Potentiometers

The design of reference voltage sources with six to seven decade
resolution has led directly to the instrumentation of "voltmeters" and
potentiometers which incorporate with the manually variable reference
voltage source a high impedance detector with a meter output for visual
indication of balance. Most of these instruments have multiple ranges
and some are capable of detecting an unbalance of O.Oljiv. In the
upper voltage range the instruments are capable of measuring the heater
voltage directly. The input impedance of many of these instruments
must, however, be carefully examined, for in some ranges the input
impedance could be low enough that the calorimeter heater may become
excessively loaded and approach the voltage divider condition referred
to earlier. Instruments of up to 10-^ ohm input impedance in the 0.1,

1, 10, and 100 volt full scale ranges, which are most useful for heater
voltage measurements, are available in which 0,005 percent accuracy are
claiined. Their accuracy can perhaps be improved by calibration.
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111,5 Automatic Digital Voltmeters

Numerous automatic digital voltmeters (HVM), based on a variety of
design principles, are available that are capable of measuring the heater
voltage directly to within 0.01 percent or to 0.005 percent under favor-
able conditions. Systems having input impedances up to 10^ or 10^-0 ohms
are available so that excessive loading of the calorimeter heater can be
avoided. Basically, two methods are used in HVM for measuring the
voltages. The first is closely related to the manual voltmeter or
potentiometer. Voltages are generated in the instrument by switching
in a resistance network or by other methods (e.g., integration of a
reference voltage in an integrating circuit) and compared until a null
balance is attained. The voltage readout corresponds to the switch
positions or to the count of time pulses in the case of the integration
method of voltage generations

•

The second method used in DVM involves integration of the unknown
voltage. In one design the unknown voltage is integrated by means of
a high gain amplifier system until an equality with a reference voltage
is attained at which time the capacitor is instantly discharged and
the integration resumed. In another design the voltage is integrated
for a fixed time and at the end of the time the input instantly switched
to a reference voltage and the capacitor discharged at a known constant
rate. In the first case the repetition rate (voltage to frequency
conversion) is the measure of the voltage. In the second case, the time
to discharge the capacitor is the measure of the voltage. In both
designs any 60 Hz interference is essentially cancelled out by perform-
ing the integrations at integral numbers of 60 Hz cycles.

By using a stable reference voltage for balancing a large portion of
the heater voltage and by using the lowest range of the digital voltmeter,
a higher accuracy can be obtained. The absolute voltage accuracy of the
reference voltage source and the digital voltmeter must, however, be
compatible. For example, consider the case where 20.2000 volts across
the calorimeter heater are partially balanced by 20.0000 volts from the
stable reference voltage source. The reading of 0.2 volt to ±0.0001 volt
requires an accuracy of 0.05 percent from the DVM but demands an accuracy
of 0.0005 percent for the reference voltage source. These figures are
not outside of the capabilities of such instruments. Hence, the method
is limited by the absolute constancy and accuracy of the reference volt-
age source.

An instrument based on the above principle is now available. The

accuracy claimed for the instrument is 0.005 percent of the reading or

0.0005 percent of the full scale reading, whichever is worse, with a

sampling time of about 1 sec. The input impedance is 10? ohms. The
accuracy may be improved by better control of the reference voltage source.
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III.6 Application of Integrating Digital Voltmeters

A number of DVM based on the voltage to frequency conversion
technique described earlier are available. This method yields the

average voltage for a given time interval of measurement which is,

depending upon the instrument and operating mode, 1 sec or less. If

the sensitivity and stability of the main voltage to frequency
converter unit is compatible with a 10 jjlv accuracy and if the conversion
rate is 1CP counts per volt per second, then the average voltage during

the 1-sec interval could be determined to 1 part in 1CP, provided that
the attenuators or amplifiers used have a linearity and accuracy at
least as good. The performance of the instruments that are available
at the present time are not quite as good.

The integrating DVM is ideally suited for calorimetry. The total
energy introduced into the calorimeter is given by:

W E i dt,
c 9 ( 2 )

o

where E is the instantaneous voltage across the calorimeter heater,
t the time interval of heating, and i the current. If the current is

maintained constant.

W = if
T

E
c

dt. (3)
0

The quantity within the integral is obtained directly by the integrating
DVM. If k (counts per volt per second) is the voltage to frequency
conversion rate, then

J
E dt

o

_Nt _ N
kT k 9 GO

where N is the total count for t secs of heating. The automatic
measurement of the input energy can be performed by adding overflow
counters to the integrating DVM to extend the count and by means of
a suitable system for simultaneous switching on and off of the calorim-
eter heater and the DVM. The integrating DVM can also be connected at
all times to the calorimeter heater (i.e., at terminals a and b,

Figure 2) and the switching on of the heater current be made coincident
with the simultaneous resetting and starting of the DVM. The stopping
of the DVM should then be coincident with the switching off of the
heater current. The accumulated count of the DVM over a known time
interval with zero current through the heater yields information on
the error to be expected in the accumulated count during the heating
period.
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An important feature of the method is indicated by eq (U). The

time interval t of integration by the DVM and that of heating need
only be the same and it need not be measured at all. Very precise
and simultaneous triggering is needed, however, to achieve equality

^
of the time intervals within the desired limits (better than 1 x 10

The time base for the voltage to frequency conversion rate k must
be consistent with the standard time on which the current i is based.
Standard cells and the standard time base are both needed to check k.

To obtain a higher accuracy, an integrating DVM can be used to
integrate the voltage difference (EC“%ef ) between that of the calorim-
eter heater and a stable reference voltage source. (Another method
will be described later for generating reference voltages.) If Ej^ef
is the stable reference voltage, the total energy input at constant
current is

:

W - if + (VW ] dt (5 )

iE
Ref

T + ij (E
o"
E
Ref ) dt (6 )

If the accumulated count on the DVM is M,

ij
T (VW) dt - Wk ( 7 )

and

W = i(E
Ref

T + H/k) ( 8 )

Equation (8) shews that in this method the time interval, t, must be
measured precisely in terms of the standard time. The stable reference
voltage source and the DVM can be left connected at all times to the
calorimeter heater, provided the resistance of the system is high
enough to have negligible power dissipation in the calorimeter heater
during the off period. If the reference voltage source is set at
20 volts and the resistance of the circuit is 10^ ohms (input imped-
ance cf DVM) the current will be 2 x 10”? amp and the power dissipated
in a 100-ohm calorimeter heater will be only h x 10”^ watt. In this
method the DVM would be reset and on standby until started and stopped
coincidentally with the switching on and off, respectively, of the
heater current.
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IV. Self Generation of Reference Voltage for Calorimetry
and Automatic Measurement of Input Energy

IV.1 Circuit for Power Measurements

The reference voltage source for biasing a large portion of the
calorimeter heater voltage can be generated directly in the calorimeter
circuit by means of a reliable constant current power supply and a

standard resistor* (Constant current power supplies yielding currents
constant to 1 or 2 parts in 1CP are available.) Figure 3 illustrates
a circuit arrangement for the method.
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At a known constant current, the voltage ^Ea developed across the

standard resistor Rg is known and constant* The degree of stability

and magnitude of the current, i, can be determined by monitoring the
voltage ^Eg across another standard resistor ^Rg of a value within the
range suitable for measuring occasionally on a manual potentiometer or

for biasing the standard cell voltage and recording the small difference
continuously on a strip-chart recorder*

The voltage Eq across the calorimeter heater and the voltage ^Eg

are transferred alternately in opposition onto the high-grade poly-
styrene capacitors Cq and Cq, respectively, by means of a U-pole
double-throw chopper (J4-PDTJ. The two pairs of the chopper contacts
are operated 180° out of phase with the break-before-make (BBM)
arrangement* The voltage differences (Eq -^Eg ) across Cq and Cg are
measured by means of an automatic DVM* The power developed in the
calorimeter heater is given by:

P - i[lE
s + (E

C
^ES )] # (?)

IV*2 Voltage Transfer Capacitors and
Their Effects on the Measurements

If Rq and -4tg are about 100 ohms each and the capacitors are

10 F each, the time constant of each RC circuit is 1 msec* When the
chopper is operated at 25 Hz with one-third "dwell time" for each
pair, the dwell time for each pair of contacts is 13*3 time-constants

(13*3 msecs)* This dwell time is long enough to transfer onto the
capacitors all except 2 x 10“° of the voltages developed across the
resistors* If a DVM with an input impedance of 10^° ohm is used, the

time constant of its circuit will be 5 x ICr secs* For a 1-sec
sampling time, this will correspond to the reduction of the voltage
difference on the capacitors by 2 x 10“5 . This would seem somewhat
unfavorable, but in the same second each capacitor will be recharged
25 times and at each time, even if each of the capacitors were
completely discharged, charged to within 2 x 10"6 of the voltages
across Rq and ^Rg* Since only a small fraction of the charge differ-
ence on the capacitors is discharged even during a 1-sec sampling
time, the voltages on the capacitors represent closely thoss across
the resistors.

The energy stored in a capacitor is

:

W = 0.5CE
2

J = 0.5Q
2
/C J, (10 )

with G in farads, Q in coulombs, and E in volts* When C - 10 jjlF and

E = 20 volts, W = 0*002 J* Except at the lower temperatures (below 1;0°K),
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this energy is negligible compared to the energy dissipated in the

calorimeter heater, Rq. Actually, at the lower temperatures, the energy

stored in the capacitors will be smaller since lower operating voltages

are used. In practice, the capacitor, Cq, could be charged through a

"dummy” resistor prior to switching to the calorimeter heater

(see Figure 3). The energy transferred to the capacitor during the

measurement will, therefore, be much smaller than the total stored
energy considered above.

Good quality polystyrene capacitors have 1(£ megohm-p.F resistance.

The loss of energy through leakage in such capacitors would be

k x 10"? watt (E = 20 volts, C = IQiF), which is negligible.

IV. 3 Energy Dissipation by the Digital Voltmeter

If the DVM discharges 2 x 10 ^ of the charge corresponding to the
voltage difference (Eq-^Eg) in 1 sec and Eq and ^Eo are within 1 percent,

then Eq is reduced by 1 x 10"? and Eg is increased by 1 x 10 ^ in 1 sec
because approximately one -half of the total voltage change occurs in
each capacitor. (Reference is made to voltage and charge interchangeably
since E = Q/C.) Since W = O.^CE^ joule, approximately 2 x 10“ 'W joule
of energy in the capacitor Cq is dissipated per second. This also
means that the energy dissipated in the calorimeter heater each second
is less by the above amount. Again, with C = 10p.F and Eq = 20 volts,

this corresponds to k x 10"-*-^ watt or with Rq = 100 ohms the ratio of

powers dissipated in the heater and by the DVM is 10^. Hence, the

power dissipated by the DVM is negligible.

The input capacitance of 200 pF or smaller is typical for integrat-
ing DVM. The amount of energy absorbed by the DVM would also be
negligible.

IV .

h

Constant Current Power Supply

Another consideration in the measurement of energy developed in a

calorimeter heater is the time constant of the constant current power
supply. The effects of the switching of current connections between
the calorimeter heater and the dummy resistor and of the switching of

the chopper on the power supply have been examined.

IV.U.l Effects of the Calorimeter Heater -Dummy Resistor Switch

Most of the modern constant current power supplies have a time
constant of a few microseconds. Power supplies of 1-msec time constant
are, however, adequate for most applications and in many respects are
more desirable. In switching from the dummy resistor to the calorimeter
heater, a BBM switch action will cause the power supply to experience
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momentarily an open circuit and to react to increase its output voltage.
The operate time of dry reed relays is about 1 msec and that of mercury
relays about k msecs. If the open circuit condition is kept to a few
tenths of a millisecond, a power supply of 1 msec time constant would
increase its output voltage relatively little (about 18 percent of

the final value). A longer open circuit condition would allow time for
the power supply to increase its output voltage accordingly.

If the case is considered of a power supply of maximum output
voltage of 100 volts and with 200 m<F capacitance in its output circuit,
the total energy stored is 1 joule when enough time is allowed to
reach the maximum voltage condition. If the operating voltage is

U0 volts, most of the 0.814- J of ’’excess energy 1
’ will be dissipated in

the calorimeter circuit, including Rq, ^Rg, and ng, in the first few
msecs after switching on* If one -half of the excess energy is
dissipated in the calorimeter heater and is not accounted for by the
measuring equipment, a significant error may arise depending upon the

total energy dissipated in the heater during the whole heating period.
In measurements at low temperatures, the excess energy could very
easily be greater than the apparent measured energy. For a switch of

a given speed, the maximum voltage condition will be attained more
rapidly by faster acting power supplies. The problem may be circumvented
partially by operating close to the maximum voltage and using auxiliary
resistors in the circuit; less of the excess energy would then be
dissipated in the calorimeter heater. Obviously, the power supply should
never be allowed to reach the overload or the unstable condition.

If the switch is operated with the MBB action, the dummy resistor
and the calorimeter heater will momentarily be in parallel at both
the beginning and the end of a heating period. The reaction of the
power supply corresponds to that of rapid exponential discharge or

decay at the instant of parallel connection and the relatively slower
exponential build-up situation following the connection to either the
calorimeter heater or the dummy resistor. The effect from the MBB
action of the switch at the end of a heating period is negligible if

the ’’make” period is about 0.2 msec. At the beginning of a heating
period an interval corresponding to 11 time constants will be required
to recover to within 1 x 10”5 of the decay caused by the momentarily
parallel connection. This corresponds at most to the energy of about
one time constant times the difference between the full and the decayed
power levels. Depending on the total length of the heating period,
this amount of energy may be significant with the slower power supply
of 1-msec time constant but not with a power supply of a few M-sec

time constant.



These considerations suggest that MBB switch action is preferred

in high precision calorimetry. When the operate time of the calorimeter

heater switch is about 0.1msec, the switch action may be BBM with the

slower 1-msec power supply but must definitely be MBB with the faster

1-M-sec power supply ® The choice is not, however, of great concern if

the operating time of the switch were very much faster than the time
constant of the power supply. The choice of BBM action will depend
on how rapidly and how much the excess energy would be built up during
the open circuit period, and the choice of MBB action will depend on
how rapidly the recovery occurs after the termination of the parallel
connection period. The effect of the "make" period of the MBB switch
can be reduced by operating the constant current power supply at

maximum voltage with auxiliary resistors in series to achieve the
desired level of current in the calorimeter heater.

Constant voltage/constant current power supplies have recently
become available with automatic "crossover” so that full control
can be retained with load resistances from infinity to zero. Load
resistances from infinity to the crossover resistance are under
constant voltage control and load resistances less than the crossover
resistance under constant current control® Since the voltage and
current values can be independently selected, the crossover resistance
can be located anywhere on the voltage -amperage range of the power
supply. When such a power supply of p-sec time constant is operated
with the crossover resistance slightly above the calorimeter circuit
resistance, the BBM action can became tolerable for the calorimeter
heater switch.

I7.U.2 Effects of the Chopper

When the chopper is operated at 25 Hz with one -third of the total
time in the break condition and one -third for the dwell times of each
pair of chopper contacts, the break period between dwell times is one-
sixth of a cycle or 6.7 msec. At the instant of the beginning of
the dwell period of one pair of chopper contacts there will be a load
change corresponding to the amount of discharge (energy loss) that
occurred during the two-thirds of a cycle or 26.? msecs not in contact.
As pointed out in a previous paragraph, the total discharge by the
DVM during a period of 1 sec is only 10

-
? of Eq when Eq and ^Es differ

by 1 percent. The change in Eq during 26.7 msecs is, therefore,
negligible and correspondingly the load change at the instant of the
start of a dwell period will be negligible. The load change at the
start of the break period will also be negligible. Since the dwell
time is 13 .3 msecs, if any load change did occur there should be
essentially complete recovery even with a 1-msec power supply. The
conclusion from these considerations is that if the input impedance of

the DVM is as high as 10^-0 ohms, the chopper will have negligible
effect on the power supply.



IV.U *3 Determination of the Constant Current Power Supply Current

The current corresponding to the dial settings of the power supply-

can be calibrated. The repeatability of the current for a particular
dial setting can be tested by the same method used in calibration.
Auxiliary switches may be either attached directly to the dials or
manually set to the calibrated current value for automatic recording.
The current should be continuously monitored on a strip-chart recorder.
Experience shows that our present laboratory unit is constant to
2 x 10“° for a day or longer.

IV.5 Results of Preliminary Test Experiments

The usual high precision, time -tested manual method and the
automatic DVM method just described were compared in a series of rela-
tively limited power measurements in a calorimeter. The DVM and related
equipment were borrowed from the manufacturer. The nominal input
impedance of the DVM system was 10^ ohms. The results obtained by
the two methods were essentially the same.

Since the resistance of the standard resistor ^Rg should be close
to that of the calorimeter heater Rq (100 ohms), the power dissipated in
-4tS at the level of the highest calorimeter heater current (about 0.2

ampere) will, therefore, be higher than the recommended level of an
ordinary standard resistor. The design of a special standard resistor
capable of stable operation at suitable higher power levels has been
investigated and has been found feasible. The resistor will be
relatively large in size for exposing a large surface for heat dissipation
(about k watts) and will be constructed of a wire of the temperature co-
efficient of less than 100 ppm/°G at the thermostatted temperature of
about 30°C. The preliminary series of test experiments mentioned earlier
using the DVM method was limited by the restriction on the operating
power level of the ordinary standard resistors that were used.

Another series of experiments were performed in which the reference
voltage ^-Eo of eq (9) was supplied by a separate stable reference voltage
source. This series of experiments is represented by eq (8) (Section
III .6 ). The chopper and the capacitors obviously were not needed. The
heat-capacity results obtained were within the precision of present
manual methods.

V. Time Control of Automatic Heat-Capacity Measurements

As shown earlier in Figure 1, the start of a heating period occurs
at the instant of the termination of the foreperiod. Similarly, the
start of the afterperiod occurs at the instant of the termination of the
heating period. In experiments where energy increments are introduced
successively, the after period becomes the foreperiod of the next heating



interval. The control of two time intervals, the fore- or the after-

period (the off period of the heater) and the heating interval (the

on period of the heater), can simply be accomplished by means of a

dual range electronic preset counter that is capable of resetting
itself and recycling at the end of the second time interval. The pre-
set counter should be precise enough to obtain the time interval of

heating directly from its preset counts.

A procedure for automatic heat-capacity measurements and the
control functions required of the dual range preset counter are given
below. A digital clock of about 0.1 sec precision will be needed to
record the running time at which each X and Y counts occur.

1. Test and check out

:

(a) coolant level, vacuum and automatic adiabatic controls
for the calorimeter

(b) calibration on the integrating DVM for zero and
standard cell readings

(c ) constant current supply current

(d) U-PDT chopper

(e) resistance of durrary resistor (R^)

(f ) reading of the voltage difference between R_ and
using the DVM.

2. Start the automatic bridge.

(a) check readings on a standard resistor

(b) switch over to the calorimeter thermometer

(c) when the bridge begins to track the thermometer, start
recording the resistance values and set the criteria
for readout.

3. Decide on the suitable time intervals (counts) for the off
and on periods of the calorimeter heater.

U. Set the preset counter for X counts of the off period and Y
counts of the (Y-X) counts of the on period of the calorimeter
heater

.

Start the preset counter.

6. At the instant of the coincidence of the X count the following
should take place simultaneously

:



(a) switch on the calorimeter heater

(b) switch on the integrating DVM

(c) record running time of the X coincidence

7. The bridge can be allowed to track the relatively rapid
temperature changes that are occurring or stopped co-
incidentally with the X count.

8. At the instant of the coincidence of the Y count the following
should occur simultaneously:

(a) switch off the calorimeter heater

(b) switch off the integrating DVM

(c) reset the Y count and start the count towards X

(d) record the running time of Y coincidence

(e) start the bridge if previously stopped coincidentally
with the X count.

9. Record the following data:

(a) accumulated count on the DVM

(b) current i

(c) X and Y

10. Reset the DVM.

11. Go to 6.

As the temperature of the calorimeter increases the energy increment
must be increased so that the temperature change would be a reasonable
size. The adjustment of the preset counts X and Y and of the power
supply current should be done before the X count is reached. If the
current supply has not stabilized by the time close to the new X count
setting, the preset counter could be switched to the stand-by position.
The temperature readings will proceed quite independently and unaffected.

Initially, auxiliary electronic counters should be coupled to the
start-stop pulses of the DVM and the calorimeter switch to check their
equality as required in eqs (U), (7), and (8) of Section III. 6. The

X and Y coincidences may be sequentially numbered, but the running time
records will be adequate to identify them. The running time records
will be used to merge the temperature and energy measurement data.
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VI. Conclusion

The method outlined should permit us to make automatic measurements
of heat capacity. Instruments to which references were made are
constantly being improved, but the general procedure for automating the
measurements could in principle be as outlined above.
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Chapter 3

STRUCTURE OF THE ALKALI HIDROXIDES. I. MICROWAVE SPECTRUM OF GASEOUS CsOH
1,

David Ro Lide, Jr., and Robert L.Kuczkowski**

National Bureau of Standards, Washington, Do Co

ABSTRACT

The microwave spectra of gaseous CsOH and CsOD have been studied

in a high-temperature spectrometer 0 The spectrum indicates a linear

or near-linear molecule with a large-amplitude, low-frequency bending

vibrations A large number of excited states involving the bending

mode and the Cs-0 stretching mode have been identified. The

rotational constant B shows an unusual variation as the bending
v

mode is excited; the cause is not yet understood. The Cs-0 bond

length is found to be 2.40±0.01 X and the 0-H distance is probably

about 0.97 X. The electric dipole moment is 7.1±0.5 D. Relative

intensity measurements indicate a Cs-0 stretching frequency of about

400 cm ^ and a bending frequency in the neighborhood of 300 cm

All of the evidence supports a highly ionic cesium- oxygen bond.

tThis research was supported by the U. S. Air Force Office of Scientific

Research.

*NAS-NRC Postdoctoral Research Associate 1964-66. Present address:

Department of Chemistry, University of Michigan, Ann Arbor, Michigan.
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INTRODUCTION

There is very little information on the vapors of alkali metal

hydroxides. At relatively high temperatures the saturated vapors

above liquid KOH and NaOH appear to be largely monomeric, according

1 *

to vapor pressure measurements. At lower temperatures mass

2 3
spectrometric studies * of NaOH, KOH, RbOH, and CsOH indicate the

presence of both monomer and dimer species, with the dimer predomi-

nating in NaOH and KOH. There appears to be no direct information

on the molecular structure of the vapor-phase species 0 The structure

of the monomers raises interesting questions, in particular as to

whether the molecules are bent or linear 0 Since the alkali hydroxides

may be regarded as prototypes of a class of inorganic molecules in

which hydroxyl groups are attached by highly ionic bonds, information

on their structure is of general importance in high- temperature

chemistry.

A number of efforts have been made to detect microwave and

infrared spectra of gaseous alkali hydroxides 0 However, the results

have been negative, except for one report of weak infrared bands in

4
NaOH, KOH, and RbOH vapor. We have now succeeded in detecting the

microwave spectrum of CsOH; a brief account of this spectrum, as well

as that of KOH, have already been reported The full details of the

CsOH spectrum are presented here.

270-022 0 - 67-5
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EXPERIMENTAL

The spectrum of cesium hydroxide was observed in a high- temperature

microwave spectrometer which has been described previously.^ Some

modifications were necessary for the studies on CsOH. The ceramic

spacers were removed from the waveguide in the hot region because of

hydroxide
attack by the alkali/vapor. The waveguide was therefore supported by

mica or teflon spacers near each end; the reduced rigidity caused no

problems. The stainless steel waveguide was lined with thin silver

sheet in order to reduce chemical attacko Although the CsOH spectrum

could be observed weakly in a bare stainless-steel guide, the silver-

lined waveguide proved much more satisfactory „ The sample trays were

also made of silver . There was gradual attack on the quartz vacuum

jacket, but a number of runs could be made before replacement was

necessary.

Samples of cesium hydroxide obtained from commercial sources were

held under vacuum at 100-200*C for several hours in an effort to remove

as much water as possible. The temperature was then slowly raised

until the CsOH lines appeared, which usually occurred by 500°C o Most

measurements were made in the range 500-600*C. There was considerable

evolution of gas during the experiments, and continuous pumping was

necessary. Even so, the total pressure in the hot region was probably

of the order of 0.1 mm Hg during the measurements.

One major problem caused considerable difficulty in all of these

experiments. During the course of a run a finite conductivity gradually

developed between the Stark electrodes. This caused a deterioration of
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the shape of the square-wave modulation and a corresponding broadening

of the Stark components „ Furthermore, it led to an amplitude modulation

of the microwave power which eventually obscured the desired signals

completely.. It was finally shown by several experiments that the trouble

was due to thermionic emission from the Stark plates „ There was

evidently some decomposition of the CsOH vapor leading to deposition of

metallic cesium on the silver surface „ At the operating temperature

the thermionic current across the waveguide was significant, and this

of course produced a modulation of the microwave power at the Stark

frequency

o

Various attempts were made to reduce the thermionic emission by

treating the waveguide surface, but none were very successful » The

difficulties appeared to be less severe when the waveguide was carefully

cleaned before a run; however, it must be admitted that the variables

responsible for good or bad runs are still not well understood „ It

was found practical to carry out measurements very quickly before

the emission became prohibitive, particularly if the temperature was

held as low as possible » Lines with second-order Stark effects were

measured first, since they required modulation voltages of several

hundred V/cm 0 When conditions became too bad to observe these lines,

attention was turned to lines which could be seen with weaker modulation

fields o Through this rather tedious process the necessary data were

eventually accumulated 0
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Certain very weak lines with second-order Stark effects could never

be seen clearly with Stark modulation., A double-resonance procedure was

7
used for these lines. The J = 1 -* 2 transition was saturated by a

klystron which was amplitude modulated at 80 kc/sec, and the J *= 2 - 3

transition was observed with a second klystron which was scanned in the

usual way. There was little difficulty in saturating the CsOH transitions

with ordinary laboratory klystrons

»

Samples of CsOD were prepared by dissolving CsOH in an excess of

98% D^O with subsequent drying. Two cycles were sufficient to give a

CsOD sample of sufficient isotopic purity to obtain a strong spectrum..

Since the isotope shift is quite large, there was no problem of overlapping

of the CsOH and CsOD spectra.

The line widths in the cesium hydroxide spectrum were unusually

large. Under the best operating conditions the half-widths at half-

maximum were the order of 0 o 5 Mc/seco It is possible that unresolved

nuclear quadrupole hyperfine structure contributes to the widths;

however, this is unlikely to be the major contribution, because there

was no significant variation of width with rotational transition. A

more probable explanation is excessive pressure broadening resulting

from the unavoidable high pressure of decomposition products in the

absorption cello One might expect the line-width parameter to be quite

high both for self-broadening of CsOH and broadening by water.



ANALYSIS OF SPECTRUM

The spectrum of cesium hydroxide vapor consists of complex groups

of lines separated by intervals of about 11,000 Mc/sec. These groups

clearly correspond to successive J -» J+-1 transitions of a linear or

near-linear molecule. There can be little doubt that this spectrum is

due to monomeric CsOHo It is difficult to imagine reaction products

which would give a spectrum of the type observed. Furthermore, the

same spectrum is found when either silver or stainless steel surfaces

are exposed to the CsOH. Polymeric species of CsOH are probably too

symmetric to have a microwave spectrum, and in any event their spectral

patterns would be quite different from that observed. Finally, the

deuterium isotope shift is consistent wich the assignment to CsOH, as

discussed below. Therefore, in spite of the difficult chemical problems,

there is overwhelming evidence that we have obtained the spectrum of

CsOH.

The first question which arises in attempting to assign the spectrum

is the geometry of CsOH. A rigid non-linear model would give the

characteristic spectral pattern of a near-prolate asymmetric rotor.

Because of the small mass of the hydrogen atom, the asymmetry would be

very small whatever the value of the CsOH angle. The spectral pattern

of a J -» J+l, n -type transition should therefore consist of a cluster

of lines, probably not completely resolved, corresponding to states of

K
^
» 0, 2,3, etc.; there would also be a pair of K

^
* 1 lines

symmetrically placed with respect to this central cluster. Weaker

groups of lines with a similar pattern would be expected from excited

vibrational states. In the case of a linear molecule there would be a

single strong line from the ground vibrational state plus weaker
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satellites from excited states. However, it is clear that the energy-

level pattern for a bent molecule must merge smoothly into the pattern

for a linear molecule as the angle is varied toward 180° <, Thus there

must be an intermediate region where the energy levels do not conform

to either bent or linear models, and where the customary spectral

8 9
patterns do not apply. This "quasi- linear" case ’ must also be

considered, in addition to the linear and bent extremes.

The observed spectra of CsOH and CsOD are not completely consistent

with the patterns expected from either the bent or linear models „ However,

the patterns are definitely closer to the linear extreme (although the

quasi-linear situation cannot be excluded), so that it is more convenient

to use notation appropriate to a linear molecule. This will be done

in the present paper, but it does not imply that the equilibrium

configuration is proved to be linear.

We shall designate the vibrational state by the usual notation for

o

a linear triatomic molecule, V
-^
V
2
V
3

° The v
i 9uantum number refers to

the normal mode v^, which is almost a pure Cs-0 stretching vibration,

while v^ refers to the degenerate bending mode. The 0-H stretching mode,

designated by the quantum number v^> presumably has a frequency, o)^> of

at least 3000 cm S excited states of will therefore not be sufficiently

populated to contribute to the spectrum at the present operating

temperature of 500-600°Co However, comparison with related molecules

suggests that and are both less than kT, so that several excited

states involving and should be well-populated e The symmetry of

the excited states is determined by the quantum number In the usual

manner we designate states of i = 0, 1,2,3, . 00 as £, tt, A, §, .<,<>,
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respectively. For simplicity of notation we shall regard l as an unsigned

quantum number; in the case of the tt states, which are split by first-

order X-doubling, we designate the state of higher energy by l and the
*r

lower by i o

The J *= 1 -» 2, 2-»3, and 3 -» 4 transitions have been studied in

CsOH; the most complete measurements were made in the J 2 -» 3 region,,

In CsOD only the J - 2 -• 3 transitions were measured. In accordance

with the notation which has been adopted, the large number of lines in

each region have been assigned to various vibrational states of a linear

molecule o The lines were readily sorted into E, tt
,
and A states on

the basis of their qualitative Stark effects . The Stark effects also

helped in pairing the ^-doublets from tt states. One $ state was

tentatively assigned in CsOH; although the Stark effects of $ and A

states are similar, the $ state could be recognized by the appearance

of a line in the J *= 3 -* 4 region without a corresponding absorption in

the J = 2 -* 3 region. Similarly, the assignment of A states was

confirmed by the absence of lines from these states in the J = l-» 2

region.

The measured frequencies for CsOH and CsOD are given in Tables I

and II, respectively. The assignment of vibrational states will be

discussed below. Within the uncertainty of the measurements the observed

frequencies are directly proportional to J+l, which implies that the

energy levels are accurately proportional to J(JH-l). We can therefore

define an effective rotational constant B X (or, more concisely, B )V
1
V
2
V
3

for each vibrational state which contributes to the spectrum. The B^

value was calculated from each line from the equation B * v/2(J+l),
v
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and the results were appropriately averaged » For the n states the usual

expression for the i and i components,

V - 2 B
v

(J+l) ± % q (v
2
+l) (J+l),

was used to calculate B^ and q. Although centrifugal distortion has

been ignored, a calculation based on a reasonable set of assumed

molecular constants indicates that its effect should not be detectable

in the present measurements and that its neglect results in an error of

less than 0 o 05 Mc/sec in the derived B values „ The values of B
v v

obtained in this way are summarized in Table III.

It was not easy to arrive at a unique assignment of vibrational

states in the cesium hydroxide spectrum., The available evidence

included regularities in the frequency pattern, qualitative observations

of relative intensities, and the symmetry of the vibrational states as

determined from Stark effects „ By considering all this evidence in some

detail, an assignment has been reached which seems far more probable

than any alternatives. This assignment is indicated in Tables I-IIIo

We feel that there is strong evidence for the overall correctness of

this interpretation of the spectrum, although it is possible that some

details are in error „ The main arguments supporting the assignment

will now be discussed.

In each J -* J+l region one intense line from a Z state is observed

which must clearly be assigned to the ground vibrational state, 00% e

A somewhat weaker pair of ^-doublets is readily assigned to the first

tt state, 01% * A weaker, but still quite prominent line from a A state
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2
can be assigned as 02 0. The qualitative intensities leave little

doubt that this part of the assignment is correct, since all other

lines of corresponding symmetry are decidedly weaker.

While the assignment of these low-lying states is relatively

straightforward, the weaker lines present more problems „ In a normal

linear molecule with no perturbations the rotational constants should

be expres sable to a good approximation as

\V
2
V
3

= "
“l

(V
1
+^ '

°2 (v
2
+1) ' °3 (V

3
+W *

Since we can safely assume that v^ *= 0 for all observed states, we

might hope to explain all the satellite lines in terms of two parameters,

a, and a. . When the B values of CsOH are examined, one repeating interval
1 2 v

of about 33 Mc/sec is found. The symmetry of the states which are

involved shows that this interval must be identified with successive

excitation of This forms the chief basis for the assignment of the

v. quantum numbers in Table III. In Table IV the increments in B for
1 v

unit change in v^ are listed 0 The agreement is seen to be very good

except for the A states of CsOH, where a somewhat smaller interval is

found o This could be an indication of the significance of higher order

terms in the expansion of B , or possibly of Fermi resonance among the

A levels o Unfortunately, there is not enough information to make a

definite decision on the latter possibility 0 The intervals observed

in CsOD are also listed in Table IV; here there is no anomaly in the

A levels

o
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The data in Table IV fix the values of as

a
x

(CsOH) » 33o3±0.2 Mc/sec

(CsOD) « 29 o3±0 .2

.

This is a quite reasonable magnitude for it may be compared with

= 35o2 Mc/sec in CsF.^ Furthermore, the deuterium isotope shift

of about 12% agrees well with a rough calculation based on the usual

expressions for the a's of a linear triatomic molecule."^

No well-defined interval which can be identified with QL appears

in the spectrum. Thus it must be concluded that the dependence of B^

on ^2 i s strongly non-linear. Furthermore, the failure to observe

close pairs of lines from E and A states indicates a strong dependence

on on i,. The assignment of quantum numbers is therefore based

principally on the observed relative intensities and on the presumption

of a smooth variation of B with v0 . It will be noted from Table III

that, according to this assignment, the B^ values for CsOD first

decrease but later increase as v
2

increases 0 This rather surprising

behavior is clearly indicated by the qualitative relative intensities;

no acceptable alternative assignment is available.

It is noted that states through v^ B 6 are observed except the

V2“5 state. Although lines from 05^0 tt should be inherently

2
stronger than those from the 06 0 A state, experimental considerations

led to an effectively greater sensitivity for detecting A states (see

above). Thus the 05^0 lines appeared to be just below the threshold

of detectability.
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A question might be raised concerning the possible influence of

vibrational perturbations on the assignment 0 This possibility has

been carefully considered, but there is no positive evidence of

significant perturbations „ A Coriolis resonance is possible between

10% and 01% and similar pairs of levels „ However, this would lead

to anomalous J-dependent terms in the energy, while it has been found

that all features in the observed spectrum follow a J(J+1) energy

dependence . A Fermi resonance between the 10% and 02% levels also

seems unlikely; attempts to explain the spectrum on this hypothesis

do not lead to a satisfactory assignment-. In fact, the normal

behavior of the values for all levels of v^ 3 (Table IV) argues

against any significant Fermi resonances (except possibly in the A levels

of CsOH) o Finally, the best estimates of the vibrational energies (see

below) do not suggest any close coincidences which could lead to

perturbations. In particular, the 02% and 10% levels appear to be

separated by about 200 cm %

/-TYPE DOUBLING

A check on the assignment of the n states is provided by the

/-doubling constants, q D The q values calculated by the use of Eq. (1)

are summarized in Table Vo There is, of course, some question about

the validity of Eq 0 (1), in view of the peculiar variation of B^ with

^
2

° Nevertheless, the q values are seen to be reasonably consistent.

In CsOH there is an increase in q with increasing v^, which is not so

prominent in CsOD. Also, q (CsOB) appears slightly smaller than q (CsOH)
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while the usual harmonic approximation for a linear triatomic molecule

would predict it to be about 10% larger. The interpretation of these

results is not yet clear

»

VIBRATIONAL ENERGIES

The assignment of vibrational states in the cesium hydroxide

spectrum has now been placed on a reasonably solid foundation. It would

be desirable to obtain further support for this interpretation by

determining the vibrational energies from quantitative intensity

measurements o Unfortunately, the experimental problems place a severe

limitation on the use of intensity measurements for quantitative

purposes. The Stark-modulation difficulties which were discussed

earlier made it impossible to obtain reliable relative intensities for

states of different symmetry c Even with states of the same symmetry

the uncertainties were higher than usual because of the accumulation

of various experimental problems. The only lines on which reliable

measurements could be made were those from the 00%, 10%, and 02%

states. A series of measurements of these lines gave the following

vibrational energy differencies for CsOH:

E

E

E

10°0

02°0

02 °0

%0% * ^00±80 cm

%0% * 6®0-120 cm
1

E^qOq *= 200±60 cm
^

The uncertainties take into account the scatter of the intensity

measurements and the uncertainty in the sample temperature. However,

it must be pointed out that the measurements were done under very
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difficult conditions, and the possibility of other systematic errors

cannot be excluded.

Since the data in Table IV suggest no unusual amount of

anharmonicity in the mode, we can conclude that u)^ « 400 cm

This may be compared to oj » 352 cm ^ in CsFo In the case of v
2

the

assumption of harmonic spacing is more questionable, but if valid it

leads to uu ~ 300 cm ^
. Another estimate of can be obtained from

the ^-doubling constant. If we again make the rather dubious assumption

that q can be interpreted by the usual expression for a linear tri-

ll -1
atomic molecule, we obtain u) « 270 cm from the observed q for the

01^0 state of CsOHo These estimates of must be strongly qualified

because of the uncertain character of the bending potential in CsOH

(see below); nevertheless, this appears to be the first experimental

information on the bending frequency of an OH group which is attached

through a highly ionic bond.

BENDING POTENTIAL FUNCTION

The major question still open is the meaning of the peculiar

variation of B as the bending mode is excited. These data should
v

provide useful information on the nature of the bending potential

function if they can be properly interpreted. We do not yet have the

answer to this question but will point out certain interesting features

of the data.

An examination of the B,
t

values shows that they can be fit
0v

2 0

quite accurately to a power series. A good fit is obtained, in fact,

2 2
including only terms in (v

2
+l)

, (v
2
+l)

, and i . The result of a least
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squares fit with these terms is given in Table VIo The coefficients

determined from the fit are:

CsOH: B 4
Q

= 5518.74 - 18.95 (v+1) + 1.207 (v
2
+l)

2
- 1.615 /

2
(2 )

CsOD: B„ 4. “ 4999.23 - 3.08 (v.+l) + 0.642 (v„+l)
2

- 0.830 4
2

OV
2

0 2 2

When the least-squares calculation was carried out with an additional

3
term in (v+1) ,

only a negligible improvement in the overall fit resulted,

3
and the coefficient of the (v+1) term was not statistically determined

.

There is, of course, no proof that a power series of this type gives

the best analytical representation of the data Q However, it is rather

striking that such a good fit results for both CsOH and CsOD, and that

the quadratic term makes a major contribution while higher terms are

apparently negligible

o

3
The tentatively assigned 03 0 $ state was omitted from this fit.

The constants in Eq. (2) predict a value 4.2 Me above the observed.

This discrepancy could result from an incorrect assignment, although

no other line was detectable near the predicted position. Alternatively,

higher order terms in the expansion may become important when i > 2.

A reasonably good fit can be obtained for all the data, including the

4
$ state, if a term in JL is included and the other parameters are

readjusted. However, it seems undesirable to extend this empirical

approach at the present stage.

Any attempt to equate the coefficients in Eq. (2) with the usual

spectroscopic parameters a^, Y22’ etCo *-s °Pen to question. However,

it is worth pointing out that the coefficient of (v^+l) is negative
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for CsOH and CsOD, while for all known linear triatomic molecules it is

positive.. Furthermore, this constant is reduced by a factor of six by

deuterium substitution, a much larger change than could occur in a

normal linear molecule. Finally, the large contribution of the quadratic

term relative to the linear term, while higher-order contributions are

negligible, is difficult to rationalize with the usual theory of vibration

rotation interactions

»

The source of these anomalies is not yet clear 0 An obvious

suggestion is the presence of a small potential maximum at the linear

configuration; i.e., a quasi-linear molecule of the type discussed by

8 9
Thorson and Nakagawa and by Dixon.. While this possibility cannot be

excluded, it does not appear, by qualitative arguments, to lead to the

correct isotope effect 0 Another possibility is a highly anharmonic

potential function with a linear equilibrium configuration. Finally,

it is not out of the question that some of the anomalies are simply due

to the very large amplitude of the bending vibration. It seems clear

that the usual formulation of rotation-vibration interactions, which

is based on infinitesimal amplitudes and rectilinear motion, is quite

inadequate for handling a molecule such as CsOH. This point is now

under investigation.

STRUCTURE

Although the equilibrium configuration of cesium hydroxide has

not been definitely established, some information on the structure can

be derived from the spectroscopic data. If one assumes a linear
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molecule, the rotational constants of CsOH and CsOD allow determination

of the Cs-0 and 0-H distances. Table VII gives the results obtained

when this calculation is carried out in two ways<> The first method uses

the observed ground state constants, BqqOq> f°r CsOH and CsOD. The

second calculation makes use of the leading term in Eq 0 (2), which may

be regarded as a quasi-equilibrium rotational constant; i c e., a

rotational constant in which the effects of the bending mode have been

removed by extrapolation to zero amplitude, while the zero-point contri-

bution of the stretching modes remains » It is seen that the Cs-0

distance is not greatly affected by the method of calculation; we can

thus take it to be determined as 2 o40±0.01 Xo On the other hand, the

0-H distance is suspiciously short when ground-state constants are

used, but a more reasonable value is obtained when the extrapolated MB M

is usedo This appears to be another manifestation of the very large

amplitude of the bending mode. Even in the ground vibrational state,

the bending amplitude is so large that the average projection of the

0-H bond on the Cs-0 axis, which is roughly what is determined by this

calculation, is significantly shorter than the 0-H bond length itself

„

DIPOLE MOMENT

Considerable difficulty was experienced in making quantitative

Stark measurements on CsOH. However, fairly reliable measurements were

obtained on the M « 1 -» 2 component of the J » 1 -* 2 transition of the

ground vibrational state. The measurements were limited to the field

strength range of 400-500 V/cm because of excessive broadening at higher

fields (see above); frequency displacements ranged from 9«5 to 16 o 0 Mc/sec.

12
The field strength was calibrated by measuring the Stark effect of
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the J « 0 - 1 transition of Li Cl at the same temperature used in

the CsOH experiments o The Stark effect was calculated on the assumption

of a linear molecule. The dipole moment obtained in this way is

H *= 7ol±0<,5 D.

SUMMARY

The microwave spectrum of cesium hydroxide shows that the molecule

is linear, at least in an average sense, although it is not yet clear

whether the equilibrium configuration is linear or not. The amplitude

of the bending vibration is very large and its frequency is probably

in the neighborhood of 250-350 cm ^ (but there could be a high degree

of anharmonicity) o The Cs-0 distance is 2o40±0o01 X, and the frequency

of the Cs-0 stretching mode is about 400 cm . These are fairly

close to the values in diatomic CsF (2.345 X and 352 cm \ respectively).^^

Furthermore, the vibration-rotation interaction constant has about

the same value as in CsF, and the dipole moment of 7d D compares with

13
7.87 D in CsF. All of this evidence suggests that the Cs-0 bond in

CsOH is very similar to the bond in CsF. We may thus picture the CsOH

molecule as having a highly ionic bond between Cs
+

and OH and a rather

weak bending force constant,.

Further spectroscopic work on the alkali hydroxide molecules is in

progress and will be reported later.
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a
Table L Observed frequencies in CsOH (in Mc/sec1

State CMTr—

1

u J = 2 - 3 J = 3 - 4

00°0 22004 »4 33006.6 44008.2

OlV z+
21952 o

1

32928.1 43904.2

Ol
l
O, 1_ 21920o6 32880.7 43840.3

02°0 21889o7 32834.6

03
1
0, Ji+

21875 0 3 32813

10°0 21871<,8 32807.0

o
CM

CMo 32795.8 43728.1

nV i+
21821.0 32733.0

04°0 32726.5

03
l
0, 21809.7 32715.5

04
2
0 32687.8 43583

11*0, 21786.6 32678.6

03
3
0 43548.3

06
2
0 32631.8 43509.3

12°0 32630.1

12
2
0 32619.8 43492.7

13
X
0, 21743 32614 43483.6

20°0 32607.5 43475.4

21
1
0, X+

21689.6 32534.7 43378.4

13
1
0, i_ 43346.4

2
14 0 32504

‘

43336.2

21
1
0, l_ 21652 32477.2

22
2
0 32438.4 43250.6

22°0 32427

30°0 32406.2

24
2
0 32320.1 43092.6

2
32 0 32253.8

frequencies quoted to the nearest 0.1 Mc/sec are believed to be accurate
to ±0.3 Mc/sec; the uncertainty in the remaining frequencies is ±1 Mc/sec
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Table II. Observed frequencies
a

of CsOD (in Mc/sec)

State J » 2 -» 3

06
2
0 30034.7

03
1
0, l+

30027.2

04°0 30000 o3

OlV *+ 29991o6

00°0 29981.0

04
2
0 29979.9

02°0 29973 0 8

02
2
0 29954 o4

oi
x
o, 29946 ol

03
1
0, 29928o8

llV A+
29815 o4

10°0 29805 o4

14
2
0 29803 ol

O
CM

CM<
—

1

29776.4

11
1
0, 29768ol

Uncertainty is believed to be ±0.3 Mc/sec 0
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Table IIIo Effective rotational constants for various vibrational states

of CsOH and CsOD.
a

State B (CsOH)
V

B (CsOD)
V

00°0 e 5501.08 4996.83

Ol^O tt 5484.07 4994.81

02°0 E 5472.43 4995.64

O
CM

CMO A 5465.97 4992.40

03
X
0 tt 5460.65 4996.32

03
3
0 $ 5443.54

04°0 E 5454.4 5000.06

04
2
0 A 5447.95 4996.65

06
2
0 A 5438.65 5005.78

10°0 e 5467.90 4967.57

ido tt 5451.0 4965.29

12°0 E 5438.35

12
2
0 A 5436.63 4962.73

13^0 n 5427.0

14
2
0 A 5417.0 4967.18

20°0 E 5434.50

21
1
0 TT 5417.64

22°0 E 5404.5

22
2
0 A 5406.36

24
2
0 A 5386.62

30°0 E 5401.04

32
2
0 A 5375.6

a
Those values given to the nearest 0.01 Mc/sec are believed to be

uncertain by no more than ±0.10 Mc/sec » Values given to one

decimal place may be in error by as much as 0o3 Mc/sec.
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Table IV. Variation of rotational constants with v
i

^
CM

> B l - B- a
0v

2
0 lv

2
0

B
lv^O

"

CsOH:

0° 33 o 18 33.40 33 0 46

l
1

33 o 1 33.3

2° 34.08 33.8

2
2

29.34 30.27 30 o73

3
1

33.7

4
2

30o9 30.4

CsOD

:

0° 29 o26

l
1

29 o52

2
2

29.67

4
2

29.47
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Table Vo /-Doubling constants

.

State q (CsOH) q (CsOD)

oi
1
o 7 o90 7 o59

03
1
0 8 . 19 8.20

n 1
o 8o8

2
00000

13
X
0 8 0 6

y

21
1
0 9.49
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a
Table VIo Fit of B~ to power series.

0v
2
0

CsOH CsOD
State Calc l Obs-Calc Calc B~ j Obs-Calc

0v
2
0 0v

2
0

00°0 5500.99 Mc/sec 0c09 4996 o79 0c04

01*0 5484 o 05 0.02 4994.81 0c00

O
O

CMo 5472.74 -0.31 4995.77 -0o 13

02
2
0 5466 0 28 -0.31 4992 045 -0.05

03
1
0 5460 o 60 0c05 4996 c36 -0.04

04°0 5454c 14 0o26 4999.89 0 c 17

04
2
0 5447 0 68 0c27 4996.57 0.08

06
2
0 5438c 74 -0c09 5005.82 -0c04
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Table VII o Structural parameters of cesium hydroxide 0

From B__0^ From "B
00 0 e

r (CsO) 2.403 X 2.395 1

r (OH) 0.920 0.969

a
5518o74 and 4999.23 Mc/sec for CsOH and CsOD, respectively, as

obtained from Eq c (2) 0
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Chapter b

THE VAPOR PRESSURE, VAPOR DIMERIZATION, AND HEAT OF SUBLIMATION

OF ALUMINUM FLUORIDE, USING THE ENTRAINMENT METHOD
1

Ralph F. Krause Jr. and Thomas B. Douglas

National Bureau of Standards, Washington, D. C. 2023U

ABSTRACT

The vapor pressure P of anhydrous aluminum fluoride was measured

at eight temperatures between 119U and 1258 °K by an entrainment

method. The standard deviation of P from a least square fit was

0.15$, and systematic uncertainties of 0,k% in P and 1 deg in T were

estimated. If the vapor were assumed to be completely monomeric and

ideal, this fit would yield Second Law values and their standard

deviations at 1000°K of AH° « 6 9*6U ±0.06 kcal and AS
0 = U5*U8 ±0.06 eu for

A4F
3
(c) AXF

3
(g) . (1)

However, corresponding Third Law values were found sufficiently lower

as to indicate that the saturated vapor could be treated as ideal

only by taking into account the occurrence of some dimerization,

2A*F
3
(g) AA

2
F
6
(g) . (2)

P was considered as the sum of the monomeric and twice the dimeric

vapor pressure, and smooth values of P and dP/dT at 1225 °K were

determined. The other two independent thermodynamic quantities

necessary to define reactions 1 and 2 were taken as (a) the standard

entropy of reaction 1 derived from published spectroscopic and

^This work was supported by the Advanced Research Projects Agency under

Order No. 20 and by the Air Force Office of Scientific Research under

Contract No. ISSA-65-8.

76



crystalline heat capacity data, and (b) the mol fraction of dimer as

newly evaluated from two published mass -spectrometrie studies. The

final results at 1000°K along with their uncertainties were

AH° * 68.9U 'kcal and AS° - U1 . 8 O ±0.h eu for reaction 1, and

AH0 = -56 ±5 kcal and AS° = -Ul ±5 eu for reaction 2. Owing to the

precision and accuracy of this entrainment data, these values are

believed to be more reliable than those previously recommended.

INTRODUCTION

As part of a program of research to determine accurately the

thermodynamic properties of substances that are important to high

temperature applications like chemical propulsion, a new apparatus

was constructed to apply the entrainment method for measuring equili-

bria between solid and vapor. The high stability of anhydrous

aluminum fluoride AXF^ and the ease of obtaining a sample of fairly

high purity made it suitable for precise measurements.

2-13
Even though several investigators had measured the vapor

^ W. Olbrich, Dissertatlcn, Breslau, Tech. Hochschule (1928).

o

0. Ruff and L. LeBoucher, Z. Anorg. Allgem. Chem. 219, 376 (193U).

k
I. X. Naryshkin, Zh. Fiz. Khim. ]J, 528 (1939).

^ P. Gross, C. S. Campbell, P. J. C. Kent, and D. L. Levi, Discussions

Faraday Soc. U, 206 (19U8).

^ W. P. Witt, Thesis, Oxford Univ. (l959)*

7
W. P. Witt and R. F. Barrow, Trans. Faraday Soc. 55, 730 (1959)*

g
A. M. Evseev, G. V. Pozharskaya, A. N. Nesmeyanov, and la. I. Gerasimov

Zh. Neorg. Khim. U, 2196 (1959).
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10

11

12

13

M. M. Vetyukov, M. L. Blyushtein, and V. P. Poddymov, Izv. Vysshikh.

Uchebn. Zavedenii, Tsvetn. Met. 2_, 126 (1959).

D. L. Hildenbrand and L. P. Theard, Aeronutronic Rept. No. U-127U,

Newport Beach, Calif., (June 15, 1961).

D. L. Hildenbrand, Private Comimin., (March 6, 1967).

P. E. HLackburn, Arthur D„ Little Rept., Cambridge, Mass., ^lay 31, 1965).

Hon Chung Ko, M. A. Greenbaum, J. A. Blauer, and M. Farber, J. Phys.

Chem. 69, 2311 (1965).

pressure of AAF^, predominantly from 890 to 1100 °K or from 1370 to l570°K,

most of their results were too imprecise to contribute to an evaluation of

the composition of the saturated vapor. Each had derived a AH for

A4F
3
(c) A*F

3
(g) (1 )

by assuming the vapor to be completely monomeric. However, a mass-

spectrometric study by Porter and Zeller*^
4-

indicated that the saturated

Ik
R. F. Porter and E. E. Zeller, J. Chem. Phys. ^3_, 858 (i960).

vapor at 1000 °K sustains appreciable dimerization,

2A^F
3
(g) ^ AX

2
F
6 (g) . (2)

Also, the mol fraction of dimer in the saturated vapor increases with

temperature because a mass-spectrometric study by Buchler^ showed that

^ A. Buchler , Arthur D. Little Rept., Cambridge, Mass., (Sept. 30, 1962).

AH0 of reaction 1 is less than that for

2A4F
3
(c) . (3)
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Consequently, if each of the preceding vapor pressure measurements were

considered to reflect the presence of both the monomer and the dimer, a

corrected AH° of reaction 1 would be less than a Second Law value de-

rived by assuming the vapor to be completely monoireric, and greater

than a corresponding Third Law value; moreover, the difference between

these uncorrected Second and Third law values would increase with tempera-

ture . Nevertheless, an inspection of all of these uncorrected

values showed no such trend, but rather a scattering.

The aim of this paper is to show how far the use of our precise

sublimation data can go toward defining the thermodynamic properties of

sublimation and dimerization of A^F^ at temperatures where the vapor

pressure is appreciable,

ENTRAINMENT METHOD

The entrainment method used in this work involved the flowing of

argon gas through a high temperature vapor cell, holding a sample of

anhydrous A^F^, The sublimed sample was condensed

downstream while the carrier gas was collected in a tank. Saturation

was closely approximated by using an appropriate geometry of the vapor

cell and flow of the gas mixture.

The vapor cell and condenser were separate sections of the same

Pt/10$ Rh composite tube as shown in Figure 1, The detachable cap pre-

vented accidental spilling of the sample from the cell. The exit of

the cell was connected to the condenser by a capillary tube of 5 cm length
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and 1 mm inside diameter. Applying Merten*s diffusion study indicated

U. Merten, J. Phys . Chem. 63_, UU3 (1959 )•

geometry
that this/allowed negligible diffusion of the sample vapor through the

capillary tube at the gas flows employed in this work.

The crystalline sample of anhydrous AXF^, obtained through the

courtesy of The Aluminum Company of America, had been sublimed at 10£0°C

in a nickel retort. A spectrographic analysis reported 0.01 to 0.1$ Mg;

0.001 to 0 . 01% Ca, Cu, Fe, Mn, Ni, and Si; and 10 ^ to 10 ^

%

Cr and V.

Triplicate chemical analyses reported from 67.61 to 68.00$ F and from

32.13 to 32.17$ AX, compared to the theoretical values of 32.130$ AX.

The mass of sublimed sample, roughly 200 mg, was taken as the mean of the

condenser gain and the boat loss with an average deflation of 0.3$. The

boat loss was the weight change of the loaded boats minus 1 to 6 mg of

sample accidentally spilled in the cell. Since the boat loss was observed

to be less than 0.2 mg for several experiments at zero gas flow, no

correction for diffusion or distillation of the sample was warranted;

nevertheless the condenser gain was consistently less than the boat loss.

Apparently the condenser was not 100$ efficient; nevertheless this

difference was near the weighing uncertainty of the 137 g composite tube.

Preliminary to the argon flow, the atmosphere of air which was held

in the vapor cell prior to its installation in the furnace was reduced to

10 ^ torr while the vapor cell was being heated to 500°C. Next, 99*996$

pure argon, dried by anhydrous Mg(CXo^)^, was carefully introduced into

the flowpath until its pressure was equal to barometric pressure.
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Finally, after the vapor cell was heated to its operational temperature,

an additional 3 to h hours at zero gas flow was required to attain a

steady temperature. The total pressure of the gas mixture in the vapor

cell was taken as the time average of the continuously recorded barometric

pressure plus a head pressure of 0.6 to 1.2 torr. The volume of argon

was measured with an accuracy of 10 ml by a calibrated gasoireter whose

displacement of ll* to 28 liters was corrected for differences in the

initial and final barometric pressure and room temperature.

VAPOR CELL TEMPERATURE

Usually being the greatest single source of error in vapor pressure

measurements, the temperature of the vapor cell was measured with special

17
care

,
using Pt and Ft/10% Rh thermocouples. As shown in Figure 1

W. F. Roeser and H. T. Wensel, J. -Res. Nat. Bur. Std. lU, 2l*7 (1935 )•

a nickel core in an atmosphere of nitrogen served to reduce any tempera-

ture gradient in the vapor cell which was centered within an alumina

tube of a wire-wound resistance furnace. Three thermocouples were in-

serted longitudinally into the walls of the nickel core; two had fixed

differential junctions and the third had variable immersion to observe

the temperature profile. A fourth was inserted along the furnace axis

with its junction in the well near the vapor cell entrance. A fifth was

placed aside to check periodically the stability of the others. The

thermocouples were calibrated by the NBS Temperature Section to an

accuracy of ±0.5 deg at 1000°C.
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Some preliminary experiments showed that if the temperature gradient

were negative in the direction of the gas flow through the vapor cell,

the sample vapor would condense prematurely and plug the capillary tube#

To prevent this deposit each of tliree heaters was manually adjusted by

an autotransformer to give the same temperature at the entrance and

exit of the vapor cell and at the exit of the capillary tube# Instead of

a zero temperature gradient, however, a steady profile was observed to

decrease about 2 deg for the first 5 cm along the length of the vapor

cell, to increase linearly about 2 deg for the remaining 15 cm of the cell,

and to be close to zero through the capillary tube. Besides, the axis

temperature was observed to be 0.05 to 0.3 deg lower than that in the

nickel core at the same cross-section.

The temperature of an experiment was taken as the time average of

the vapor cell exit whose temperature range was 1 or 2 deg. An automatic

recorder continuously registered the thermoooiple emf relative to that of

a Diesselhorst potentiometer with a precision equivalent to 0.05 deg. A

systematic uncertainty of 1 deg in T was estimated; that of 0.h% in P

obtained from eq 6 was considered negligible compared to

dP/PdT = 2.3^/deg derived from eq 7«

TEST FOR SATURATION

Since diffusion of the sample vapor through the capillary tube

was shown to be negligible, a test for saturation would be the linearity,

extrapolated through the origin, of the flow of sample mass q versus

the average flow v of the gas mixture at a given cell temperature.
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When v was varied by a factor of two, this test was satisfied within

accidental error as shown by the very close agreement without trend

of each of the four successive pairs in the sixth column of Table I.

Another test for the degree of saturation was applied by consider-

ing the mass of sample lost in each of two successive boats in the

vapor cell with a temperature gradient. The ratio of the weight loss

of the second boat to that of the first was observed as 0.03 ±0.00$

for v near 120 ml/min and O.OI4. ±0.005 for v near 60 ml/min; the un-

certainty resulted from accidentally spilling some sample from either

boat for each assembly. The partial pressure £ of the sample was

assumed to increase with the distance x beyond the start of the first

boat at a given v according to

dp/dx = k(P-p) + AD(d^p/dx
2
)/v

, (1;)

where k is a constant, A is the cross-sectional area, and D is the inter

diffusion coefficient of the gas mixture. If there were no temperature

gradient and £ were zero at zero x, integration of eq k would yield a

degree of unsaturation at the exit of the vapor cell less than 0.1$.

Nevertheless, the vapor pressure P at distance x was assumed to be

represented by

P = P
Q
(1 + bcx) (5)

where P0 is the vapor pressure at the start of the first boat,

b = dT/dx, and c_ = dP/PdT. Assuming the observed b, integration of

eq U combined with eq 5 yielded a degree of unsaturation less than

o.U$.
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MONOMERIC VAPOR ASSUMPTION

If the sample vapor under the conditbns of this work ware assumed

to be wholly monomeric and ideal, the vapor pressure P could be

calculated from

P - P/d + riM/w) (6)

in which P^ is the total gas pressure, n is the number of moles of

collected argon, w is the mas3 of sublimed A^F^, and M is the molecular

weight of its monomer. The resulting P at eight independently measured

temperatures are tabulated in Table I.

A Second Law treatment of these results was compared with a corre-

sponding Third Law treatment to reveal whether our entrainment data are

incompatible with this preliminary assumption. Using

Rto P = AS°(1) - AH°(1)/T + aC° [to (T/T ) + (T /T) -1] (7)C C ID c c

in which AC° = -2 .67R at Tc = 1225°K was assumed to be constant over

our temperature range, the results were fitted by least squares with a

standard deviation of 0.15$ in P to determine the Second Law values of

AS^(l)^ and A (l )

.

Both AS^qqq(I) and ^H^qqqQ- ) in Table I were

obtained by temperature conversion using heat capacities from the

literature which is discussed later.

Hereafter a definite temperature (°K) will be indicated by a subscript,

a specific reaction by the number in parentheses, and the standard

deviation by the given tolerance unless otherwise stated.

1 calorie = U.18U0 Joules.
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Table Is Results for Reaction 1 by Assuming Wholly Monomeric Vapor

Entrainment Data II Law III Law

*T S'

No. T q(obs

)

v(obs ) P (p-V/pn AH1000^ '
P‘P

IXI^
/P

III
(°K) (mg/rnin) (ml/min) (matm

)

(« (kcal) CO

1 1194.

0

0.1441 112.1 1.500 0.07 68.8U
2

- 0.7

2 1194.7 0.0781 59.90 1.523 -0.10 6 8 • 8U^ -0.9

3 1212 .1 0.2385 122.5 2.3H 0.11 68 . 83
q

-0.2

k 1217-5 0.1342 61.00 2.619 0.00 68.82 -0.2

5 1236.9 0.3875 115.1 4.070 -0.30 68. 82^ 0.0

6 1233.8 0.1948 61.65 3.810 0.09 68.8l^ 0.3

7 1252.5 0.5869 124.3 5.778 0.08 68.80^ 0.8

8 1257.5 0.3226 62.23 6 .UUl 0.03 68. 80^ 0.8

AS1000^ U5-H8 ±0.06 UU«80

AH
iooo (1 ) (koal)1

b
69 .6U ±0.06 68.82 ±0.02

Chronological sequence: 3, 7, 5, 1* k, 8, 6, and 2.

See footnote 18.
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In addition, ^H^qOO (l) was determined by a Third Law treatment

of each (P,T) pair according to

A^oooQ.) = T[-A(G°-H^
00C

/T) - R to P] . (8)(8 )

The results along with their mean are listed in Table I. Each

-A (G°-H^
000

/T) of eq 8 and the Third LawAS°
00Q

(l) were independently
1000

evaluated from the previously mentioned literature from which we

realized the dominant uncertainty in the Third Law (l) to result

from that of the spectroscopic entropy of the monomeric gas.

Besides the two previously mentioned mass-spectroscopic studies,

the results of the monomeric vapor assumption indicate that the satu-

rated vapor could be treated as ideal only by taking into account the

occurrence of some dimerization of reaction 2. The Third Law values of

AH^ooq Q-) Table I exhibit the characteristic trend decreasing with

increasing T. Also, the Second Law AH^qqq (l) in Table I is appreciably

greater than the corresponding Third Law AH^
00Q

(l). Later we shall

examine the extent that our systematic error in T and the error in the

Third Inw AS^qqq(I) have upon this trend and discrepancy.

A set of thermodynamic properties which are sufficient to define

reactions 1, 2, and 3 in the temperature range from 1000 to 1500°K was

sought to be consistent with our entrainment data and to appear in best

agreement with other pertinent published data. Only two of these three

reactions are independent; moreover, since the high-temperature heat

capacities of all the species have been determined experimental! y or may

be inferred with sufficient accuracy, just four additional independent

quantities must be known.

GENERATION OF HYPOTHETICAL VALUES
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Two of these four quantities were derived solely from our data:

namely, the smoothed values of Pj.
225

= (3*115)10 ^ a 'tm and

(dP/dT)^
22^

= (7*1?U)10 ^ atm/deg given by eq 7. Having to look else-

where for the other two, we chose ^S°qqq(1) and the mol fraction of

dimer in the saturated vapor, ^qqq* Both A^1000^ an<*
^d 1000

were

allowed to assume arbitrary values selected to cover a reasonable range

of uncertainty; in addition a third parameter, AT = (T^ -T^g)* was

introduced to reflect the effects of a possible systematic error in our

temperature measurements on
&L2 2^ ^^^^1225* ^ wa^ we

generated hypothetical sets of values for AH^qOoOO* ^1000^’

AH
1000^

2 ^ AH1000^ using a digital computer programed in

19
Omnitab

7q
J. Hilsenrath, G. G. Ziegler, C. G. Messina, P. J. Walsh, and

R. J. Herbold, Qmnitab

,

Nat. Bur. Std. Handbook 101 (l966).

Since was determined by the monomeric vapor assumption of eq 6,

its resolution into the partial pressures of monomer and dimsr must

satisfy

P » P + 2 P, . (9)m d

Thus, at a given temperature a set of values of _P and correspond to

definite values of P and P, , which were assumed to be related to proper-
m d*

ties of reaction 1 or 3 respectively by

P
i

= exp[(AS°/R) - (AH°/RT)] . (10)
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The relationship among reactions 1, 2, and 3 is obviously exemplified by

AH° (2 ) = AH°(3)' - 2AH°(1) . (ll)

In making temperature conversions of the AS° and AH° of reactions 2 or

3 between 1000 and 1225°K, the gas species involved were assumed to

have equipartitional heat capacities.

The results of these calculations are represented graphically in

Figures 2(a), 2(b), and 2(c), where A^ 000 >
AH

1000
and

A^lOOO ^ ^ respectively, are plotted versus N^
-±000

sele°ted values

for and AT#

ENTROPY OF SUBLIMATION

As one of the four quantities mentioned above, A
^°oOO^ was

evaluated after consulting the literature for the usual Third Law data

and examining refinements which proved significant compared to the

relatively high reliability that we believe the two quantities from our

20
data have. King had measured precisely the heat capacity of the crystal

^ E. G. King, J. Am. Chem. Soc. 79, 2056 (1957).

21
from 55 to 298°K. Being in good agreement with 0‘Brien and Kelley ,

22
Douglas and Ditmars measured the relative enthalpy of the crystal from

^ C. J. 0*Brien and K. K. Kelley, J. Am. Chem. Soc. 7£, 5616 (1957).

9 p
T. Bo Douglas and D. A. Ditmars, J. Res. Nat. Bur. Std. 71A

, (1967).

273 to 1173°K. The uncertainty in the entropy of the crystal arises from

estimated uncertainties of 0.08 eu/mole from the low-temperature measure-

ments and 0.0U eu/mole from the high-temperature measurements.
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Figure 2. hypothetical Values of: (a) AI^000^1^ and (c )

A^100o(2 )? consistent with this work, versus arbitrary mol fraction of
dimer Nd?1000 at selected values of AT and As£oo0 (l)- See next two pages.

d
Mass-spectrographic work by Porter and Zeller‘S which gave
Nd,1000

* °*01^ ±0*003#

e
Mass-spectrographic work by Buchler^ which gave AH£ooO^

= ±3 kcal.
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The entropy of the ideal monomeric gas was established within

narrow limits by applying the harmonic oscillator, rigid rotor approxi-

mation (HORR) to the published spectroscopic data. Analogous to the

better known boron fluoride BF^, the A^F^ molecule was assumed to have

23
planar symmetry D^* An electron diffraction study by Akishin et_ al had

2 3J
P. A. Akishin, N. G. Rambidi, and E. Zasorin, Kristallografiya 4,

186 (1959).

o 2i-l

given the A^-F bond distance as 1.63 A. Since Lide had shown the

2U
D. R. Lide Jr., J. Chem. Phys. 38, 2027 (1963 )

•

corresponding distance in aluminum monofluoride to be 1.65U A by microwave

spectroscopy and since the bond distance in BF^ is 0.03 A higher than that

in BF, we adopted 1.66 ±0.03A for that of A^F^.

A molecule of this symmetry has four fundamental vibrational fre-

quencies (v^,
,
v and v^), the last two being doubly degenerate.

25
Linevsky recently made infrared measurements on the matrix-isolated

23
M. J. Linevsky, Space Sci. Lab. Rept., Philadelphia, Penn., (Nov. 30, 196 Iy.

vapor down to near 180 cm \ Being most definitive, his results in argon

were adopted here while his range of peaks in krypton and xenon are given

in parentheses: v^, 266 (251-266); v^, 9I4.O (921-9U7); and 251

(2U3-255) cm Using a double oven to superheat the saturated vapor by

300 to I4.OO deg, he observed a marked attenuation of other saturated-vapor

93



bands, supposedly attributable to the dimer. He considered that his

assignment of and was confirmed by the fact that the matrix

appeared to remove the degeneracy from the two bands assigned to these

26 “1
two modes. Similar to Linevsky, Snelson reported 300, 965, and 270 cm

26
A. Snelson, Private Commun., (Feb. 8, 1967).

for v^, v^, and respectively.. Also, direct infrared observations of

27
the high temperature vapor have been reported. Buchler found 297, 935,

27
A. Buchler, Arthur D. Little Rept., Cambridge, Mass., (June 30, 1962).

-1 28
and 263 cm for v^, v^, and respectively. McCory et al found

L. D. McCory, R. C. Paule, and J. L. Margrave, J. Phys. Chem. 6£,

1086 (1963).

9U5 cm ^ for v •

Since is infrared inactive, an adopted value of 6 I46 cm ^ was calcu-

lated from the other three adopted frequencies by a three-term quadratic

29
potential for a planar XY^ molecule . We compared this value of with

29
G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules.

D. Van Nostrand Co., N. Y. (l£U5) P» 177*

that given alternatively by another more empirical method. Assuming that

the symmetric stretching force constant is greater in A^F^ than in A4F by

the same amount compared to BF^ and BF, namely 11$, was estimated to

be 658 cm”'*’ for
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We attempted to realize the extent of an anharmonic ity and stretch-

ing correction for the entropy of the gas at 1000°K. The formula

30
derived by Mayer and Mayer for diatomic molecules gives +0.1 eu for

J. E. Mayer and M. G. Mayer, Statistical Mechanics

,

John Wiley

and Sons, N. Y. (19U0) p. 165

•

JUF at 1000°K. Assuming that the anharmonic ity is comparable and that only

the stretching modes for AXF^ contribute, led to the belief that the

correction would be approximately +0.2 eu/mole. On the other hand,

neglecting anharmonicity and stretching, an uncertainty in the entropy

of the monomeric gas was estimated to be ±0.1; eu/mole.

Incidentally, our vapor pressure data set for the entropy of the monomer-

ic gas an upper limit which is 0.8 eu/mole higher than the adopted value.

This maximum value is obtained by assuming the adopted entropy of the

crystal to be too high by 0.1 eu/mole and the dimer content of the saturated

vapor to be zero. With the same assumptions, a Second Law treatment applied

to the vapor pressure data reported by Witt^, whose precision is comparable

to ours as shown in Figure 3, would indicate an upper limit that is

0.2 eu/mole higher than the adopted value. That his limit is smaller than

ours is in keeping with the fact that dimerization of the saturated vapor

is less extensive in his temperature range than in ours.

RECOMMENDED VALUES

A final choice of values adequate to define completely reactions 1,

2, and 3 at high temperatures can be made by locating a point on any one

of Figures 2(a), 2(b), or 2(c). Such a choice is most, simply made from



Figure 2(a) since this graph plots the two quantities directly evaluated

from mass spectrometric studies reported in the literature. These two

experimental values, ^H^qqqO) = 85*8 ±3 kcal from Buchler *s^ Second Law

treatment of his data and
-j_qqq

= O.Oli; ±0.003 from Porter and Zeller ,s^

data, locate a point which is at the center of the dashed rectangle, whose

size corresponds to the two respective standard deviations.

Unfortunately, the center of this rectangle is at some distance from

the solid curve, which is the curve corresponding to our data and the

adopted value of AS^
000

(l). ^en a matter of judgment as to how best

to compromise this discrepancy. In view of the superior precision of our

data, corresponding to a spread several times smaller than the distance

between the two innermost dotted curves, we decided to require that the

finally selected point lie on the solid curve. Next, two points on the

curve were chosen, one agreeing exactly with the mean reported value of

AH^ooo^) and 'the other agreeing exactly with the mean reported value of

N^ The true value of N, was assumed to lie between the abscissae
d,1000 d,1000

of these two points. Furthermore, lacking information as to the relative

systematic errors associated with the reported values of AH^qqq(3) and

Nd ]_000*
we selected approximately the mean of the two abscissae as a

recommended value for
-j_ooo

an ^certainty determined by these

two extremes.

This recommended value of
-j.000

a ^-on& the solid curves of

Figure 2 and eq 11, gives the recommended values of the other quantities

as listed in Table II. (An extra digit is retained to preserve internal

consistency.) On the basis of our earlier discussion, uncertainties of
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Table II: Thermodynamic Values for Reactions 1, 2, and 3 at 1000°K

AH°(1)

(kcal)

AS°(l)

(eu)

AH° (2)

(kcal)

AS° (2)

(eu)

AH°(3)

(kcal

)

N
a

Previous Work 67 -3 ±3
a

44.12
b

-48 ±3° -32 ±3° 85.8 ±3
a

0.014 ±0.003°

This Work 68. 94 bk *80 -56.2 -41.3 81.7 0.0091

Uncertainty

from 6N,
d

±0.03 ±3 ±3 ±3 ±0.004

from 6AS° (l) .o+i •o+1 ±u ±4 ±4

from AT = ±1 deg ±0.06 ±0.6 ±0.6 ±0.6

Overall ±o.U ±0.1; ±5 ±5 ±5 ±o.oo4

a
Reference 1$. ^ Reference 31*

°
Reference ll;. The value reported for AH°(2)

depends upon AS°(2) = -32 eu, which had been assumed by analogy.

31^ D. R. Stull et_ al^, JANAF Thermochemical Tables, Dow Chemical Co.,

Midland, Mich., (Sept. 30, 1965).
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±0.001; in 2000^
±^) *^ eu ^-n ^^1000 anc^ ^ an ^ were somewhat

arbitrarily assumed; the uncertainties in each quantity in Table II

corresponding to these separate magnitudes can readily be deduced from

the curves of Figure 2, and are tabulated along with an overall un-

certainty from the three sources. Also, several values resulting from

previously published investigations are given in Table II for coiTqparison.

The precision of our entrainment data is aptly demonstrated by its

comparison to that of some other investigations.2,3,6,8,10,11,12 After

each reported vapor pressure was corrected for dimerization by the

recommended values of AH (2) and AS (2) in Table II, AH^
Qqq(1)

was

calculated by eq 8 and plotted in Figure 3 at the temperature of its

measurement. The consistency of our points contrasts with the scatter-

ing of most of the others. Only the results of Witt^ agree rather closely

with ours except for a systematic discrepancy equivalent to about 1

degree in measuring temperature. Nevertheless, even if his data have the

same precision as ours, they could do much less toward evaluating

diirBrization; 1 for is much smaller at his temperatures than at ours.

While our precise entrainment data have not made it possible to

assign smaller uncertainties to the individual quantities listed in

Table II than those previously cited, it should be pointed out that

these quantities are now much more precisely related to one another than

the overall assigned tolerance of any that one might suggest. As a

result, future precise measurement of one or possibly two other judiciously

chosen properties of the aluminum fluoride system should be sufficient to

permit fixing precise values for all these quantities.
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There are numerous other substances besides aluminum fluoride for

which the status of the data available for evaluating the thermodynamics

of evaporation and vapor association is similar. Invariably, the various

types of data are related complexly, and hence inconsistencies among

them are not easy to evaluate. We believe that such parametric plots as

Figure 2(a) offer perhaps the clearest and most objective means of

establishing what the inconsistencies are, how sensitive they are to

errors in the various types of data, and whether there are one or more

sets of fundamental thermodynamic quantities which appear to fit

all the available data within the respective experimental reliabilities.
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Chapter 5>

A MASS SPECTROMETRIC STUDY OF THE BeO-BeF2 SYSTEM

AT HIGH TEMPERATURES

J. Efimenko

1. INTRODUCTION

This is a final report, including revisions, of the study of the

BeO-BeF
2

reaction made in this laboratory. The study was initiated to

provide thermodynamic data, previously unavailable, for the vapor-
condensed state reaction of these two compounds.

At first the individual compounds were examined spectrometrically

.

Although the mass spectra of BeF
2 [1,2] and BeO [3,4] had been obtained

by others, it was advisable to establish the mass positions, fragments
and other characteristics with the same instrument to be used for the

system. This is of importance in order to distinguish a product of

reaction from impurities, etc. At the same time it was possible to

obtain data of intrinsic interest on solid BeF
2

.

2. EXPERIMENTAL

2.1. Mass Spectrometer

The instrument used in this research was based on the design of

Chupka and Inghram [5] and was built by Nuclide Analysis Associates
(State College, Pennsylvania). It is classified as a 12-inch radius of

curvature, 60° sector, directional focusing instrument. This early
design has the Knudsen cell source section positioned 30° from the

vertical and the generated molecular beam is coaxial with the ion beam
produced. This mass spectrometer design is described in detail in
reference 5. A modification was made to the vacuum pumping system
by replacing the two-inch mercury vapor pump on the Knudsen cell
chamber with a six -inch mercury pump.

2. 2. Beryllium Difluoride

For the vaporization of beryllium difluoride small effusion cells
fabricated from molybdenum or nickel were employed. Each was of half-
inch outside diameter, one inch high with a one-sixteenth inch wall
thickness and a one-half millimeter diameter cylindrical orifice in the

cover. Heating was accomplished by radiation from a concentric, cylin-
drical helix about the effusion cell. The temperature sensed with a

Pt-PtRh (10%) thermocouple fastened into a hole in the bottom of the
cell was taken to be the vaporization temperature. It was not possible
to determine the temperature gradient along the cell but no condensa-
tion of BeF

2
was visible on the top half of the effusion cells at the

conclusion of an experiment.

101



Beryllium difluoride was obtained from Brush Beryllium Company
and was partly dehydrated by heating to 400°C for 12 hours. A sample
of this material had been ground and passed through 20-50 mesh. The
x-ray pattern made at NBS of the BeF

g
sample did not show a high degree

of crystallinity. The detectable pattern could be attributed to the
hexagonal form. Chemical analyses at NBS indicated less than 0.01% N
present. The beryllium difluoride specimens were not water free -

entirely*

2.3. Beryllium Oxide

Beryllium oxide was volatilized from a tungsten effusion cell,
three-fourths inch outside diameter, one and one-fourth inch long, one-
eighth inch wall thickness with an orifice in the cover, one millimeter
in diameter. The cell was heated by a regulated electron bombardment
unit (Cambridge Products Corp.) and a Leeds and Northrup optical pyro-
meter was employed to obtain the temperature present in a radial hole
near the bottom of the cell.

The cell was filled three-fourths full with the oxide which was
in the form of a very fine powder.

2.4. BeO + BeF.
, —. — — ——— S

Due to the large difference in volatility of these two compounds,
a modified reaction cell was devised. The low melting BeF

g
was contained

in a tantalum tube attached into the bottom of a molybdenum effusion
cell. One tantalum tube was 6.3 mm outside diameter, 0.375 mm wall thick-
ness and 79 mm long. The second tantalum tube employed was 150 mm in
length. The effusion cell containing a granulated beryllium oxide was
heated by electron bombardment and the temperature gradient established
along the tube insured that no BeF

g
would condense elsewhere. A deep

hole located radially in the thick molybdenum cell bottom was used to

indicate the reaction region temperature with an optical pyrometer. A
Pt-PtRd (10%) thermocouple spotwelded to the tantalum tube bottom
monitored the temperature of the BeF

g
source.

The experimental condition was modified by attaching the 150 mm
tantalum tube to the same effusion cell. This allowed the relative con-
centrations of the reactants to be altered in the effusion chamber by

establishing a different temperature for the beryllium difluoride.

The BeO used in this part was a porous solid prepared at
NBS. A spectrochemical analysis performed by the NBS Spectrochemical
Analysis Section indicated amounts found by weight per cent - > 10, Be;

0.01-0.001, Al, Si; < 0.001, Ba, Ca, Cu, Mg, Mn, Pb; questionable trace,

Cr, Sn; not found, Ag, As, Au, B, Bi, Cd, Ce, Co, Ni.
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3. RESULTS AND DISCUSSION

3.1. Beryllium Difluorlde

Experimental data are presented in table 1 and in the form of a

log fT vs l/T plot in figure 1. The curve was fitted by a least squares

treatment. The slope of this curve gives a sublimation enthalpy, “

5U.63 ±0*1;3 kcal/mol. Reduction to absolute zero reference state was
made using table A-51 (NBS Report No. 8504) and table B-58 (NBS Report
No. 8186), * 55*56 ±0*14-3 kcal/mol. A tabulation of literature sub-

limation enthalpies are listed in JANAF Thermochemical Data Tables [6]

under beryllium difluoride and the values which were considered acceptable
by the compilers ranged from 54.0 to 57.0 kcal/mol for second law calcu-
lations and 54.14 to 55.36 for third law results. Some difference between
those results and the work done in this laboratory may exist because the

specimen used in this work was mainly glassy. However, as mentioned in

reference 6, the enthalpy difference between glassy and crystalline
beryllium difluoride is most likely of the order of one or two kcal per
mol. It should be noted that the reference temperature for the NBS
reports is absolute zero whereas that for the JANAF tables is 298°K.

A mass spec trometric calibration was not carried out with the
effusion cells used for BeF

2
as vapor pressure data already were avail-

able through absolute measurements [2,8-12].

Initial heating of hygroscopic BeF
2

produced copious amounts of

ions, m/e 18, 19, 20 and some transient species. Those listed in table 2

illustrate from an exploratory experiment, with a layer of BeO on top of

some BeF
2 , the ions produced. In all experiments a large background

intensity at m/e 28 (COf ,l^ + ) prevented reliable intensity measurements
for (BeF)+ .

3.2. Beryllium Oxide

The vapor species from the oxide appeared in the following mass
positions: m/e * 9, 16, 75, 32, 25, 50 in decreasing order of intensity
at approximately 2100°C. The positive ions corresponding to these
masses are Be+

, 0±, (Be0)
3
+

, 0
2
+

, (BeO)+ , (Be0)
2
+

, which check with
results of previous investigators [3]. A more detailed study of BeO
will be presented at a future date.

In this experiment at the high temperature, part of the beryllium
ion intensity showed a behavior often referred to as "photoeffect" [7]
or "anomalous ion effect" with this instrument. This effect may be a

factor in the discrepancy between mass spectrometric and Knndsen weight
loss measurements for the decomposition pressures of BeO. Mass spectro-
metric results are valid only if the ions are formed by electron impact
in the ionization source. The routine use of a shutter alone to
differentiate the ions issuing from the effusion cell and originating
in background gases does not detect the "anomalous" effect.
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1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22
23

24

25

26

27

28

29

30
31

32
33

34
35

36

37

38

39

40

41

42

Table 1

DATA.

BeFg (s) - BeF
2 (g)

T, °K
I +

(1 volt)
(scale)

I4- T 103 /T

721 1.60 1153 1.3870
723 1.60 1157 1.3831
724 1.70 1232 1.3812
749.1 6.00 4495 1.3349
749.7 6.40 4798 1.3339
754.4 7.50 5658 1.3256
780.3 24.3 18960 1.2816
780.1 24.3 18960 1.2819
783.2 27.3 21380 1.2768
781.1 26.1 20390 1.2802
781 24.9 19450 1.2804
780 24.3 18950 1.2821
795.1 47.0 37370 1.2577
796 48.0 38210 1.2563
796.5 50.0 39830 1.2555
778 23.0 17890 1.2853
778 23.3 18130 1.2853
777.5 22.8 17730 1.2862
776 20.1 15600 1.2887
753.5 6.90 5199 1.3271
753 6.75 5083 1.3280
714 0.95 678 1.4006
714 0.90 643 1.4006
745.5 4.80 3578 1.3414
745.7 4.75 3542 1.3410
747.1 5.10 3810 1.3385
748.8 6.40 4792 1.3355
786.0 29.5 23190 1.2723
785.4 29.0 22780 1.2732
818.9 111.0 90900 1.2212
790.1 38.0 30020 1.2657
789.1 38.0 29990 1.2673
787.9 38.0 29940 1.2692
785.5 34.2 26860 1.2731
762.2 12.8 9756 1.3119
768 13.5 10370 1.3021
768 13.8 10600 1.3021
767 13.8 10580 1.3038
767 13.5 10350 1.3038

111 21.5 16710 1.2870
738 3.65 2694 1.3550
735 3.45 2536 1.3605
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Table 1, continued

index

No.
T, °K

I
47

+
(1 volt)

(scale)
1+ T 1(P /T

43 705 0.66 465 1.4184
44 710 0.80 568 1.4085
45 746 5.15 3842 1.3405
46 737 3.35 2469 1.3569
47 730 2.75 2008 1.3699
48 776 23.7 18390 1.2887
49 772 19.8 15290 1.2953
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Table 2

Vapor Species from BeF
2 'XHg 0 + BeO

During Initial Heating

m/e
Probable
Specie

T, °K

18 (flg 0)
+

20 (HF)+

23 (Na)+

26 (BeOH)+ < 1700

27 (BeOH )
+ low

36 (HOFy <1700
38 (F

2 )
+

44 (Be0F)+ low

47 (BeF
2 )

+

64 (BeOHF
2 )

+ < 1800

72 (Be^OF )
+ > 1600

75 (BeO)^ > 1850

Where no temperature values are
given, the intensities were detect-
ed only below the optical pyrometer
scale, i.e., 700°C.



°c

561 527 496 468 44 1 417

FIGURE 1: The curve is a least squares fit to the data

of Table 1. The heat of sublimation obtained from this

curve is 5>U»63 ±Q*U3 kcal/mol for the arithmetic mean
temperature, 755°K.
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3.3. BeO-BeF
2

System

The presence of Be^ 0F
2

in the temperature region above 1600°K

permits examination of the equilibrium:

Data from the first set of experimental conditions, computed equilibrium
constants and reaction enthalpies referred to absolute zero are shown in
table 3, also similar information resulting from higher temperature
observations is given in table 4. Auxiliary data and the sources are
presented in table 5. The reaction enthalpy was obtained also by plot-
ting the ratios of ion intensities A, as log A vs l/T, illustrated in

figures 2 and 3. Least squares computations determined the slopes for

the experimental points and their standard deviations. These slopes
were used to give the reaction enthalpies, 4$^°

Q
= 39.25 ± 3.5 kcal/mol

and ^^>

035 * 40.68 ± 0.86 kcal/mol. These entnalpies were corrected to

absolute zero reference state, giving 4^ « 40.50 ± 3.5 kcal/mol and
42.62 ± 0.86 kcal/mol from which one has a mean value 41.56 ± 1.8 kcal/
mol. The values of the reaction enthalpies shown in tables 3 and 4 give
a mean value, AF£ » 42.6 kcal/mol. Using the mean enthalpy obtained
from the slopes, 4tf^ *= 41.56 kcal/mol and the heats of formation from
table 5, the heat of formation of BefcOF2(g) was computed, 4^ f

= -283.3
kcal/mol.

The ion intensity ratios were converted to equilibrium constants
with the aid of a silver calibration value obtained experimentally and
ionization cross-sections shown in table 5. The expressions shown in

(1), (2), and (3) were employed to obtain the desired thermodynamic
quantities from the experimental data.

BeO(s) + BeF
g (g) - Be

2
0F

2 (g)

( 1 )
S
i(T)

( 2)

log K, (3 )

t

+ = positive ion intensity of specie i

P
t
= partial pressure

S
j[

« mass spec trometric sensitivity for specie i
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S
$
B mass spec trometric sensitivity for calibrating specie, Ag+

q ,g-
s
= ionization cross sections for i and s

Y t ,YS
= multiplier efficiency for i and s

Tj,T * absolute temperatures
K = equilibrium constant

= reaction enthalpy at temperature T

R = gas constant

Although 0F
2

may be formed by reaction between BeF
2

and one or

more of the polymers of BeO(g), the reaction postulated is considered to

give the greatest contribution because of the low intensities of the

beryllium oxide vapor molecules even at the high temperatures of the

experiment. The reaction with solid BeO does not occur to a large extent
as evidenced by the magnitude of the equilibrium constant. Analysis by

x-ray diffraction of the BeO solid before and after reaction with BeF
2

indicated no new phases, only a BeO phase with a slight contamination of

molybdenum oxide.

Due to the uncommon design of the Knudsen effusion cell, a check
was made for equilibrium conditions. The data in table 3 were obtained
using a large concentration of BeF

2 (g) in the reaction zone. Then the

concentration of BeF
2 (g) was decreased by replacing the short tantalum

tube with a longer one as described in section 2.4. and the data in

table 4 was obtained. Both straight line plots shown in figures 3 and 4

show that the Hass Action Law was obeyed. These two experimental varia-
tions also indicate that the flow rate of BeF

2 (g) to the reaction cell
was not a limiting factor. The interior of the Knudsen cell was carefully
baffled, requiring the BeF

2 (g) to execute a reverse flow path before
leaving the effusion cell. Its intensity was taken as a measure of its

concentration in this reaction.

Spectrochemical analysis indicated two elements that might cause
interference with the identification of the product determined, Be

2
0F

2 .

The beryllia contained Si and A1 as contaminants in the range 0.01-0.001
weight per cent each. Silicon was present probably as the oxide. In a

reducing environment a possibility exists that (Si2 0)+ would have been
generated at high temperature. In the presence of an excess of fluoride
it is more likely that (SiOF)+ should have appeared at m/e 73. The
experimental heating times were lengthly and impurities generally
decreased with time but the observed product, (Be

2
0F

2 )
+

,
increased with

temperature and did not decrease with time. Aluminum in the form of its

oxide might react in the presence of water vapor to produce (Al^ 01^ )
+

under proper high temperature environment. After extended pumping and
gentle heating the ion intensity of water decreased greatly but this had
no effect on the ion intensity of (B^ 0F

2 )
+

.

Ionization of the vapor species with electrons of 70 ev energy
must cause some fragmentation. Since the equilibrium constant for this
reaction depended only on the ratio of product and reactant, each to the
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Table 3

Mass S pec trome trie Temperature - Intensity Data

Index
No.

T,°C T, °K3 Corr.
^ 2

+

Volt VVolt
K^xlO3

4 1285 1570 0.013 7.3 0.908 41.9
5 1307 1592.5 0.011 6 .

6

0.852 42.9
1 1337 1623 0.025 6.7 1.90 41.1

13 1343 1629 0.017 5.7 1.52 42.0
6 1383 1670 0.040 8.4 2.43 41.4
3 1425 1713 0.081 15.0 3.06 41.7

12 1431 1719 0.081 20.4 2.04 43.0
7 1465 1753 0.126 19.2 3.35 42.3
2 1500 1789 0.530 50.8 5.32 41.5

11 1522 1811 0.470 52.0 4.61 42.6
8 1530 1819 0.470 42.0 5.72 41.9

10 1548 1838 0.700 61.0 5.86 42.2
9 1600 1891 1.200 80.0 7.66 42.4



Table 4

Mass S pec trome trie Temperature - Intensity Data

Index
No.

T,°C T, °K
’ Corr. Volt

I +
4 7

Volt
K^xlO8

28 1738 2032 0.050 1.98 1.29 43.3
21 1740 2034 0.024 0.87 1.40 43.0
22 1740 2034 0.020 0.74 1.35 43.2
23 1783 2077 0.029 0.86 1.72 43.0
24 1820 2110 0.075 1.41 2.71 41.8
27 1825 2119 0.138 3.40 2.07 43.2
25 1855 2150 0.108 2.37 2.32 43.2
26 1875 2169 0.228 4.00 2.91 42.5

43 1582 1872 0.009 0.75 0.61 43.0
42 1640 1937 0.019 1.08 0.90 42.8
31 1655 1947 0.017 0.99 0.91 42.9
32 1700 1992 0.032 1.38 1.18 42.9
41 1713 2013 0.040 1.62 1.26 43.0
33 1750 2045 0.051 1.68 1.55 42.8
40 1760 2054 0.087 2.85 1.55 43.0
34 1785 2079 0.093 2.64 1.80 42.9
39 1810 2105 0.110 2.82 2.00 43.0
35 1829 2125 0.153 3.50 2.23 42.9
38 1838 2134 0.153 3.40 2.30 43.0
36 1857 2153 0.273 4.30 3.24 41.9
37 1898 2195 0.295 4.90 3.07 42.8

The chronological sequence of experimental measurements is recorded by
the Index numbers. Equilibrium constants, K* are computed from the

data; the values, heat of reaction at absolute zero, were computed
from free energy functions. In table 4, data with index nos. 21-28 and
index nos. 31-43 were taken at a day interval. The data of table 4

were taken 6 months after the data of table 3.
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Table 5

Auxiliary Data for Computations

Value

Window Transmissivity, 5 . 00±0. 63xlCT^
Relative Ionization Cross-sections,

Be

0

F

6.31
3.29
1.83

Source

Author
ref. 2

Standard Heat of Formation

kcal/mol kcal/mol

BeO(s

)

BeF2 (g)

-142.28
-182.55

-143. 1±4
-182. 9±5

Enthalpy of Reaction
AK£9 8 42.22 kcal/mol

41.56 kcal/mol

41^3035 40.68±0.80 kcal/mol

Enthalpy and Free Energy Functions

NBS Report 6928, July

1960, Table C-2

computed
computed
this work

BeO(s) NBS Report 6484 July, 1959 Table 2-8

BeF2 (s ,t) NBS Report 8186 Jan.

,

1964 Table B-58, revised
BeF2 (g) NBS Report 8504 July, 1964 Table A-51, revised
B^ 0F2 (g) NBS Report 8186 Jan.

,

1964 Table A-86
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1579 1513 1452 1383 1341 1290 1242

FIGURE 2: Formation of Bqg 0F2 (g) between 1510°K and 1890°K
AH°730 = 39.25±3.5 kcal/mol
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FIGURE 3: Formation of Beg 0F2 (g) between 1870°K and 2200°K
^^035 “ 40.68±0.86 kcal/mol
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same power, errors due to fragmentation and erroneous ionization cross
sections tend to be minimal. However, the value of the slope is not
dependent on the absolute value of the intensities and is free of the

above uncertainties. Although there is question that some additive
ionization cross sections may be too high [13], no simple advancement
has been made over the additivity rule.
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Chapter 6

VAPORIZATION OF REFRACTORY MATERIALS :

ARC-mGE MASS SPECTROMETRY

J. J. Diamond and A. L. Dragoo

The E.A.I. Quad 200, a quadrupole mass spectrometer manufactured
by Electronic Associates, Inc. has been set up to permit the use of

arc -image heating to melt and vaporize alumina. Pumping was accomplish-
ed by a sorption pump and a small ion pump, resulting in a background
pressure of about 1CT

6
Torr during the vaporization of the alumina.

Due to the very unfavorable geometry of the set-up, the mass
spectrum of the direct beam from the molten alumina was not detectable
above the background. However, the peak due to mass number 32 was
observed to gradually build up during the heating until it was a major
peak, and to rapidly disappear when the alumina was solidified and
cooled

.

We interpret the observation as follows. Prior published work
has indicated that alumina vaporizes primarily to A1 and 0, with minor
amounts of Al® 0 and A10. Our own prior work has shown that the A1 and
0 recombine on the glass walls of the working chamber to form Alg 0^ .

The buildup of the peak is direct evidence of the fact that some of

the 0 forms Qg rather than Al2 Qb . Hence the Al2 0^ formed must be

slightly non-s toichiometric, or if stoichiometric must contain some

A1 metal or A1 suboxides.

The observation, reported in a previous report in this series,
that differential thermal analysis of Al^ Cfe condensed from the vapor
shows an irreversible exothermic double peak at 320 and 340°C, is

consistent with this conclusion.
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Chapter 7

THE STATUS OF THE THERMOCHEMICAL DATA ON SOME Be COMPOUNDS

by Vivian B. Parker

I. Introduction

As part of the revision of NBS Circular 500 "Selected Values of

Chemical Thermodynamic Properties", we have completed a review of the

available data on all beryllium compounds. We present here a summary

of values selected from this review for substances pertinent to the Light

Element Thermodynamics Program. We are including also a brief discussion

of the sources from which these values have been calculated. It is hoped

that this report will indicate areas in which additional research is

required. We will appreciate it if data that have been overlooked or

errors in the values are brought to our attention before the results are

published.

All auxiliary data and constants used in the calculations are given

in the first two parts of NBS Technical Note 270 [1]. Caution should be

exercised if these values must be combined with data taken from other

compilations or sources, in order to avoid errors caused by a lack of

consistency between the tables.

II. Discussion of Data

Be (c) This is taken as the standard state. The thermal functions were

taken from the evaluation of Hultgren,et al. [2], Since their review high

temperature enthalpy measurements (in range 600 - 2200 °K) have been made

by Kantor et al. [3]. These measurements are in good agreement with

Hultgren's estimated values.

Be(jg) The AHsubi^ 298 °K = 78.0 kcal/mole has been taken from the

evaluation of Hultgren et al. [2] as have the thermal functions of the

ideal monatonic gas. More recent vapor pressure measurements by Greenbaum
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et al. [4] lead to a Third Law value in good agreement with this; Kay tun

et al.'s [5] measurements do not. An unpublished value of Hildenbrand,

Hall and Ju cited by Hildenbrand and Murad [6] is also in good agreement.

BeO(c) See BeF2 (c, quartz) and BeF2 (amorp) . Since the selections of

AHf ° for BeF2 and BeO were made simultaneously, the discussion of BeO

will be found under BeF2.

BeO(g) Herzberg [7] gives the ground state as and tabulates the
"I _1_

spectroscopic data; Thrush [8] confirms Z as the ground state. The

Dow Chemical Company [9] gives the thermal functions, calculated from

the data in the above sources, but Brewer and Trajmor [10] point out

that at the higher temperatures the state having the major effect upon

the thermodynamic calculations will be the ^tt one, for which there is no

information. We have therefore used the thermal functions only as an

approximate guicfe in calculating AHf ° of BeO(g) from the mass spectrome trie

study of Chupka, et al. [11] on the vapor above BeO(c). They reported AEq =

10U.il kcal. for BeO(g) Be(g) + 0(g) and 4Eq = -11.39 for BeO(g) 4- 0(g)

-» Be(g) + 02 (g). These reactions lead to AHf° = 32 and 30 kcal/mole,

respectively. See Herzberg [7] and Gaydon [12] for their interpretations

of the dissociation limit.

Be20(g) Theard and Hildenbrand [13] from mass spectrometric Knudsen

effusion experiments have shown the existence of Be 20 (g) in the equilibrium

vapor above Be0(c) at temperatures around 2300°K. Using their estimated

functions for Be20(g) we obtain AH° = 332 kcal for 2Be0(c) - Be
2 0(g) +

0(g), 141 kcal for (Be0) 2 (g) - Be 2 0(g) + 0(g), and -17 kcal for 2Be0(g)

Be 2 0(g) + 0(g) •

(Be 0) n (g) Chupka, et al u [11] from their mass spectroscopic study of

the vapor above Be0(c) have shown the existence of (Be0) n (n = 2, 3, 4,5,6) (g)

.

Using the estimated thermal functions for (Be0) n from the Dow Chemical Co.

[9], we obtain AHSubl - 182 keal/mol for (Be0)2(g)> 175.5 for (Be0) 2 (g),

192 for (Be0)4(g), 211 for(Be0) 5 (g) and 223 for (Be0)6(g). 4Hf 0 (Be0) 2 (g)

was adjusted, however, from the calculated -108 kcal, to -102 kcal for the

reasons cited by the Dow Chemical Co. [9].
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BeH(g) Gaydon [12] gives Dq = 2.3 e.v. Evans [14] has calculated the

thermal functions from the spectroscopic data given by Herzberg [7], The

Dow Chemical Co. [15] calculations are in essential agreement.

Be(OH) 2 (a, tetragonal and 3> or thorhombic^ Bear and Turnbull [16]

measured the heats of solution of Be(c), Be (OH) 2 (c, O') and Be(OH)2(c,3)

in 22.6% aqueous HF at 294°K. By difference we obtain, at 298°K, AH = -*79*83

kcal. for Be(c) + 2H20(liq) - Be(OH) 2 (c,3) + H2 (g) and AH = -79.10 for

Be(c) + 2H2 0(liq) -* Be (0H) 2 (c,^) + H2 (g), or AHf(c,3) = -216.5 kcal/mol

and AHf (c,a) = -215.7 kcal/mol. Fricke and Wlillhorst [17] measured the

heats of solution of BeO(c), Be(0H) 2 (c, stable) and Be (OH) 2 (c, metastable)

in 11.59% aqueous HF. By difference we obtain AH = -2.52 kcal for BeO(c)

+ H2 0(liq)
-* Be (0H) 2 (c, stable) and AH = -1.78 kcal for BeO(c) + H2 0(liq)

-* Be (0H) 2 (c,metastable) or AHf 0
(c, stable) = -215.8 and AHf (c,me tastable)

= -215.1 kcal. Similarly, Matignon and Marchal [18, 19] measured the

heats of solution of BeO(c) and an unspecified form of Be(0H) 2 (c) in 30%

aqueous HF at 289°K. By difference, corrected to 298°K^we obtain BeO(c)

+ H2 0(liq)
-» Be(0H) 2 ,

AH = -3.2 or AHf Be(0H) 2 = -216.4 kcal. Fricke and

Severin [20] measured the equilibrium water vapor pressures over Be(OH) 2 (3).

At 403°K, AH = 15.5 kcal/mol H2 0(g). This results in AHf 0 = -216.5 kcal in

agreement with Bear and Turnbull. We have accepted the values obtained

from Bear and Turnbull's measurements.

The Dow Chemical Co. [9] gives S°(c,3) = 12.6 e.u. as an estimate

based on a comparison of the chlorides of Be, Mg, and Ca. This value

appears reasonable and results in A3f°(c,$) = -195.7 kcal. From Sillen

and Martell [21] we obtain log Kg = -21.5 for (c,|3) and -21.1 for(c,cy),

so that A3° = +0.55 for 3 01 or A3f°(c,o/

) = -195J. kcal/mol and S
0
(c, Q/

)
=

13.4 cal/deg mol.

Be(0H) 2 (g) Altman [22] reviews and discusses the experimental data

on the reaction, BeO(c) + H20(g) Be (OH) 2 (g). Using the Kp ' s from the

study of Young [23] in the temperature range 1700-1820°K we obtain, using

the estimated thermal functions of the Dow Chemical Co. [9]

,

a Second Law

value for AH° =44.1 kcal and a Third Law value AH° = 41.4 kcal, resulting

in AHf 0 = -158.7 and -161.4 kcal/mol, respectively. Similarly from
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Grossweiner and Seifert’s [24] data between 147
3 °K and 1873° K, we obtain

AH = 43.0 and 42.8 kcal, respectively or AHf° = -159.8 and -160.0 kcal.

From Hutchison and Malm [25] ,
AH° =47.3 and 47.9 kcal or AHf ° =

-155.5 and -154.9 kcal. Altman also cites the measurements of Elliot

[26] and Berkmann and Simon [27] which, when corrected to the Dow

Chemical Co. thermal functions, result in Third Law values of 45.7 and

43 kcal for AH°, or AHf = -157.1 and -159.8 kcal, respectively. More

recent measurements by Blauer, et al. [28] at four temperatures in the

range 1570 to 1810°K, using the low pressure molecular flow reaction

method result in a Third Law AH° = 35.2 or AHf = -167.6 kcal.

Douglas [29] also reviews the data on the thermodynamic properties

of gaseous hydrates of BeO. He points out that under the conditions of

the transpiration measurements the hydrate product of the reaction of

BeO(c) with H
2
O is all or predominantly BeCOH^Cg) below 1850°K but that

the possibilities of small amounts of other hydrates, (Be 0) n
# H20 (g)

being formed cannot be dismissed.

BeF (g ) Greenbaum et al. [4], by the molecular flow effusion method have

determined the equilibrium kp *s for the reaction
,
BeF2 (g) + Be(c, liq)

-» 2BeF(g) in the temperature range 1420 °K - 1675 °K. The Second Law and

Third Law values for AH° 29 g are 97.0 and 89.6 kcal/mol, respectively,

resulting in AHf* = -46.3 and -53.0 kcalyindle. Hildenbrand and Murad [6 ] used

a mass spectrometer to study high- temperature^ equilibria among vapor

species produced by the fluorination of elemental beryllium with CaF 2

and BF3 in a Knudsen effusion cell. For the reaction Be(g) + BeF 2 (g)
-»

2BeF(g) we obtain Third Law AH^^g values of 27.7, 28.6 and 29.9 kcal/mol,

from the Be-BFg system, the Be-CaF 2 system and the Be-Al-CaF
2 system,

respectively, or an average AHf° = -41.5 kcal. Second Law AH° values

for the first two systems are 26.8 and 30.2 kcal/mol, respectively, or

an average AHf = -41.6 kcal. Also from the Be-Al-CaF2 system for the

reaction Be(g) + AlF(g) -» BeF(g) + Al(g), from two values for K at 1423°

and 1443°K we obtain a Third Law AHf° = -54.3 kcal. We have taken AHf° =

-41.5 kcal or Dq = 5.96 e.v. This is in good agreement with Hildenbrand

and Theard’s [30] estimate of Dq < 6.0 e#. Gaydon [12], Herzberg [7]

and Tatevskii, et al. [31] give 4.0, 5.4 and 8.0 ev, respectively.
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The thermal functions were taken from the Dow Chemical Co. [15].

They were calculated using the constants given by Herzberg [7]. The

thermal functions calculated by Evans et al. [32] using the spectroscopic

constants of Tatevskii et al. [31] as interpreted by Woolley [33] are in

perfect agreement. The ground state is

BeF 2 (c, quartz)
,

BeF 2 (amorphous) and BeO(c) As pointed out earlier,

the evaluation and selection of values for BeF2 and BeO(c) were made

simultaneously since the direct determinations of AHf for both compounds

were discordant; the final values had to be decided on the basis of the

interconnecting AH° for the reaction of BeO(c) with HF to form BeF 2 «

The discussion of the independent determinations for BeO(c) follows.

The heat of combustion of Be(c) was determined by Moose and Parr [34],

(temperature unspecified), Roth, Bbrger, and Siemonsen [35] at 293°K,

Neuman, Krdger and Kunz [36] at 292 °K, Mielenz and v. Wartenberg [37]

at 298°K,and Cosgrove and Snyder [38] at 300. 4°K. The AHf°'s are -134.4,

-147.3, -145.3, -136.2 and -143.1 kcal, respectively.

Matignon and Marchal [39] have measured the heats of solution of Be(c)

and BeO(c) in 307o HF solutions, as have Copaux and Philips [40], By

difference, we obtain for the reaction Be(c) + H20 (liq) -* BeO(c) + H2 (g),

AH = -70.9 and -62.1 kcal,’ or AHf = -139*2 'and -130. I|. kcal/mol, respectively,

Neumann, Krdger, and Kunz [36] measured the AH° com |:) ^
of Be 3N2 (crystal

form unspecified) to form BeO + N2 to be -300.6 kcal/mole Be 3N2 (c).

Neumann, Krbger and Haebler [41] directly determined AHf°Be 3N2 to be -134.1

kcal. Combining these two reactions we obtain AHf 0 BeO(c) to be -144.9 kcal.

From the cell measurements of Smirnov and Chukreev [42], in the

temperature range 955° to 1313 °K we obtain a Second Law AH° = -94.56 and

a Third Law AH 0 = -93.73 kcal/mole for Be(c) + 1/2 C 02 (g) BeO(c) + 1/2 C (graph)

or AHf 0 = -141.6 and -140.8 kcal/mol, respectively.

From the above values for AHf° BeO(c) we would tentatively say the

"best" value is that of Cosgrove and Snyder [38] although they did not

determine the completeness of the reaction.

We turn new to the measurements on BeF2 * Thylor et al. [I4.3 ] measured the specific
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heat of the oi, quartz form from 8° to 300°K and have also determined

H°-H273 °k between 300° and 1200°K. They have also determined the AHgo ^n

of both the & ,
quartz form and the glassy form in acetic acid-sodium acetate

solutions to be -3.64 and -4.76 kcal/mole, respectively. This leads to

a 4Htrang (quartz glass) = 1.12 kcal.

Good [44] reports AHf° (amorphous) = -242.9 kcal. Assuming the

amorphous and glassy states are the same, AHf° (o', quartz) = -244.0 kcal.

P. Gross [45] reports AH° = -84.0 kcal for Be(c) + PbF
2 (c) -* Pb(c) +

BeF2 (gl) which results in AHf°(amorph) = -242.7 and AHf°(quartz) = -243.8

kcal. Churney and Armstrong [46], in describing their own -work, also

review the earlier results on BeF2. They cite the unpublished measurements

of J. Simmons which lead to AHf°BeF2 (c) = -257.0. Their own measurements

on the combustion of Be(c) with F 2 lead to two values for AHf (amorphous)

,

one with a AHf
*0 = -246.3 kcal with an estimated systematic error from +0.2

to -1.8 kcal/mole, and the other with AHf = -244.2 with an estimated

systematic error of +0.3 to -1.5 kcal/mole. These values result in AHf°(c)

= -247.4 and -245.3 kcal/mole.

Kolesov, et al. [47] measured the heats of solution at 294°K of

BeO(c) and a crystal form of BeF2 which they called 3, cris tobalite

.

Their reactions corrected to 298°K yield: AHf° BeO(c) - AHf°BeF2 (c) =

+99.26 kcal. If we use our tentative selection of AHf° BeO(c) = -143.1

we obtain AHf BeF 2 (c)
= -242.4 kcal, which in view of Churney and Armstrong's,

Good's, and Gross' values, appears too positive (we are making the assump-

tion that the 3, cristobalite BeF2 Kolesov specifies would be equivalent
o

to the quartz form). If we reverse the selection and take AHf BeF2 (c)

= -245.3 we obtain AHf° BeO(c) = -146.0. Referring now to our earlier

discussion on the values for BeO(c) we now have:

Roth, et al. [35] -147.3

Neumann, et al. [36] -145.3

Cosgrove and Snyder [38] -143.1

Neumann, et al. [36, 41] -144.9

Kolesov, et al. [47] -146.0
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We have selected AHf° BeO(c) = -145.0 and AHf° BeF
2
(c) = -245.3 kcal.

The thermal functions for BeO(c) were obtained from the Dow Chemical

Company [8].

BeFo(g) The estimated thermal functions used in the calculations were

obtained from the Dow Chemical Company [48],

The following table shows the vapor pressure measurements reported

for BeF2 (c, liq), the temperature range of measurements and the Second

and Third Law values for

Investigator Temp. Range °K Second Law AH° Third Law AH°

Cantor [49] 1146 °- 1372 0 56.03 55.70

Khandamirova [50] 846 °-950° 58.7 56.07

Sense and Stone [51] 1075°-1293° 55.37 55.65

Sense, Snyder and Clegg[52] 1019°-1076° 60.8 55.58

1076°-1241° 55.9

Hildenbrand and Theard [ 30] 821 °-942
0 55.98 55.40

Blauer, et al. [53] 713°-795° 58.1 53.70

Greenbaum, et al. [54] 823°-1053° 56.66 54.86

Efimenko [55] 755° 56.8

Novoselova, et al. [56] 1040°-1376° 52.3 55.8

From these values we obtain AH° =55.7 kcal or AHf° (g) = -189.6 kcal/mol

Greenbaum, et al. [57] by the differential torsion method obtained

the K's for the equilibrium BeO(c) + 2HF(g) -* BeF
2 (g)

+ H20(g) in the

temperature range 943° to 1243 °K. The Second and Third Law AH° are 22.2

and 26.5 kcal, respectively or AHf° = -194.6 and -190.3 kcal/mol.

Hildenbrand and Theard [30] determined the K's of BeF 2 (g) + 2Al(c)

Be(c) + 2AlF(g) in the range 897 to 926 °K by the torsion method. The Third

Law AH° = 59.3 or AHf = -182.7 kcal. The Second Law value = 62.6 or

AHf = -186.0 kcal.

BeF2 (aq) and B^BeF^Xin cone, aqueous HF) Petersen [58] reported AH =

-32.6 kcal for BeCl2 (aq) + 2AgF - 2AgCl(c) + BeF2 (aq), or AHf ° = -249.8 kcal.

Also from his reactions 2HF
300 + BeCl260o H2 O

soln. ; AH = -4.87 kcal,

and 2HCI 300 + BeF 2 (aq)
“* soln.; AH = +1.22, we obtain AHf° BeF

2 (aq)
=

-250 .3 kcal.
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BeF 2 (aq, in HF solutions) See ^BeF^Caq, in concentrated aq HF)

.

Be20F2(g) Efimenko [59] reported AHq = 42.6 kcal for BeO(c) + BeF 2 (g)

-* Be20F2(g) or AHf ° = -291 kcal/mol.

Mann [60] estimated the molecular constants of Be20F2(g); Evans [61]

calculated the ideal gas thermal functions.

^BeF^Caq, in concentrated aqueous HF) BeF
2 in HF solutions is a

mixture with complex ion formation. Very little is known about the

equilibrium processes and their respective heats of formation and the

effect of varying the concentration of H2 O and HF upon the complex ions.

This makes it virtually impossible to correct to a common basis; this is

accentuated by, in many cases, the lack of details concerning the total

number of moles of HF and H2 O reacting with Be(c), BeO(c), Be (OH) 2 ,
and

BeF2 (c) to form the aqueous mixture. There were two possibilities in

treating the data: 1. to call the species aqueous BeF2 and to correct,

where possible or necessary, for the dilution of HF
;
and 2. to call the

species something which relates the concentration of HF to BeF2 more directly,

&nd to correct on that basis. We have called this species ^BeF^. This

by no means solves the dilemma. The values arrived at for H2BeF4 at

specific ^BeF^/HF/^O ratios do however show more clearly the problems

involved. A comparison of the values arrived at for the two treatments follows.

(X refers to an unknown number of moles of HF-n^O present. It is not

to be considered constant.) See Table 1.

BeCl

(

g) Potter [66] reported AHf° = 14.1±2.2 kcal/mol from the reaction

Be(g) + AlCl(g) BeCl(g) + Al(g) and 13 o 0±2.9 kcal from Be(g) + BeC^Cg)

2BeCl(g). The auxiliary AHf° values used are not given.

Hildenbrand, et al. [67], from the mass spectral intensities in the

HCl-BeO system, report K2i40°K = .062 for BeCl2(g) + Be(g) -» 2BeCl(g).

This results in AH29 g
0 = 31.1 kcal or AHf = +12 kcal/mol.

Greenbaum, Arin, Wong and Farber [68] determined the K’s for BeC^Cg)

+ Be(liq) -» 2BeCl(g) in the range 1573° - 1723°K. Second and Third Law
O

treatments result in AH° = 96.3 and 88.7 kcal, respectively or AHf = 5 and

2 kcal/mol.
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Gaydon [11] gives Dq = 69 kcal/mol. Novikov and Tunitskii [69]

obtained Dq = 36,555 cm"-*- for the ground state but did not accept it.

From an evaluation of the data they obtained Dq = 5.9 e.v. for X3£
+

state. The Dow Chemical Company [70] reevaluated Novikov and

Tunitskii' s data and showed that the linear extrapolation for Dq =

36,555 cm = 104.5 kcal is good. This results in AHf° = 1.7 kcal.

The thermal functions were calculated by [70] from Novikov and

Tunitskii' s data. Their values are in agreement with those calculated

by Evans, Hilsenrath, and Woolley [32] who used slightly different

constants

.

BeCl 2 (c,Q') and (c,|3) The Dow Chemical Company [71] has tabulated

the thermal functions of the ot and 3 forms from the original measure-

ments of McDonald and Getting [72] on the a ' and 3 form. The & form

was assumed to be identical to a '

.

Johnson and Gilliland [73] determined AH° = -118.0 kcal for the

direct reaction Be(c) + Cl 2 (g) BeCl2 (c). However the crystal form

of BeCl2 was not identified.

Thompson et al. [74] measured the heats of solution of Be(c) and

BeCl2(507o a and 50% 3) according to [71] in aqueous HC1.

By difference we obtain AH° = -43.70 for Be(c) + 8.381 (HC1 + 8.114 H2 O)

- BeCl 2 (S 3) + H2(g) + 6 - 381 (HC1 + !0-654 h2°> or AtIf° (a, 3) =

-117.88 kcal. Since AH° = 1.3 for 3 -» o', we obtain AHf° (o') = -117.2

and AHf° ( 3 ) = -118.5 kcal. Gross, et al. [75] reported the direct

determination of AHf° o' = -117.1 kcal/mol.

From the cell data of Markov and Delmarskii [76] we obtain AHf°

O' = -117.9 kcal/mol.

The data of Mielenz and v. Wartenberg [37] and Liemonsen [77]

are not in agreement.

BeCl2 (g) The Dow Chemical Company [71] estimated the thermal functions

used here in calculating the Second and Third Law AHf° from the vapor

pressure measurements on the liquid and crystal. In cases where it was

not clear whether the crystal form used was 01 or 3 , AH° SU^) ^ >

was calculated

for both 3 gas and a gas and then used to obtain AHf°. These are

shown in the following table.
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Investigator Temp, range °K AHf ° BeCl2(g)
kcal/mol

2nd Lav 3rd Lav

Fischer, et al. [78] 638° - 673° if 3 -82.6 -87.4

if o' -81.0 -87.3

677° - 773° -84.0 -87.7

Ko, et al. [79] 640° - 854° from a. liq -84.2

Greenbaum, et al. [80] 471° - 511° if 3 -84.6 -85.9

if a -83.1 -85.4

441° - 600° if 3 -84.9 -86.2

if a -83.4 -85.8

Hildenbrand, et al. 461° - 504° 3 -85.4 -87.5

[67]

Rahlfs and Fischer [81] 513° - 677° if 3 -87.2 -86.0

if 01 -85.6 -87.3

679° - 731° -86.2 -87.6

Sheiko and 573° - 673° if 3 -86.5 -87.0
Feshchenko [82]

if a -84.9 -86.8

693° - 753° -86.4 -87.1

We have taken AHf° = -85.7.

BeCl 2 (aq, dilute) Thomsen [83] reported AH°292°K = -6.66 kcal for

Be S04(400 H2 0) + BaCl2 (400 H2 0) - BaS04 (ppt) + BeCl 2 (800 H2 0) and

AH° 292 o = -9.15 kcal for BaCl
2
(400 H2 0) + H2S04 (400 H2 0)

" BaS04 (ppt)

+ 2HC1(400 H2 0). By difference, ve obtain AH° 2 9g =2.9 kcal for BeS04 (400

H
2 0)

+ 2HC 1(400 H2 0) - BeCl 2 (800 H2 0) + H2 S04 (400 H
2 0) . Using AHf°

BeS04 (400 H2 O) = -307.34, ve obtain 4Hf° BeCl 2 (400 H2 0) = -171.3 kcal.

Matignon and Marchal [18, 19] reported AH °

2 93 = -6.97 kcal for BeS04

(110 H2 0) + BaCl 2 (110 H
2
0) -* BeCl 2 (220 H2 0) + BaS04 (ppt)„ Using Thomsen's

AH° for the reaction of BaCl 2 (400 H2 0) + H2S04 (400 H2 0) and correcting

for the dilution difference and to 298°K ve obtain AH° 2 9 g
= 2.70 kcal for

BeS04 (110 H2 0) + 2HC1(400 H
2 0)

- BeCl 2 (220 H2 0) 4- H2 S04 (400 H
2
0). Since

AHf 0 BeS04 (110 H
2 0)

= -306.79 kcal, ve obtain AHf 0 BeCl 2 (220 H2 0) =

-170.9 kcal. Matignon and Marchal [19] also reported 4H° 2 g 4
<>£

= -12.3

kcal for BeCl
2
(aq) + 2NaOH(aq) -* Be(0H) 2 (ppt) + 2NaCl(aq), and AH = -13.65
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for Be (0H)
2
(ppt) + 2HC1(200 H

2 0)
- BeCl

2
(aq) + 2H

2
0(liq). Using AHf °

Be(OH)
2
(fresh ppt) = -214.6 kcal we obtain AHf° = -172.3 and -171.1 kcal/

mol, respectively. They also measured AH° so ^n 289°K
= ”51.1 kcal

for the crystal. This results in AHf° BeCl
2 (aq)

= -168.8 if a' BeCl 2 (c)

or -170.0 if 3. Pollok [84] also reported AHso^n . This results in

AHf°(aq) = -161.7 if oi was used or -163.0 if 3 .

BeCl2 (aq , in 68 H2 O +6.38 HC1) Thompson, Sinke, and Stull [74]

reported AH° so in BeCl2 (0.5 and 0.5 3 ) in [6.381 HC1 + 67.98 H2 0]

= -45.91 kcal.

BeCl2*4H20(c) Biltz and Messerknecht [85] measured the heats of

solution of BeCl 2 (c) and BeCl2*4H20(c) in HC1. They reported AH =

-44.1 and -2.9 kcal, respectively. Assuming the BeCl2 used was a

mixture of the two forms, we obtain AHf° = -432.3 kcal. They also

reported AH = -83.0 kcal for BeCl2 (c) + 4H20(g) -» BeCl 2 *4H20(c), or

AHf° = -432.0 kca 1/mol.

Be 2Cl4.(g) Hildenbrand, et al. [67] from a mass spectroscopic

investigation of the vapor pressure of BeC^Cc, 3) reported AH5qo°K =

33.0 kcal for BeCl
2
(c) -* BeCl2(g) and AH5Q0 oK = 35.8 kcal for 2BeCl2(c)

-» Be 2Cl^(g), or AH^qqo^ = -30.2 for 2BeCl2(g) Be 2Cl^(g). This results-

in AHf° = -202 kcal.

Ko et al. [79] reported AH^^o^ = 32.2 kcal for BeC^C cy, c) -*

BeCl
2 (g) and AH^^ 0 = 35.1 kcal for 2BeCl2(cy,c) -» Be 2Cl4 (g). Then

AH° 29s = "30 kcal for 2BeCl2(g) Be 2Cl4 (g) or AHf = -201 kcal/mol.

The Dow Chemical Company [71] estimated the thermal functions.

BeBr
2
(c) Biltz and Messerknecht [85] reported AHgo ^n BeBr

2
(c) in

HC1*8.8 H2 O = -55.7 kcal and similarly AH = -44.1 kcal for BeCl 2 (c) in
o

HC1. Assuming BeCl2 to be a mixture of 01 and 3 forms we obtain AHf BeCl2

in HC1»8.8 H2 O = -162.0 kcal/mole. Assuming that the effect of Br for Cl”

is about the same as for infinite dilution we obtain AHf° BeBr2 in HC1*8.8 H2 O

= -140.2 kcal/mol and AHf° BeBr2(c) = -84.5 kcal/mol.

Bel2 (c) Biltz and Messerknecht [85] reported AHso in Bel2 (c) in

HC1»8.8 H2 O = -62.5 kcal. Using the same procedure as for Be Br 2 (c) we

obtain AHf 0 Bel2 in HC1-8.8 H2 0 = -108.5 kcal and AHf° Bel2 (c) = -46.0

kca 1 /mo 1

.
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Beg^te,^) and c,f3 ) From Neumann, KrBger, and Kunz [36] we obtain

AH = -300.6 for Be 3N2 + 3/2 0£ - 3BeO(c) + N2 (g) or AHf° = -134.4 kcal/mol.

Neumann, KrBger and Haebler [ 86 ] reported from direct reaction of Be

with AHf° = -135.7 kcal/mol. Hoenig [87] measured the decomposition

pressure of Be 3N2 (c)
-* 3Be(g) 4- N2 (g) from 1640°K to 1950°K, by the

Knudsen and Langmuir methods. His best Third Law value for AH° =

370.5 kcal was obtained using the thermal functions relative to 298°K

calculated by the Dow Chemical Company [15] from the Cp measurements

of Douglas and Payne [ 88 ] and an estimated S°
2 qg

= 12 e.u. This results

in AHf° = - 136. 5 ksl/mL. However Douglas and Payne estimate S° = 8.1 e.u.

which would make AH 0 = 377.5 kcal and AHf° = -143.5 kcal/mol. Yates,

Greenbaum, and Farber [89] measured the decomposition pressure in the

range 1450-1650°K. The Third Law AHf° = -140.3 kcal/mol, using S° 29 g > ^

= 8 .

1

e .u.

Gross, et al. [75] calorimetrically measured the AH° ’ s of the follow-

ing reactions at 298°K;

1. Be 3N2 (a,cubic) + 3Cl 2 (g) - 3BeCl
2
(a') + N2 (g); AH° = -210.3 kcal.

2. 3Be (c) + 2NH3 (g) - 3H2 (g) + Be 3N2 (c,^); AH° = -118.4 kcal.

3. Be 3N2 (3, hexagonal) + 3Cl 2 (g) -* 3BeCl2(a?') + N2 (g); AH° = -214. 6. kcal.

4. Be (c) + Cl 2 - 66012 (0''); AH° = -117.1 kcal.

From the above reactions we arrive at AHf°(o', cubic) = -140.6 kcal/mol

and AHf° (0, hexagonal) = -136.5 kcal/mol.

Be 2C(c) Pollock [90] measured the decomposition pressure of Be 2C

in the range 1430° to 1669 °K by the Knudsen technique. Using the estimated

thermal functions of the Dow Chemical Company [91] we obtain Second and

Third Law AH 0 values of 91.4 and 88.8 kcal, respectively for 1/2 Be 2C
-*

Be(g) + 1/2 C(c) or AHf° = -21.6 and -26.8 kcal/mol. Muratov and Novoselova
r „ pressure of
[92] measured the equilibrium/CO(g) from 1808°K to 2003°K for the process

BeO(c) + 3/2 C (graph.) -* 1/2 Be 2C(c) + C0(g) . Second and Third Law AH°

are 98.0 and 97.3 kcal or AHf° = -41.1 and -42.6 kcal/mol. Earlier

measurements by Muratov and Novoselova [93] in the range 167
3 °K to

1953°K yield AHf° = -53.5 kcal/mol. Motzfeldt [94] used the static

method to measure the CO pressure from 1780°K to 2320 °K. Second and
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Third Law AHf°’s are -24.8 and -31.2 kcal/mol.

Earlier data have been reviewed by [91]

.

I^SiC^ (c) Furukawa and Reilly [95] reevaluated the low temperature

Cp data of Kelley [96]. The Dow Chemical Company [71] estimated the

high temperature thermal functions.

Holm and Kleppa [97, 98] measured the ^Hso in of Be2SiO^(c), BeO(c),

and Si02 (c, quartz) in a melt of 9PbO* 3Cd0»4B2 03 at 968°K. The values

are AH = 7.95, 3.45, and -3.64 kcal, respectively, which result in 2BeO(c)

+ Si(>2 (quartz) -* Be2SiC>4(c), AHggg = -4.69 kcal. Corrected to 298 °K,

AH° = -4.6 kcal, or AHf° = -512.3 kcal/mol.

Be(B02) 2 (g )

Blackburn and Buchler [99] investigated the vaporization process

in the Be0-B2 03 system by the Knudsen effusion method using the vacuum

balance and a mass spectrometer, and by differential thermal analysis.

They obtain AHi500 oK = 2 2 kcal for BeO(c) + 6203(g) -» Be (602)3 (g)» Using

the estimated thermal functions for Be(B02)2(g) from the Dow Chemical

Company [71] we obtain AH29g = 22.8 kcal or AHf° = -324* kcal/mol.

BegB20g(c) Blackburn and Buchler [99] reported AHi500°K = "23 kcal

for 3BeO(c) + B203(liq) Be3B20^(c). We have assumed that AH°29g for

3BeO(c) + B2 0g(c) ^3^205(0) = -19.4 kcal or AHf° = -759 kcal/mol.

Gross [100] reported AH° so in of 3Be0»B203(c,25°C) in aqueous HF at 75°C

= -110. 07 ±0.4 kcal and that of the corresponding mixture = -123.38±0.14

kcal. This results in AH29g = -13.31 kcal/mol for 3BeO(c) + B203(gl)

3Be0*B203(c) or AHf° = -748.2 kcal/mol.

BeCAl (g) Efimenko and Horton [101] recalculated the results of their

mass spectroscopy study of the vapor species in equilibrium with Al203*Be0.

From their given pressures for the range 2150°K to 2570°K we obtain a

Third Law AH°29g = -221.1 kcal for Al(g) + Be (g) + 0(g) -* AlOBe(g) or

AHf° = -5.6 kcal/mol. The Second Law AHf° = -2.8 kcal. The thermal

functions used were calculated by Evans [14] from the estimated molecular

constants of Mann [102],

Be0»Al203(chrysoberyl) Furukawa and Saba [103] measured the heat

capacity from 16° to 380°K and calculated the thermodynamic properties.

Ditmars and Douglas [104] measured the high temperature relative enthalpies
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and tabulated the thermodynamic functions up to 2150°K.

Holm and Kleppa [97] measured the 7^Hso ^n at 968 °K of BeO(c),

A^OsCc), BeO'A^OgCc) and BeO.SA^OgCc), in the melt of 9Pb0«3Cd0*4B203 #

From their results we obtain 4H96g 0K = -4.0±0.3 kcal for BeO(c) +

a -*-2°3^ c ^ BeO-A^OgCc)

.

Young [22] reported for the following reactions:

1. BeO(c) + H20(g)
- Be(OH)

2 (g) log Kp = 1.93 - 9,280/tT [ 1703°<T<1822°K]

.

2. 3/2 Be0.Al 203 (c) + H2 0(g) - 1/2 BeO- 3A1 203 (c) + Be(OH) 2 (g)

log Kp = 2.45 - 10,800/T [1606°<T<1828°K]

.

and 3. BeO* 3Al203(c) + H20(g) -* 3Al203(c) + Be(0H)2(g).

log Kp = 1.55 - 9,450/T [1626°<T<1791°K]

then for BeO(c) + A^OgCc) -» BeO-A^OgCc)

AH°i7oo°K = "4.9 kcal, = -3.2±1.4 kcal and
AS = -1.0 e . u

.

If we correct Holm and Kleppa's AHgggo^ to 1700°K we obtain AH^7 qo°K

= -4.4±0.3. Since this value for AH and Young's value for A3 are more

accurate than the AH from the Clausius-C layeyron equations, we may use

4^1700°K = “4.4±0.3 and AS = -3.2±1.4 to obtain AS = -0.7 in agreement

with the AS =0.11 obtained from the calorimetric S° values of Furukawa

and Saba and the relative enthalpy measurements of Ditmars and Douglas.

We have therefore accepted the tabulated thermodynamic functions for

Be0»Al203(c) with S°29g = 15.84 and AS^700°K = 0.11 for the above reaction

and have used a weighted average from Holm and Kleppa's AH and Young's AG

to obtain AH°29g = -4.12 or AHf ° = -549.2 kcal/mol.

Be0*3Al203(c) Furukawa and Saba [105] measured the heat capacity

from 15 to 390 °K and tabulated the thermodynamic properties. Ditmars

and Douglas [104] measured the high temperature relative enthalpies

and tabulated the thermodynamic functions up to 2150°K.

As in the case of BeO*Al203 (c)

,

we obtain from Holm and Kleppa's

[97] AH° '

s

BeO(c) + 3Al203 (c) - BeO- 3A1 203 (c)
, ^968°K = 2.9±0.5 kcal

which corrected to 1700°K becomes AH = 3.66±0.5. From Young's measure-

ments we obtain AS-^qq = -3.7±2.2 kcal, AH = -0.8 kcal and AS = +1.7 e.u.

Since Young's A3° and Holm and Kleppa's AH are the two more accurate values

we may use them to calculate a more accurate AS°i700°K = 4.3±1.5 e.u.
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The ^ O

jj00°K
derived using the calorimetric S° of Furukawa and Saba

and the relative enthalpy measurements of Ditmars and Douglas is +2.97 e.u.

As Holm and Kleppa point out there is a possibility of a zero point

entropy due to random mixing of the Be+^ and Al+^ but the evidence is

not conclusive. We have therefore accepted the thermal functions but have

increased the uncertainty of S° to cover this possibility. Using ^°i7Q0
= 3.0 and Young's AG^qq = -3. 7 ±2. 2 kcal we obtain a 4H° = +1.3±2.2 kcal.

Using a weighted average of this value and that of Holm and Kleppa,

we obtain ^°1700°K ~ 3*2 kcal, AH° 29 g =2.3 kcal and AHf° = -1344.2

kcal/mol.

i

132



BIBLIOGRAPHY

1. D. D. Wagman, W. H. Evans, I. Halow, V. B. Parker, S. Bailey, and
R. Schumm, Selected Values of Chemical Thermodynamic Properties,
National Bureau .of Standards Technical Notes 270-1 and 270-2 (U.S. Gov't#
Printing Office).

2. R. R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, Selected

values of thermodynamic properties of metals and alloys, 963 pp. (John

Wiley and Sons, Inc. 1963 ).

3. P. B. Kantor, R. M. Krasovitskaya and A. N. Kisel', Fiz. Metal, i

Metalloved. .10, 835 (1960).

4. M. A. Greenbaum, R. E. Yates, M. L. Arin, et al., J. Phys . Chem. 67.,

703 (1963).

5. G. P. Kovtun, A. A. Kruglykh and V. S. Pavlov, Izvest. Akad. Nauk
SSSR, Met. i Gorn. Delo 1964 , 177-9.

6. D. L. Hildenbrand and E. Murad, J. Chem. Phys. 44, 1524 (1966).

7. G. Herzberg, Molecular spectra and molecular structure. I. Spectra
of diatomic molecules, 2nd ed.

,
(D. Van Nostrand Co., New York, London,

1950) .

8. B. A. Thrush, Proc. Chem. Soc. 1960 , 339.

9. Dow Chemical Company - JANAF Thermochemical Tables, Sept. 30, 1963.

10. L. Brewer and S. Trajmor, J. Chem. Phys. .36, 1585 (1962).

11. W. A. Chupka, J. Berkowitz and C. F. Giese, J. Chem. Phys. 30 ,

827 (1959).

12. A. G. Gaydon, Dissociation energies and spectra of diatomic molecules,
(Chapman and Hall, Ltd., London, 1953) •

13. L. P. Theard and D. L. Hildenbrand, J. Chem. Phys. 41, 3416 (1964).

14. W. H. Evans, NBS Report 8504, p. 123 (July 1, 1964).

15. Dow Chemical Company - JANAF Thermochemical Tables, March 31, 1963»

16. I. J. Bear and A. G. Turnbull, J. Phys. Chem. 69
_ , 2828 (1965).

17. R. Fricke and B. Wlillhorst, Z. anorgo u. allgem. Chem. 205 , 127 (1932).

18. C. Matignon and G. Marchal, Compt. rend. 181 . 859 (1925).

19. C. Matignon and G. Marchal, Bull. soc. chim. France [4], _39, 167 (1926).

133



20. R. Fricke and H. Severin, Z. anorg. u. allgem. Chem. 205 . 287 (1932).

21. L. G. Sillen and A. E. Martell, Stability constants of metal-ion
complexes, Chem. Soc. London, Spec. Publ. No. .17, 754 pp. (London, 1964).

22. R. L. Altman, J. Chem. Eng. Data j8, 534 (1963).

23. W. A. Young, J. Phys. Chem. 64, 1003 (1960).

24. L. I. Grossweiner and R. L. Seifert, J. Am. Chem. Soc. 74., 2701 (1952).

25. C. A. Hutchison and J. G. Malm, J. Am. Chem. Soc. 7JL, 1338 (1949).

26. G. R. B. Elliot, U.S.AEC UCRL Rept. 1831 , 52 pp. (June 1952).

27. M. G. Berkman and S. L. Simon, U.S.AEC ANL-4177 . 22 pp. (July 15, 1948).

28. J. Blauer, M. A. Greenbaum, and M. Farber, J. Phys. Chem. 7_0, 973 (1966).

29. T. B. Douglas, CPIA Publication No. 108 I, 27 (June 1966)).

30. D. L. Hildenbrand and L. P. Theard, J. Chem. Phys. 42, 3230 (1965).

31. V. M. Tatevskii, L. N. Tunistskii and M. M. Novikov, Optika i

Spektroskopiya J5, 520 (1958).

32. W. H. Evans, J. Hilsenrath and H. W. Woolley, NBS Rept. 6928, A1
(July 1, 1960).

33. H. W. Woolley, NBS Rept. 6928, 41 (July 1, 1960).

34. J. E. Moose and S. W. Parr, J„ Am. Chem. Soc. 46, 2656 (1924).

35. W. A. Roth, E. BBrger, and H. Siemonsen, Z. anorg. u. allgem. Chem.
239 . 321 (1938).

36. B. Neumann, C. KrBger, and H. Kunz, Z. anorg. u. allgem. Chem. 218 ,

379 (1934).

37. W. Mielenz and H. v. Wartenberg, Z. anorg. u. allgem. Chem. 116 ,

267 (1921).

38. L. A. Cosgrove and P. E. Snyder, J. Am. Chem. Soc. 75 . 3102 (1953).

39. C. Matignon and G. Marchal, Compt. rend. 183 , 927 (1926).

40. H. Copaux and C. Philips, Compt. rend. 176 . 579 (1923).

41. B. Neumann, C. KrBger, and H. Haebler, Z. anorg. u. allgem. Chem.

204 . 81 (1932).

13k



42. M. V. Smirnov and N. Ya. Chukreev, Zhur. Neorg. Khim. 3
, 2445 (1958) .

43. A. R. Taylor and T. E. Gardner, U.S, Bureau of Mines Rept. Invest.
6664 . 15 pp. (1965).

44. W. D. Good, Private Communication, March 18, 1965.

45. P. Gross, Private Communication, November 2, 1966.

46. K. L. Churney and G. T. Armstrong, NBS Report 8919, p. 175 (July 1, 1965).

47. V. P. Kolesov, M. M. Popov, and S. M. Skuratov, Zhur. Neorg. Khim.

4, 1233 (1959).

48. Dow Chemical Company - JANAF Thermochemical Tables, June 30, 1964.

49. S. Cantor, J. Chem. Eng. Dcta _10, 237 (1965).

50. N. E. Khandamirova, A. M. Evseev, G. Pozharskaya, et al., Zhur.

Neorg. Khim. 4, 2192 (1959).

51. K. A. Sense and R. W. Stone, J. Phys. Chem. 62, 453 (1958).

52. K. A. Sense, M. J. Snyder, and J. W. Clegg, J. Phys. Chem. 58 .

223 (1954).

53. J. A. Blauer, M. A. Greenbaum, and M. Farber, J. Phys. Chem. 69,

1069 (1965).

54. M. A. Greenbaum, J. Foster, M. L. Arin, and M. Farber, J. Phys.
Chem. 67, 36 (1963).

55. J. Efimenko, NBS Report 8033, 55 (July 1, 1963).

56. A. V. Novoselova, F. Sh. Muratov, L. P. Reshetnikova, and I. V.

Gordeev, Vestnik Moskov. Univ., Ser. Mat., Mekh., Astron., Fiz. i

Khim. No. 6, 181-190' (1958).

57. M. A. Greenbaum, M. L. Arin, and M. Farber, J. Phys. Chem. 6_7, 1191 (1963).

58. E. Petersen, Z. physik. Chem. _5, 259 (1890).

59. J. Efimenko, NBS Report 8504 (July 1, 1964).

60. D. E. Mann, NBS Report 8186, 118 (January 1, 1964).

61. W. H. Evans, NBS Report 8186, Table A-86 (Jan. 1, 1964).

62. 0. Mulert, Z. anorg. Chem. 75, 198 (1912).

135



63. H. Copaux and C. Philips
,
Compt. rend. 176 . 579 (1923).

64. H. Copaux and C. Philips, Compt. rend. 171 . 630 (1920).

65. G. T. Armstrong and C. F. Coyle, NBS Report 8919, 144 (July 1, 1965).

66. N. D. Potter, CPIA Publication No. 108 I, 89-97 (June 1966)

„

67. D. L. Hildenbrand, L. P. Theard, E. Murad, and F. Ju, Aeronutronic
Final Tech. Report ., Publication No. U-3068, Contract AFC4- (611) -8523,
ARPA Order 348-62, 83 pp. (April 1, 1965).

68. M. A. Greenbaum, M. L. Arin, M. Wong, and M. Farber, J. Phys. Chem.

68, 791-795 (1964).

69. M. M. Novikov and L. N. Tunitskii, Optika i Spektroskopiya jS,

752 (1960).

70. Dow Chemical Company - JANAF Thermochemical Tables, March 31, 1964.

71. Dow Chemical Company - JANAF Thermochemical Tables, June 30, 1965.

72. R. A. McDonald and F. L. Getting, J. Phys. Chem. 69., (11) 3839 (1965).

73. W. H. Johnson and A. A. Gilliland, J. Research Natl. Bur. Standards
65A, 59 (1961).

74. C. J. Thompson, G. C. Sinke and D. R. Stull, J. Chem. Eng. Data l_ y

380 (1962).

75. P. Gross, C. Hayman, P. D. Greene, and J. T. Bingham, Trans. Faraday
Soc. 62, 2719 (1966).

76. B. F. Markov and Yu. K. Delimarskii, Zhur. Fiz. Khim. _31, 2589 (1957).

77. H. Siemonsen, Z. Elektrochem. .55, 327 (1951).

78. W. Fischer, T. Petzel, and S. Lauter, Z. anorg. u. allgem. Chem. 333 ,

226 (1964).

79. H. C. Ko, C. Selph, M. A. Greenbaum, and M. Farber, CPIA Publication
No. 1081 . 79-87 (June 1966).

80. M e A. Greenbaum, R. E. Yates and M. Farber, J. Phys. Chem. 67., 1802

(1963).

81. 0. Rahlfs and W. Fischer, Z B anorg. u. allgem. Chem. 211 , 349 (1933).

82. I. N. Sheiko and V. G 0 Feshchenko, A.E.C. Tr. (6193/6194) Eng. Trans,
of Ukrain Khim. Zhur. _28, 478 (1962).

136



83. J. Thomsen, Thermochemische Untersuchungen, Vols. I, II, HI, and IV
(J. A. Barth, Leipzig, 1882-1886).

84. J. H. Pollok, J. Chem. Soc. j35, 603 (1904).

85. W. Biltz and C. Messerknecht, Z. anorg. u. allgem. Chem. 148 ,

157 (1925).

86. B. Neumann, C. KrBger and H. Haebler, Z. anorg. Chem. 204 , 81 (1932).

87. C. L 0 Hoenig, USAEC, UCRL-7521 . 131 pp. (1964).

88. T. B. Douglas and W. H. Payne, NBS Report 7587, 44 (July 1, 1962).

89. R. E. Yates, M. A. Greenbaum, and M. Farber, J. Phys„ Chem. 68 ,

2682 (1964).

90. B. D. Pollock, J. Phys. Chem. 6.3, 587 (1959).

91. Dow Chemical Company - JANAF Thermochemical Tables, June 30, 1963.

92. F. Sh. Muratov and A. V. Novoselova, Doklady Akad. Nauk S.S.S.R. 143 ,

599 (1962).

93. F. Sh. Muratov and A. V. Novoselova, Doklady Akad. Nauk S.S.S.R. 129 ,

334 (1959).

94. K. Motzfeldt, Acta Chem. Scand. _18, 495 (1964).

95. G* Furukawa and M. L„ Reilly, NBS Report 7587 , 101 and 169 (July 1, 1962).

96. K. K. Kelley, J. Am. Chem. Soc. 61, 1217 (1939).

97. J. L. Holm and 0. J. Kleppa (preprint of article submitted to Acta
Chem. Scand. June 1966, received courtesy D. Ditmars, NBS).

98. J. L. Holm and 0. J. Kleppa, Inorg. Chem. 5_, 698 (1966).

99. P. E. Blackburn and A. Blickler, J. Phys. Chem. 69., 4250 (1965).

100. P 0 Gross, Private Communication, Jan. 13, 1967.

101. J. Efimenko and W. S. Horton, NBS Report 9028, 59 (Jan. 1, 1966).

102. D. E. Mann, NBS Report 8504, 85 (July 1, 1964).

103. G. T. Furukawa and W. G. Saba, J. Research Natl. Bur. Standards 69A,

13 (1965).

104. D. A. Ditmars and T. B. Douglas, NBS Report 9028, 80 (Jan. 1, 1966).

G. T. Furukawa and W. G. Saba, NBS Report 9028, 45 (Jan. 1, 1966).

137

105.



TABLE II.

Selected Values for Some Be Compounds at 298 °K

Compound State

AHf 0

keal/mol
AGf 0

keal/mol
S°

cal/deg 1

Be c 0 0 2.28

Be g 78.0 69.0 32.544

BeO c -145.0 -138.0 3.38

BeO g 31.

g -18.

(Be 0)2 g
- 102 .

(Be 0)3 g -260.

(BeO) 4 g -388.

(Be 0)5 g -514.

(BeO) 6 g -647.

BeH g 76.6 69.3 42.21

Be (OH) 2 c ,a -215.7 -195.1 13.4

Be (OH) 2 c,3 -216.5 -195.7 12.6

Be (OH) 2 g -160.

BeF g -41.5 -48.3 49.15

BeF2 c, quartz -245.3 -234.0 12.75

BeF 2 glass -244.2

BeF2 g -189.6

BeF2 aq -250.0

Be 20F2 g -291.

H2BeF4 aq (in cone. HF)-404.

0

BeCl g 2 . -5. 52.0

BeCl2 C ,01 -117.2 -106.5 19.76

BeCl 2 c,3 -118.5 -107.3 18.12

BeCl 2 g -85.7

BeCl 2 aq, dilute -171.1

Be 2C

I

4 g - 202 .

BeCl2 *4H2 0 c -432.2

BeBr2 c -84.5

Bel2 c -46.0
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Compound State

AHf 0

kcal/mol
AGf°

kcal/mol
S°

cal/deg

Be 3N2 c , cubic -140.6

Be3N2 c^hexag. -136.5

Be 2C c -26.

Be 2 Si04 c -512.3 -485.0 15.37

Be (B02)2 g -324.

Be 3
B20^ c -748.2

BeOAl g -5.

Be 0* AI 2O3 c , chrysoberyl -549.2 -520.0 15.84

Be 0* 3AI 2 O3 c -1344.2 -1270.9 42.0
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Chapter 8

FLUORINE FLAME CALORIMETRY. II. THE HEATS OF REACTION OF
OXYGEN DIFLUORIDE, FLUORINE^ AND OXYGEN, WITH HYDROGEN.
THE HEAT OF FORMATION OF OXYGEN DIFLUORIDE.a

R. C. King and G. T. Armstrong

Abstract

The heat of formation of oxygen difluoride, AHf^g
jg

[OF^ (g )

]

was determined to be +5.86 ±.30 kcal mol
-
^. The value was obtained

by combining the heats of reaction of oxygen difluoride, fluorine,
and oxygen with hydrogen. The heats of reactions were measured by
means of fluorine flame calorimetry. Other heat -of -formation data
derived from the study are AHjp98.l5 [HF*50 HpO] = -76.68 ±.Q5
kcal mol~l, and AH^p^Q [H2 OJ

= -08.32 ±.03 kcal mol"^.

1. Introduction

The gaseous inorganic fluorine compounds of oxygen and the halogens
such as OFp, CAF3 ,

O3F2 ,
OpFp, and BrF

3
are very reactive, combining

with most other compounds and elements. Because of the lack of large
enough quantities of pure materials, their extreme reactivity, the
lack of suitable methods for reliable analyses, and the non-existence
of corrosion-resistant materials for apparatus construction, few
properties of these compounds have been measured accurately. The
thermochemical data are especially lacking. Yet, while the lack of
accurate thermochemical data persists, important uses are being dis-
covered for these substances. Like fluorine, they are powerful oxi-
dizing agents and are commonly used for fluorination. Some of the
compounds are considered to be ingredients for the high-energy propel-
lant and explosive systems ; the others are potential reagents for
chemical reactions at extremely low temperatures • Most of the com-
pounds are easily liquefiable. Some, like OFp, though very reactive,
require a larger activation energy than would fluorine for the same
reaction. This property makes it more useful than fluorine in areas
where materials compatibility may be a problem. Bromine trifluoride
is also used as an electrolytic solvent. In most cases, accurate
thermochemical data are required for calculations based on uses of
these substances.

For Paper I in this series, see G. T. Armstrong and R. S. Jessup,
Journal of Research, NBS, 6UA, 1*9 (i960).



For the purpose of providing reliable heat-of -formation data for

this group of compounds, a new flame calorimetric apparatus has been
set up in this laboratory* It is planned that this apparatus will be

used for studying heats of reactions involving some of the above com-

pounds, in addition to reactions of fluorine with other gases. The

first compound of a series to be studied is oxygen difluoride (OF2 ).

Several earlier attempts have been made to determine the heat of

formation of oxygen difluoride. Von Wartenberg and Klinkott [1]^ re-
acted oxygen difluoride separately with (l) KOH (in excess KOH aq. h0%)

,

(2) 6KI + 2HF (in excess, aq. solution), and (3 ) HBr (in excess HBr
aq. hS%)> From these reactions they derived the heat of formation of
oxygen difluoride and reported an average value. Near the same time,

Ruff and Msnzel [2] measured the heats of three different reactions:

(1) F
2
0(g) + 21^ (g ) + 2NaOH (xs aq. 20%); (2) + 21^(g)j and

(3) F
2 (g ) + ^(g) + 2Na0H (xs aq. 20$). By studying the latter two

reactions, Ruff and Menzel had hoped to obtain in the same apparatus
the auxiliary data needed for deriving the heat of formation of oxygen
difluoride from their first reaction. More recently, Bisbee, et al. [3]

reacted oxygen difluoride with hydrogen in a combustion bomb to which
was initially added water for solution of the product hydrogen fluoride.
In various reviews [U,5,6] the data from these three studies have been
reaclculated, using the most recent auxiliary data available for the
reactions studied. However, these recalculations do not reconcile the
differences between the heat -of -formation values derived. Presently,
the reported values of AHf^g [OF2 ] are +7*6 [1,U], +U»7 [2,5] -b»k

[3,6], and -5.2 kcal mol"^ [7].

The earlier thermochemical studies involving this compound confirm
the belief held since the time of its discovery [8], that its heat of

formation is small, possibly positive. Therefore, it would be desirable
to determine its heat of formation from a reaction that involves a small
heat of reaction. Unfortunately, reactions involving oxygen difluoride
which evolve small heat effects lead to multiple products which are not
readily recovered and separated for quantitative analysis. This problem
exists for reactions with gaseous reactants and products as well as for
those in the aqueous phase. Under ordinary conditions, oxygen and
fluorine do not combine directly to form oxygen difluoride. In most re-
actions, leading to product hydrogen fluoride, the corrosiveness of the
hydrogen fluoride can also introcue a sizeable uncertainty in the derived
thennochemical data. In designing the experiments in the present study,
these and other complications were considered carefully.

1
Figures in brackets indicate literature references at the end of

this paper.



The reactions undertaken for the present study are those of

oxygen difluoride, fluorine, and oxygen with hydrogen, by means of
flame calorimetry. Flame calorimetry is particularly suitable for
studying reactions involving only gaseous reactants. Similar to the
reasoning of Ruff and Menzel, it was felt that the measurements on
the fluorine-hydrogen and oxygen-hydrogen, reactions would provide the
auxiliary data needed for calculating the heat of formation of the
oxygen difluoride. Although this investigation is not intended to be
a definitive study of the F2 -H2 and O2 -H2 reactions, the heats of these
auxiliary reactions can be compared with data already available in the
literature

.

Many procedures were used in common for the three reactions. How-
ever, because of the various methods of analysis used, and because of

the need for a description of the different problems encountered, a

section is devoted to describing the experiments and results for each
system.

2 .0 Apparatus, General Experimental Procedures and Calibration

2.1. The Reaction Vessel

2.1.1. Earlier Burner Design

Because of the corrosiveness of the product hydrogen fluoride, both
in the gaseous and aqueous phases, it was found that special attention
had to be given to the design of the reaction vessel for this study. In

the first of many preliminary experiments, oxygen difluoride was reacted
in a hydrogen atmosphere in a Monel burner. This burner was similar in
design to the one previously used at the National Bureau of Standards [9].
The earlier burner design is shown in Figure 1.

The burner tested for these experiments differed from the earlier
design (l) in being constructed of Monel instead of copper, and (2) in
having a simpler entry passageway for the atmosphere gas. In a burner
of this design the fuel (F2O) enters opening A and the atmosphere (H2 )

is introduced through annular opening B. The reaction product (s ) along
with the excess hydrogen exit the reaction chamber at D. In the early
experiments of the current study it was found that after burning the
desired amount of OF2 in H2 most of the product H2O remained in the
burner chamber, saturated with HF, while the remainder of the HF was
either in the vapor phase above the solution, or had been carried from
the burner in the effluent atmosphere.

Such a state of the reaction products introduces many complications
to efforts to determine the amounts of the reaction products. Because
of these problems a new burner was designed in which the products, hydrogen
fluoride and water, can be collected inside of the reaction vessel in the

calorimeter

•



Figure 1. — Burner- for Fluorine Flame Calorimetry

A, B, C, fuel, fluorine, and helium flow lines;
D, combustion chamber exit; E, burner chamber;
F, burner tip; G, monel coil; H, Teflon gasket;
J, Heat interchanger for Incoming and outgoing
gases.
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2,1.2. New Burner Design

In a general way the new burner design may be described as a two-
chambered reaction vessel (Figure 2). In the upper chamber (A) the
oxygen difluoride and hydrogen (excess) are mixed and ignited, producing
a flame. In the lower chamber (b) the products are dissolved in a known
volume of water, producing a solution of determinable concentration. The
excess hydrogen removes the product HF and H2 O from the upper chamber
into the lower chamber. A gas dispersion system forces the gas mixture
as fine bubbles through the aqueous solution and causes complete removal
of the HF from the flowing hydrogen. Using the OF2 -H2 system as an
example, the reaction in equation (l) takes place in the upper chamber
and equation (2) shows the reaction occurring in the solution chamber.
The overall reaction for which the heat effect is measured is given by
equation (3). Quantities shown are actual amounts used in the experiments.

(1) 0.06 0F
2
(g) + 0.12 E,(g) > [0.12 HF:0.06 1^0] (g+A)

(2) [0.12 HF(g) 0.06 HgOUg+X) + 5.55 1^0 (A) -“[0.12 HF:5.6l H^O] (A

)

(3 ) 0.06 0F
2 (g) + 0.12 HgCg) + 5.55 HgOCO ->[0.12 HF:5.6l 1^0] (A)

Dissolving the HF in water in the calorimeter causes the heat of forma-
tion of oxygen difluoride obtained to depend on the heat of formation of

the aqueous solution of HF, rather than on gaseous HF.

With the exception of the primary solution chamber, B, the burner
is composed almost entirely of Monel and soldered with silver at all of
the permanent joints. In a manner similar to that in the earlier burner,
the gases are brought to the burner from the exterior of the calorimeter
by Monel tubes passing through heat exchanger, C, through which also
pass the exit gases. The outlet, E, on the primary solution vessel
connects to a smaller solution vessel which can be seen in the foreground
in a photograph of the burner in Figure 3* The effluent gases leaving
the secondary solution chamber at F pass through a helix of thin-wall
Monel tubing, D, before passing through the heat exchanger.

Details of the combustion chamber. A, are shown in Figure b» The

body which is cup-shaped is made of Monel, 1.25 in. O.D., and 2 in.

high, with 0.0625 in. wall. The dimensions of the combustion chamber
were chosen so that shortly after the reaction (i.e., after the flame
is extinguished) all of the remaining products (H2 O and HF) can be
flushed from the combustion chamber into the solution vessel. The in-
let tubes for the reacting gases, the igniter, and the flame tip are
all attached to the lid of the combustion chamber. On the outer side
of the lid, the tubing is 0.125 in. O.D., 0.010 in. wall Monel. On the

inside, the tubing leading to the flame tip, D, is 0.0625 in. O.D.,
0.010 in. wall. The fuel is introduced through inlet C, and what may
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Figure k — Combustion Chamber and Solution Vessel
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be called the primary atmosphere enters through inlet B. Additional
atmosphere is introduced through inlet L. The orifice at D through
which the fuel enters is 0.050 in* The secondary atmosphere entering
through inlet L serves two-fold: (l) it provides additional atmosphere
for the reaction; and (2 ) it helps to flush the products down into
the solution chamber* The joint between the cover and the combustion
chamber is made by a 0,030 in. thick Teflon gasket placed in the groove
on the flange of the cup.

At M is the opening for the high voltage electrode used for
initiating the reaction. The electrode is a Monel-Teflon unit as shown
in the insert in Figure U. A calcium fluoride disc (0.095 in. thick), 0,
placed over the electrode serves as a heat sink. The Monel sheath,

Q, surrounding the Teflon insulation, P, also helps to cool the Teflon.
A three-in. piece of 0.010 imdiam. nickel wire, E, is attached to the

electrode at N, and positioned over the flame tip, D.

The tube, F, leading into the solution chamber is platinum with
0.125 in. O.D. and 0.013 in. wall thickness. The end of the tube is

fitted with a polyethylene cap having a porous lower surface and
connected with a small Teflon adapter, G. The cover to the solution
chamber is of nickel-plated steel.

The primary solution vessel is two in. O.D., four in. high, with a
0.032 in. wall thickness. The cylinder is made of nickel-plated copper.
The flange, which has threaded holes, is nickel plated steel. The con-
tainer has a Teflon liner which also has a 0.032 in. wall. The flange
on the liner makes the seal when the vessel is closed.

For an experiment the primary solution vessel contains 100 cc.
demineralized water. The volume of the secondary vessel is 30 cc.
During an experiment it contains 20 cc. of water. This secondary
solution removes any HF from the effluent gas that may be carried over
from the primary solution. Since the secondary solution is so dilute
it also assures that upon leaving the burner the effluent gas flows
through a solution whose vapor pressure is essentially unchanged during
the experiment. In the main solution vessel, the liquid is pure water
during the fore -period, and contains about two weight percent HF in the
final drift. The vapor pressure of water over this solution is

23.56 mm. HF at 25°C [10], whereas it is 23.77 mm. Hg over the pure
water. The vapor pressure of HF over the solution is 0.058 mm. Hg
at 25°C.

2.2. The Calorimetric Equipment

2.2.1. Calorimeter

The calorimeter is one of several in this laboratory incorporating
modifications of the Dickinson design [11]. The modifications are
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briefly described by Prosen, et al . [12], This calorimeter is usually

referred to as the submarine type, since the constant -temperature
enclosure can be raised and lowered in the surrounding water bath.

The calorimeter can is separated from the enclosure by a ^g-inch air

space. The calorimeter is supported by three metal pegs and has a

volume of 5*5 liters. The lid has three holes for bringing out the

platinum resistance thermometer, the leads to the electrical calibra-
tion heater, and the flow lines to the reaction vessel. These holes
coincide with three tubes in the shield cover. The reaction vessel
and most of the heat exchanger are immersed in the stirred water of

the calorimeter. The water is stirred at a rate of 300 r.p.m. The

reaction vessel was placed on a small brass platform, supported by
three small cones. This positioned the bottom of the reaction vessel
about 1/k inch above the bottom of the calorimeter can.

In the customary manner, temperature measurements were made with
a calibrated platinum resistance thermometer, used in conjunction
with a G-2 Mueller bridge and a high-sensitivity galvanometer [13]. A
displacement of 0.5 mm on the galvanometer scale represented 10 micro-
ohms on the bridge or one-tenth millidegree. At 0°C, the thermometer
has a resistance of 25.U668 ohms.

The temperature of the jacket water was kept constant at 32 °C by
an automatic regulating system consisting of a thermistor sensing
element, linear D.C. microvolt amplifier, strip -chart recorder
(-5 to +5 mv.), current-adjusting-type controller, and a 50-watt
magnetic power amplifier [ll|.]. The jacket bath is equipped with two
heaters, a lU-ohm heater for raising jacket temperature to 32 °C, and
a 131-ohm heater for temperature control. A 500 ma meter is connected
between the magnetic amplifier and the control heater. The thermistors
form two arms of a Wheatstone bridge circuit of which the two remaining
arms are formed by adjustable temperature-insensitive resistors. Each
thermistor arm of the bridge consists of four bead thermistors of about
1000 ohms each. The thermistors are encased in flattened thin-wall
copper tubing in the water bath. A 1.5 volt mercury cell supplies a

current of 0.0l;0 ma to the bridge. The current is kept very small to
keep self heating of the thermistor elements below .001°C. Figure 5
shows a portion of the record of the variation of the jacket tempera-
ture with time. The temperature was usually controlled to better
than ±.0015°C.

2.2.2. Electrical Calibration System

The heating coil was made from B&S gauge No. 30 Advance wire
covered with a double layer of glass insulation. The wire was covered
with baked glass impregnated spaghetti to insure complete insulation
from the copper sheath in which it was enclosed. The sheath was of
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0.010” wall soft copper tubing, flattened onto the resistance wire

up to a distance of about four inches from the tubing ends. The

flattened tubing was coiled on a one-inch o.d. tube, to form a coil

of about six inches long. The current leads were of 22 gauge copper

wire and were soldered to the heater wire, so that the junction was

positioned about six inches inside the end of the tubing. This

placed the junction about four inches under the surface of the water
in the calorimeter. The coiled heater was suspended from a small

copper plug, provided with two 1/8 inch holes for the ends of the
heater sheath. The tubing ends were cemented in place, flush with
the upper end of the plug. The plug fitted quite snugly into a ring
mounted on the calorimeter lid. To further secure the plug, a small
screw fastened it to the ring. Ginnings and West [15] have discussed
a method for attaching the potential leads so that there is negligible
disturbance in the current leads due to the attachment of the potential
leads. The first potential lead was soldered to the current lead just
inside of the copper sheath. This positioned this junction at the
physical boundary of the calorimeter, in fairly good thermal contact
with the calorimeter. The three leads were then brought up to a

lA6 n thick, three-inch o.d. copper plate; the second potential lead
was soldered on at the point where the current lead contacted the

copper plate. Then all four wires were coiled on the lower side of

the plate and cemented firmly in place. This placed them in good
thermal contact with the plate. For positioning the copper plate, the

lower side of the lid of the submarine well was counter -drilled to
1/16”. Soldered onto the upper side of the copper plate was a threaded
brass ring. A bakelite rod, drilled with four holes for the heater
leads and made to fit closely in the tube on the submarine lid, was
held by the brass ring. The opposite end of the bakelite rod was
threaded, so that, once the copper plate was positioned in the groove
on the lower side of the submarine lid, it could be firmly pulled up
against the lid, to insure good thermal contact between the heater leads
and the submarine boundary. The heater and lead connectors are perma-
nently attached to the calorimeter lid.

The power for the electrical energy calibration was obtained from
a precision regulated power supply (Alpha Scientific Laboratories, Inc.,
Model 103 -5 A). The unit has a maximum output power of about 5 00 watts
with a current range from 0-5 amps and a voltage range from 0-103 volts.
The supply can be operated in the voltage- or current mode.

We found that with the parameters and switching arrangement of our
apparatus, operation in the current mode gave more constant current and
voltage readings. The double pole-double throw switch, which connected
the heater and a dummy heater of similar resistance alternately into
the circuit, posed a problem in the calibrations. When the power supply
is' open-circuited, as when interchanging the dummy and calorimeter
heaters, a large voltage builds up across the capacitors. When the
connection is again made this transient voltage disappears quite rapidly,
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too quickly to be measured with the ordinary procedure for taking the
voltage and current readings * In a separate investigation [17 ] the
magnitude and decay time of this transient voltage was observed with
an oscilloscope* Depending on the length of the heating period, it may
be significant in calibration experiments. For these experiments, it
is assumed that this transient effect does not significantly affect
the accuracy of the calibrations, since the heating periods were
usually sixteen minutes long* For later calibrations, the double pole-
double throw switch will be replaced by a make -before-break switch.

Figure 6 shows the observed current and voltage readings* Current and
voltage readings were made on alternate minutes. The diagram shows
that for both sets of measurements, the regulation improves about four
minutes after initiating heating.

The time interval for the electrical heating was measured with a
Beckman Universal EPUT and Timer, which gave the time readings to
10~5 second. The throwing of the switch to send energy into the
calorimeter simultaneously initiated the timing. The alignment of

the knife edges of the switches with their respective clip receptacle
was carefully checked. -In blank experiments, the accuracy of the
time intervals given by the timer was approximately checked against the
time intervals using the one-second standard frequency signal at the
National Bureau of Standards*

Other equipment used in measuring the electrical energy input
consisted of a 0*01 ohm standard resistor, a volt box with a ratio of

20,000 to 20 ohms, a thermostated standard cell, and a Wolff
Diesselhorst potentiometer. Osborne, Stimson, and Ginnings observed
a seasonal variation in the calibration on this potentiometer [16].

They devised a special circuit to avoid this problem. The same
circuit was used in the present calibrations. Also, additional
details on the calibration circuit are given by Churney and Armstrong
[17]. The resistors, potentiometer, and standard cells were cali-
brated at the National Bureau of Standards.

2.2.3* Flow System

The gas flow system is similar to the one used previously for
flame calorimetric work at the National Bureau of Standards [9]*

Figure 7 shows the arrangement of the parts of the flow system for the
calorimetric experiments. Preceding the calorimeter, there are three
principal flow lines which connect to the three inlet ports on the
burner (Fig. 3)* These three lines are used for (l) the primary
atmospheric gas (H2 ), which makes up the larger amount of gas, (2 ) the
secondary atmospheric gas (H2 ), and (3) the fuel gas. In all experi-
ments conducted in this study, hydrogen was the reactant in excess,
and is therefore referred to as the atmosphere. The helium source is
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available and connected up so that any or all of the flow lines can

be flushed with helium at any time.

The fuel line begins with the sample bulb at B. More detail of

this weighable bulb is shown in Figure 8. It is specially constructed
for resistance to corrosive gases. The three-inch sphere is assembled
from thin-wall (0.015" wall) Monel hemispheres which are welded to a

thicker equatorial support ring. The stem is approximately U" long
of 3/16" o.d. Monel tubing® The stem reduces to 1/8" o.d. thin-wall
so that small valves can be connected. The valves used were obtained
from the Dibert Valve and Fitting Co. Both Monel and stainless steel

316 valves with Teflon packing were found to be satisfactory. In-

cluding valve
,

a typical bulb weighs approximately 1$0 grams. The

bulbs were weighed on a 300-gram-capacity Mettler balance.

The float type flowmeter in the fuel line is equipped with two
floats, one of tantalum and the other of stainless steel. Not shown
in the diagram is an absorber of magnesium perchlorate placed
immediately after the helium cylinder. Pre-drying of the helium is

desired for the helium that enters the fuel line, but as will be ex-
plained later dried helium is not needed for the hydrogen lines. It

is to be noted that the flowmeter is the only intervening item in the
fuel line between the fuel source and the flame tip where the fuel and
hydrogen are reacted.

Both hydrogen lines include a float -type flowmeter and weighable
bubblers. Each bubbler is Pyrex and, including water, weighs about

69 grams. The purpose of the bubbler is to saturate the hydrogen with
water to compensate for the water removed from the reaction vessel by
the effluent hydrogen. This point is discussed more fully in the
appendix.

The calorimeter is shown at H without detail. The items after
the calorimeter used in these experiments are the absorption bulb, I,

containing magnesium perchlorate \ the sample bulb, K; the bubbler, L;

and the flowmeter, M. The absorption bulb removes water from the
effluent hydrogen. The sample bulb is used to extract samples of the
effluent gas for analyses. In contrast to the fuel sample bulbs, these
spherical bulbs have no special weight restrictions. The ones used were
of Monel, assembled from commercially available spheres (20-gauge wall).
The stems were .250 in. o.d. When prepared for use, this bulb is

evacuated. Therefore, the bubbler containing Kel-F oil serves two
purposes: (l) it prevents suction of air into the sample bulb while the
effluent gas is being sampled, and (2 ) it is a visual indication of the
flow of gas through the calorimeter . The final flowmeter is mostly of
value as an indication that the reaction is taking place. When the
reaction is not occurring a higher flow of hydrogen exits the reaction
vessel and the float registers at position 1, for example. Upon initia-
tion of the flame, some of the hydrogen is reacted and the products are
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Figure 8 — FUEL SAMPLE CONTAINER
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condensed in the calorimeter. Therefore, less hydrogen leaves the
calorimeter and the float registers at position 2 . When the reaction
is halted the flame is extinguished and the hydrogen flow returns to

normal. Therefore, during the initial and final drift periods the
float is at position 1 and during the reaction it registers at 2 . The

soda -lime absorber (N) was not used in the calorimetric experiments,
but was used in disposing of unwanted fluorine and oxygen difluoride
while filling sample bulbs * It also serves as an absorber if the flame
does not ignite as planned.

2*2®U» Ignition System
A high voltage coil (previously removed from an automobile) was

obtained from the Transportation Section of the National Bureau of

Standards. It was connected through a 6-volt transformer and a toggle
switch was connected in the 110 volt line. For the experiment the
high voltage lead was connected to the lead shown in the photograph in
Figure 3® The toggle switch was thrown at the appropriate time to
initiate the sparking for igniting the reaction gas mixture.

2.3® General Experimental Procedures

2.3.1. Adjustment of the Jacket Temperature

The first step in the calorimetric procedure is to adjust the
temperature of the jacket to 32 °C. Once it is established that the
temperature is being controlled satisfactorily, preparations for the
experiment are continued,

2.3.2. Preparation of Burner

For the three systems investigated, the burner was subjected to
varying amounts of conditioning which will be described under the
separate sections on the reactions. However, in general, preparation
of the reaction vessel consists of (l) positioning the sparking wire
over the flame tip. D, (Figure U), (2) charging the solution chambers
with water, and (3; assembling the burner. After positioning the
sparking wire, the primary solution vessel is filled with 100 cc of
demineralized water and covered immediately. Note that the cover for
the primary solution vessel is attached to the gas inlet tube to which
also is connected the cup of the combustion chamber. Next, the second
solution vessel is charged with 20 cc water, covered and connected to
the primary solution vessel and cooling helix. At this point, the
burner is ready to be positioned in the calorimeter.

2.3°3® Preparation of Fuel Sample, Absorbers, and Calorimeter
Can

The fuel sample bulbs are always filled prior to the calorimetric
experiment, using a procedure described for each fuel. Similarly, the
bubblers and magnesium perchlorate absorber are charged in advance.
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Immediately after preparing the burner, each of these items is weighed
to 0.1 mg o On a 6 kg balance the weight of the calorimeter can, with
water, is adjusted to 5950 grams, ±0.5 mg. This weight also includes
the support &r the reaction vessel. Immediately the burner is placed in
the calorimeter and the calorimeter is covered with its lid from which
is suspended the calibration heater. A small strip of neoprene is
placed around the heat exchange tube of the burner to close the calorim-
eter opening and prevent evaporation of water from the calorimeter. The
calorimeter is now placed in the enclosure (submarine) and lowered into
the jacket bath. The fuel bulb, bubblers, and absorber are connected
into flow lines. In about five minutes the temperature of the jacket
bath has equilibrated back to 32 °C.

2 o3.U. Conduct of a Reaction Experiment

The flow lines are first purged with helium to remove any air
present. A flowing hydrogen atmosphere is then established in the

primary and secondary atmosphere lines. Using the calibration heater
the temperature of the calorimeter is adjusted to 29*C. Once the
temperature of the calorimeter has equilibrated and the desired hydrogen
flow rate is established, initial drift period readings are begun.
Though the fuel line is initially flushed with helium, no gas is flowing
through the fuel line during this period. After a fore drift period of

about 20 minutes, the reaction is initiated by simultaneously Initiating
the sparking and releasing the fuel from the sample bulb. The high-
voltage sparking is discontinued when there is certainty that the fuel
has ignited. This is usually after 10 to 1$ seconds of sparking. Increase
in the rate of the temperature rise of the calorimeter and the decrease in
the flow rate of effluent gas are the main signals that the reaction is

taking place smoothly. In most experiments, the reaction was continued
until a 2.5-degree temperature rise had been achieved, at a rate of about
0.20 per minute. This usually required a 15 to 18 minute reaction period.
As will be discussed more later, it was feared that a faster rate of

reaction would have resulted in either melting of the burner tip or

more extensive corrosion of the combustion chamber. After achieving
the desired temperature rise, the fuel sample bulb is closed and the
fuel remaining in fuel line is flushed into burner with helium. The

helium flow is reduced and continued in the fuel line for the

remainder of the experiment, while hydrogen flows through the other
lines. The reason for continuing the helium flow is to prevent back-up
of the products into the fuel line in case of no gas flow. However, it

was later realized that helium flow in the fuel line up to and during the

final drift period is not necessary. After the reaction experiments,
the solution in the primary solution vessel is transferred, with wash-
ings, to a weighed 250-cc polyethylene bottle. The secondary solution
(20 cc ) is also recovered for titration.
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2 .3 *5* Conduct of an Electrical Calibration Experiment

The procedure for conducting the calibration experiments is very
similar to that used for the reaction experiments. The solution vessels
contained 100 and 20 cc water, respectively, A hydrogen flow through the

bubblers is maintained at a comparable rate as used for the reactions

.

The helium flow in fuel line constitutes the main difference in the

gas flow for the calibration and reaction experiments. In the calibra-
tions, a small flow of helium is maintained in fuel line throughout the

experiment. In the reaction, as pointed out above, helium flow is

started in fuel line when it is needed to purge the fuel from the

flow line

.

Figure 9 compares the variation of calorimeter temperature with
time for an electrical calibration experiment and for a combustion
(oxygen difluoride -hydrogen) reaction. Some "overshooting” is observed
in the calibration curve. Also, for the combustion reaction, "overshoot-
ing" was observed, however, considerably less than for the calibration.
This "overshooting" is presumed to be due to the position of the
produced heat effect relative to the platinum resistance thermometer.

2. 3*6. Calculation of the Corrected Temperature Rise

All of the values for the corrected temperature rise were calcu-
lated by an IBM 709h computer, with a computer program developed by
Shomate [18]. For the calculation, it was necessary to give the
computer the following data: (1) dial corrections for the Mueller
bridge; (2) time and resistance readings taken during the fore-drift,
reaction, and final drift periods of the experiment; and (3) constants
for the platinum resistance thermometer. This program was originally
developed for use in bomb calorimetry experiments. A comparison be-
tween values for some hand-calculated and computer -calculated values,
showed that the program could be used in calculating some parts of the
data for flame (flow) experiments. For flow experiments, the useful
data obtained include the corrected temperature rise; the conversion
factor, the corrected resistance change, ARcorr ; the initial and

final drifts; the cooling constant; and the initial and final tempera-
tures for the reaction period.
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2.U. Electrical Calibrations

A total of ten calibration experiments were performed. The first
three were considered preliminary, carried out for the purpose of

coordinating procedures used between the two persons conducting the

calibration experiments. The results from the remaining seven
experiments are given in Table 1. These are an uninterrupted series
of experiments, carried out between two sets of oxygen-difluoride

-

hydrogen reaction experiments. Given in the table are the experiment
number, the initial temperature of the calorimeter, the final
temperature of the calorimeter, tf ; the average temperature, tavj
the corrected resistance increase, AReon-j and the corresponding
corrected tenperature rise, Atc0rr<o The lower part of the table
gives the measured current, voltage, time, total electrical energy,
and energy equivalent of the calorimeter. The average value found
for the energy equivalent was 21887*9 J (°C)~'

L with a standard
deviation of the mean (seven experiments) of 0.006$.
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3.0
The Reaction Experiments
3.1

The Oxygen Difluoride -Hydrogen Reaction
3.1.1

Analysis of the Oxygen Difluoride

The oxygen difluoride sample was obtained from the General Chemical
Division of the Allied Chemical Corporation. This gas is generally
produced by bubbling fluorine into a two percent solution of sodium
hydroxide. By special selection from the production lines, the oxygen
difluoride supplied for these experiments was of higher purity than is

ordinarily available.

According to the supplier's analysis which accompanied the cylinder,
the gas contained in weight percent: OF 2 , 99.25; 02> 0.69; CO2 ,

0 * 06 ;

and 0.01 volume percent CF^. These analyses were obtained by a gas

chromatographic method developed by Resting et al. [19, 20] The GF^

content was estimated from an infrared spectrum. In addition to this
information, these authors made available to us complete details of

their procedures and also information obtained from their investigation
of iodimetry and infrared spectroscopy as possible methods of analysis
for oxygen difluoride. A comparison of the results from their repeated
analyses using the three methods was made, and it was found that the

gas chromatographic method yielded both the most precise and the most
accurate results.

Their chromatographic equipment consisted of a Perkin Elmer Model
154 chromatograph equipped with a Micro Tek 7 port gas sampling valve.
Silica gel of 40-60 mesh was used for column material. The conditions
were: column length - 1 meter (l/4n o.d.) copper tubing, column tempera-
ture - 25 °C (isothermal) carrier gas - helium, flow rate - 50 cc/min,
detector - thermal conductivity cell, detector voltage - 8 volts, and
sample size - 1 cc.

The OFp sample for analysis was extracted directly from the
cylinder. The chromatographic peaks for oxygen difluoride, oxygen, and
carbon dioxide were calibrated. It was found that peak area percent
for these fractions was very nearly equal to volume percent. Using a

mercury absorption technique vh ich they developed, they found no free
fluorine in the gas.

For the calorimetric experiments in our study, the oxygen difluoride
was not used directly from the source cylinder. For this reason and
also because of the importance of the analysis to the accuracy of the
calorimetric data, the oxygen difluoride was re -analyzed in this
laboratory, using procedures similar to those described by Resting
et al. [ 19 , 20 ].
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The manifold for filling the sample bulbs is shown in Figure 10.

This manifold was used for filling sample bulbs with fluorine and

oxygen difluoride. Only those items used for oxygen difluoride
sampling are mentioned in this discussion. For these experiments
the oxygen difluoride was not subjected to any further purification.
Directly to the source cylinder was connected a one-piece multiple-
valving system obtained from the Matheson Company. With the nitrogen
source (A), traps C, F, and I, and valves 2, 8, and 12 closed off, the

sample bulb and flow lines were evacuated. Valves 3, 4, and 5 were
closed and the OF2 cylinder was opened by a remote control. Valve

3 was slightly opened. Valve 4 was opened long enough to allow
one atmosphere of gas to expand into the open lines and sample bulbs.
After about 20 minutes the cylinder was closed, valves 9 and 11 were
opened, and the system was evacuated through soda-lime trap, F. Valve 10
was then closed. The valves to the sample bulbs were closed. The
OF2 cylinder was opened and by slowly opening valves 3, 4? 7, 9, and 13,
gas from the cylinder was allowed to bleed through the soda-lime trap
(i) until all connecting lines were adequately passivated. Valves

4 and 13 were then closed. Note now that the fore-pressure on valve 4
is 400 p.s.i.g., the same as in the source cylinder. The valves to
sample bulbs were then opened and the bulbs were repeatedly (3 times)
filled with OF2 (20 p.s.i.g.) and then emptied through trap I. After
this manipulation, they were filled to 100 p.s.i.g. The cylinder valve
and valve 13 were then closed and opened, respectively. The over-
pressure of OFp was then absorbed in the soda lime trap. Valve 5 was
then opened and the line flushed with nitrogen through the soda lime

trap. The lines were then evacuated through trap F and the nitrogen-
flushirg repeated. At this point the sample bulbs were removed.

For qualitative identification, an infrared absorption spectrum
was made on the sample [21,22]. The IR cell was Pyrex with silver
chloride windows. The windows were clamped in place and sealed to
the cylindrical cell with Kel-F 0-rings. This spectrum Is shown
in Figure 11. On the basis of information in the literature

the absorption band at 1300 cm“l can be attributed to CF^.

The chromatographic procedure for quantitative analysis of the

oxygen difluoride sample is similar in most respects to that
recommended by Resting et al [19,20]. Our chromatographic equipment
consisted of an F & M Model 500 which was already equipped with an
electrically heated oven for the column, a detector (thermal conduc-
tivity cell), and a strip-chart recording potentiometer (-0.2 to
+1.0 mv)

.

Figure 12 shows the manifold for introducing the OF2 sample into
the chromatograph. The sample bulb was simply connected in the
carrier gas loop which was provided with a bypass. After attaching
the sample bulb, the sample loop (between valves 1 and 2) is flushed
with helium and then valves 1 and 2 closed, until ready for introducing
OFq sample into column. Silica gel (30-60 mesh) was used as column
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material. Prior to the analyses, the column was conditioned at 350°
for one hour under a flowing helium atmosphere. Other information on
the conditions for the analyses is given on Figures 13 and 14, which
show the chromatograms obtained.

In the complete chromatogram, four peaks were obtained. These
were verified to be due to 02 (or air), 0Fq,CF4 and COq. Analyses

were made with the column temperature at 0° and 50° C. At 0 °C nearly
complete separation was achieved between the O2 and OF2 , but the CO2
peak was either very slurred or the fraction did not elute at this
temperature. At 50 °C, the separation between the O2 and OF2 was

poor. After elution of the O2 and OF2 , the column was temperature-

programmed to a final temperature of 150 °C to achieve better elution
of the COq. In agreement with Kesting*s et al [19,20] observations,
the GF4 eluted on the "tail" of the OF2 fraction. The CF4 peak was

evaluated from chromatograms made on the most sensitive scale,

especially for evaluating this peak.

Repeated analyses were made on several bulbs and the results were
quite reproducible. We accepted the finding of Resting, et, al.j

that the peak area percent for the observed components (OF2 ,
CO2 ,

O2 ,
CF^)

was very nearly equal to mole percent. The peak areas were evaluated
both analytically and by counting squares. The results from two of the
analyses are tabulated below and the average of these two analyses is
used to compute the results in weight percent.

Analysis I Analysis II

Mole %

Av.

wt . %

°F
2

99.07 99.10 99.36

°2 .76 .73 .45

cf
4

. 06 .07 .11

C0
2

.10 .10 .08

For various reasons, several preliminary analyses were carried
out before a procedure was accepted for these experiments. First,
because of the reactivity of the QFq, it is conceivable that the CF

2
would react with the silica gel. In carrying out preliminary analyses
at various column temperatures, it was noted that extraneous peaks
appeared at a temperature of 75°, and also that even at 50°, the mole
percent of OFq decreased while the mole percent of O2 increased. The
preliminary analyses demonstrated that silica gel is not a generally
useful column material for chromatographic analyses of the reactive
inorganic fluorides. The tests did show, however, that under the proper
conditions, silica gel has good separation efficiency toward OF2 and

the inert component impurities, 0q and CF4 . Though the 0q peak appears
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to be pure O2 ,
there is still some doubt as to whether the peak is

due to a mixture of O2 arid N2 . A method has been developed and will

be tested on a sample of the QF 2 to determine whether or not nitrogen
is present. An accurate analysis for the oxygen content of the sample

is particularly important for the calorimetric portion of the experi-
ments, since under the conditions a correction must be applied for the

reaction of the impurity oxygen with the hydrogen.

Hydrogen

The hydrogen used was acquired in a 200 cu. ft. cylinder from the

low-temperature calorimetry group in the Heat Division. The hydrogen
had been obtained earlier from the Matheson Company. A mass-
spectrometric analysis was performed directly on the contents of the

cylinder. The composition of the gas was found to be, in mole percent:
H2 ? 99.9; ^0, 0.04 ± .02; and N2 , 0.05 ± 0.01. The presence of the

moisture offered no difficulty in conducting the reactions, because
in most of the experiments, the reaction vessel already contained an

added quantity of water. However, the nitrogen impurity could conceivably
react to give a small amount of NH

3
. No test was made for NH^ in these

experiments. In some earlier calorimetric work on the hydrogen-oxygen
reaction, Rossini [23] reported the presence of nitrogen impurity in

the oxygen sample. When oxygen was burned in hydrogen he tested the

product gases for NH
3

and found the amount present to be negligibly
small. On the basis of Rossini 1 s observations, it appears that the

nitrogen present in the hydrogen and other materials used in these
experiments will produce a negligibly small effect on the results.

3.1.2 Calorimetric Experiments

The oxygen difluoride was introduced at a rate of approximately
B0 cc per minute, into a flowing atmosphere of hydrogen of about 360 cc

per minute. During the reaction, this gives an excess hydrogen flow of

200 cc per minute. The fuel flow was maintained constant by manual
adjustment of the valves in the fuel line near the sample bulb. Several
preliminary experiments were carried out. The results from thirteen
experiments are reported here. The results are reported as two series,
because the first six were carried out before the electrical calibra-
tions and the remaining seven after the calibrations. Otherwise, there
is no difference in the procedures used for the two sets of experiments.

3.1.3 Analysis for the Reaction Products

The hydrofluoric acid solution formed in the experiment was
analyzed for acid present by titration with standard sodium hydroxide
solution. As described earlier most of the product acid solution, with
washings, was transferred from the burner to a weighed 250- cc polyethylene
bottle. The bottle plus solution was again weighed to 0.1 mg and after
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correction for bouyancy effects, the total weight of the acid

solution was obtained. Weighed aliquots of this solution were
titrated to obtain the amount of acid in the total solution. The acid
retained by the polyethylene gas dispersion funnel (see Figure 4)

was recovered and titrated separately. Very little acid was found in

the secondary solution. The amount ranged from .01 - .10 milli-
equivalent. These three measured amounts of acid were combined to
give the total observed acid. All of the acid was assumed to have
originated from the reaction of hydrogen with the oxygen difluoride
sample

.

The amounts of HF measured and the amounts theoretically expected
are compared in_ Table 2. The experiment number, the moles of HF arising
from QF 2 >

OF p
n (theo); the moles of HF arising from the impurity,

HF
CF,

n (theo); the total moles of HF (theoretical)^ E n^p(theo.);

the moles of HF measured, nm (meas.) ; the ratio of the mole of the

measured to the theoretical' i-IF ; and the difference between the

theoretical and measured amounts of HF, are given in this table. The

theoretical amounts of HF are all based on the results from the

analyses on the OFp sample carried out in this laboratory. Except
for three experiments, the results show a consistent loss of HF

.

Experiment numbers 3 and 4 show a larger amount of measured HF than
would be theoretically expected. No good explanation comes to mind
for this excess HF. Unless, there was reduction of some metal fluoride
like CaF2 or NtFp? to give rise to the "extra" HF , it is believed that
the higher recovery is due to some gross error in the titrations for
these experiments, rather than a systematic error in the analysis of

the oxygen difluoride sample. Experiment number 32 shows an unusually
large loss of HF. The reason for this is not clear. On the average,
the percentage recovery of HF in the series I was 99*69$, and in

series II, 99*30$.

It is assumed that the loss of HF was due to corrosion of the

Monel combustion chamber. This assumption is not unreasonable, in view
of the fact that the chamber is small (1.12" i.d.) and 2” high,
subjected to such a corrosive mixture (HF-HpO) , and high temperatures.
The data in the last column (Anpp) was tabulated to test whether there
was any pattern to the corrosion from one experiment to another. For
example, if all the differences were comparable, regardless of amount
or length of reaction, one could reason, that a certain amount of HF

was needed to condition combustion area and once conditioned, no
further corrosion occurred. However, the differences shown vary widely,
leading one to believe that the amount of corrosion in a particular
experiment depends on the state of the combustion chamber wall after
having been exposed to the atmosphere.
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3.1.4 Tests for Corrosion of Reaction Vessel

Samples of the product hydrofluoric acid solutions were submitted
to the NBS Analytical Chemistry Division for tests for some selected
metal ions. Because the combustion chamber was made principally of

Monel, and silver-soldered in a few places, the solutions were tested
for Ag, Ni, and Cu. Ca was also analyzed for because it was felt that
calcium could originate from the CaFq disk over the sparking electrode.
From one experiment to the next, one could detect a gradual erosion
of the disk. The analytical technique used was atomic absorption
spectrophotometry [24]. The results from these tests are summarized
in Table 3. The blank represents a sample of the demineralized water
which is placed in the solution chambers of the reaction vessel for
the experiments. The analyst* s results in p-g/cc solution are shown in

the second to fifth columns. The difference between the results on

the blank solution and those for the solutions after the
experiments shows ions present in the HF solution which must have
originated from corrosion products in the combustion chamber that are

subsequently dissolved in the solution. The sixth through eighth columns
show the weights of ions that would be found in the total solution. The

final column gives the equivalents of HF , consumed, assuming the metal
was first corroded by either HF or the fuel and then transferred to

solution chamber by HF-H^O mixture. The tests tend to confirm that
corrosion does take place, and that the copper and nickel react roughly
in the same ratio as they exist in Monel (60 Ni 33 Cu) . The
experiment #1 is not included in later results because it was carried
out mainly for the purpose of conditioning the burner. The corrosion
tests show that more corrosion resulted in this experiment than in the

others.
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3.1.5* Heat Measurements for the OF
2
-H

2
Reaction

The over-all heat measurements for the oxygen difluoride-hydrogen
reaction are given in Table 4* The first part of the table gives the
experiment number; m

g
; the mass of the oxygen difluoride sample; ARC;

the corrected resistance increase for the thermometer; dR/dt; the factor
for converting resistance increase to temperature increase; and Atcorr# , the
corrected temperature rise of the calorimeter. The average temperature
is the mid temperature between the temperature at the beginning of the
reaction period; and the temperature at the end of reaction period.
The average temperature is taken to be the temperature at which the
reaction takes place. Ae is a correction to the energy equivalent for
the deviation of the contents of the calorimeter for these reaction
experiments from those of the calorimeter for the electrical calibrations.
The correction was made for one-half of the HF and water formed in the

reaction since this would be the amount present at the average temperature.
The heat-capacity data of Thorvaldson and Baileyl-25J were used for making
this correction. £caq svst

^- s enerS7 equivalent of the calorimeter
system for these experiments* and q^ is the observed heat effect;
equivalent to ecal> gyst> x Atcorr> .

3.1.6. Corrections to the Heat Data

The corrections made to the observed heat data are given in Table 5

and can conveniently be grouped as due to (l) reaction of impurities in

OFp sample; (2) ignition energy; (3) heat of vaporization of water; and

(4) tempering of reacting gases. The impurities corrected for were

oxygen; carbon tetrafluoride and carbon dioxide* It was assumed that

the reactions
equations

:

with hydrogen took place according to the following

AHr (25°)

qn (4)u
2

h
2 ,

(g) + 2 o
2 (g)

-+ H
2
0 (l) -68.32 kcal (mol ^0)

1

q™ (5)
'-f

4
2 H

2 (g) + CF
4

(g)-—*•4 [HF: 50 H
20]

-84.2 kcal (mol CF )

-1

-221. -76.3

^co2
(6) 2 H

2 (g) + C0
2
(g) ->C+2H

2
0 (i) -42.59 kcal (mol CC^)"

1

The data for calculating the heats of the reactions were obtained
from the compilation by Wagman et al[7] . The ignition energy (qagn ) was
measured directly and found to be 1.4 joules per second of sparking.
The method used was the same as that used by Rossini [23]

#
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The correction for the heat of vaporization of water arises from

two sources. The larger of these corrections,
(q-y-ap ) 3 due

condensation of water in the reaction vessel by the reacting hydrogen.

The hydrogen removes the water from the bubbler in the flow line directly
preceding the calorimeter. From the room temperature , vapor pressure of
water, and volume of hydrogen reacted, the amount of water transported
into calorimeter was calculated, lyap was calculated using the heat

of vaporization of water at the average temperature (Table 4) of* the

calorimeter, q" _ is a correction for the heat of vaporization of water

not removed from the calorimeter by the helium used in flushing the fuel
line at the end of the reaction period. As shown in Figure 7, helium
in fuel flow line is not passed through a bubbler before the calorimeter.
As a result, flushing the fuel line with helium causes vaporization of
water from the reaction vessel and this occurs after the principal part
of the temperature rise has occurred. Also, no helium passes through
the fuel line during the initial drift period. Evaporation heat thus
influences the final drift rate, but not the initial drift rate. It

seems that this situation is analagous to bomb rotation in rotating
bomb calorimetry. It is argued there that if bomb rotation is started
at time, tm, no correction needs to be applied for the energy of rotating
the bomb [26]. In a flow experiment, is the time at about one-half
of the temperature rise. Therefore, if the helium flow were begun at
the point where one-half of the temperature rise has occurred, it would
not be necessary to correct for the heat of vaporization of water by
helium, even if there was no flow in the initial period. On this basis,

q(J.
corrects for the heat of vaporization of water not evaporated for

a time interval equal to one-half reaction time. The volume of helium
is calculated from the rate of flow of helium and the temperature of
the water is taken to be tav , the average temperature of the calorimeter.

qt emp is a correction for preheating the reacting gases. The method
used ‘for making this correction is explained in the appendix. The sum
of the corrections is given in the final column of the table.

3.1.7. Thermal Corrections for Corrosion of Reaction Vessel

As stated in the introduction (equation 3)> the object of the study
is to measure the heat of reaction of oxygen difluoride with hydrogen to

give an aqueous solution of hydrogen fluoride. As shown by the analyses
on the product solutions, a discrepancy exists between the amount of
oxygen difluoride introduced into the reaction vessel compared to the
amount reacted to HF and water. Because of the reactivity of oxygen
difluoride and also based on our experiments in the oxygen - hydrogen
system, it is assumed that all of the OF2 released from the sample
chamber is reacted with the hydrogen, and the failure to recover the
theoretical amount of HF is due to its corrosive effect on the reaction
vessel. Using this argument, the observed heat of reaction is corrected
for the effects given in Table and is further corrected for the
heat of reaction of OF2 with H2 > and then subsequent reaction of the product
HF with the combustion chamber, which is, principally nickel.
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It is assumed that the OF
2

is first thermally decomposed to F2 and

02* In early preliminary experiments, we attempted to burn hydrogen in
excess (lE^. A flame was achieved but an infrared spectrum of the
residual gas showed very little OF

2
present, suggesting that the excess

OF
2

had thermally decomposed to the elements as a result of the heat
from the flame. It is general knowledge that OF2 does thermally decompose
above 250 °C [27] . Equations 7-11 presumably show how the subsequent
reactions proceed. The over-all heat of the reaction in equation 11 is

used to correct for the missing oxygen difluoride.

(V)

(8)

(9)

( 10 )

(11 )

Ref . AHr (
30°c )

0F„ (g )—*£0 (g) + F0 (g) [est] -6.0 keal (mol 0F„)
-1

F0 (g) + H„(g) >2HF (g) [ 7 ]
- 129.76 kcal (mol F„)

-1

2HF (g) + Ni *- NiF0 + H„(g) [ 7 ]
- 29.74 kcal (mol N1F0 )

-1

i 0_(g) + H„ (g

)

*-Ho0(l) ( 7 ]
- 68.28 kcal (mol Ho0)

-1

(
'

n
0F

2
“OF^ 0F

2
l
'g '

) +
^n0F

2

n
0F

2
'
INl +

^n0F
2

n
0F

2
'
IH
2

(
' g '

1

^n0F
2

“n
0F

2
^ H2

0 ^^ + fn
0F

2

~n
0F

2

^ NlF
2

233.78

kcal (mol 0F^)
-1

The data used in making this correction for the loss of OF2 and
also the calculation of the heat of reaction of OF

2
on a molar basis

are listed in Table 6. n and n’ are respectively, the theoretical
°f2

of
2

amount of OF
2
reacted determined from the mass of sample, and the amount of

OF2 actually
product HF.

vessel (5.55

involved in reaction calculated from the measured amount of

n
HoO

is the number of moles of water added to the reaction

moles) plus the water formed in the reaction, n
h20

is the
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water to HF ratio in the solution after the reaction* qg^,

observed heat of reaction* corrected for the heat effects given in
Table 5* q^ is the thermal correction for corrosion based on

equation 11.

For the moment* ignoring the fact that a mass balance was not
achieved in most experiments* the heat of reaction per mole of OF2
is calculated in three different ways. First* it is expressed as

q0Fo
This is the ratio of the over-all heat of reaction of OF,

n
OF,

to the moles of 0Fo introduced into burner, q is the heat of
^ of2

n
°F

2

reaction per mole of 0F
2

* determined from the measured product HF.

q0F2
“ q0F2

is the over-all heat of reaction* corrected for estimated
n
0F

2
heat effects incurred in the loss of HF* per mole of 0F

2
> based on

measured HF.

These heats of reaction are for equations with HF:H
2
0 ratios

shown in column 5 of the table. For example the reaction in experiment
#2 is Equation 12.

(12) 0.05326 0F
2 + 0.10652 H

2 + 5.55 H
2
0 >.10652 HF:560 H

2
0

0F
2 + 2H

2
+ 104.2 H

2
0 > 2 [HF:52.6 H

2
0]

The heats of reaction were adjusted so that the concentration of
the HF solution would be HF;50 H

2
0. The heats of dilution per mole of

0F2 reacted* and the adjusted heats of reaction are given in Table 7.
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3.1.8. Heat of Reaction of Oxygen Difluoride with Hydrogen

Depending on the basis of the amount of reaction, three different
values can be derived for the heat of the reaction of oxygen difluoride
with hydrogen at 30 °C to give aqueous HF. The values derived from
the two series of measurements are averaged and summarized below.

-AH^(30°) standard deviation
kcal (mol OFq)""^ of the mean

(l) based on n
OF2

no correction
for corrosion

(2) based on n^y -

no correction
for corrosion

(3) based on n' -
01

2

corrected for
corrosion

227.58

228.75

227.52

0.04

.22

.03

It is to be noted that correcting for corrosion gives a tremendous
reduction in the standard deviation of the third value compared to the
second value. Also., the first and third values are actually the same
considering the standard deviation of mean for each value. This is

coincidental because the correction applied for loss (corrosion) of
OF2 is actually comparable to the heat of reaction of OF2 with hydrogen.
It is felt also that the corrections should be applied for corrosion,
because the loss of HF (Anyy in Table 2) is larger than the uncertainty
in the analyses for HF in these experiments. On the basis of these
observations the latter, [-227.52 kcal (mol OFq)

-
^]* is the preferred value

for the heat of reaction of OFq with hydrogen (Equation 13) at 30 °C.

Using heat capacity data for OFq [7], Hq [7], HqO [7] and HF, aq. [25]
from the references indicated, it is found that the heat of reaction at 25 °C

is -227.54 ± .03 (.013$) kcal mol“l. Combining the percentage uncertainty
in the calibrations (.006%), the percentage uncertainty in the analysis
for HF (.05%) > and estimated uncertainty in analysis of OFq sample (.05%)

>

it is estimated that the over-all uncertainty in this value is ± .07%,

or ± .16 kcal mol“l. The uncertainty was calculated by taking the square
root of the sum of the squares of the individual percentage errors.
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3 .2 The Fluorine-Hydrogen Reaction

3.2.1. Analysis of the Fluorine

The fluorine sample was an ordinary commercial cylinder of gas

and was therefore not of the high purity that would be desirable for
a definitive study of the hydrogen—fluorine system. The gas was

obtained from the Molecular Spectroscopy Section of the Physical
Chemistry Division of the National Bureau of Standards. It had
earlier been secured from the General Chemical Division of Allied
Chemical Company. At the time of these experiments facilities were
not available in the laboratory for further purification of the gas

by fractional distillation.

The study was continued with the hope that a thorough analysis
of the fluorine would yield a reliable basis for the heat measure-
ments, thus resulting in accurate data for the heat of formation of
aqueous solutions of hydrogen fluoride from pure liquid water,
elemental fluorine, and hydrogen.

The fluorine samples were used from the Monel sample bulbs
(Fig, 8), filled to 170 psig. using the same procedure as described
for filling the oxygen difluoride sample bulbs. However, the fluorine
was subjected to further purification. To remove hydrogen fluoride,
it was passed through the NaF trap shown in the manifold in Figure 10.

The fluorine was analyzed by the mercury absorption method to
get the total mole percent fluorine [9,28,29]. The residual gas was
analyzed by mass spectrometry for the identification and amounts of
the impurities present. Since fluorine in these experiments was the
fuel or reactant in smaller quantity, it was necessary to have an
accurate analysis of the sample. Experience by the earlier in-
vestigators has found that the absorption of fluorine by mercury is

quite complete. Though Nesting, et al [19,20] have devised a method
for checking the presence of fluorine in oxygen difluoride and vice
versa, there is no way of telling whether or not other reactive gases
like NF^ and OF^ are present and absorbed in the mercury. Possibly if present
in large enough quantity, these gases would exist as impurities and
show up on an IR spectrum of the fluorine. Such a spectrum was not
obtained in these experiments.

For the most part, the residual gases are usually relatively
inert. Because of the accuracy desired in the analysis of the
residual gas, a chromatographic method for analyzing the residual
gases, independent of the mass spectrometric method, was developed
and tested in this study. Earlier reference had been made to the
possibility of using chromatography for analysis of the impurities
in fluorine [9]. Some investigators have reported on [ 30

]

chromatographic methods with which one can analyze the entire
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fluorine sample (fluorine inclusive). However, after noting what
the impurities were, it appeared an arduous task to find an inert
column material with adequate separation efficiency of the fluorine
and the contained impurities. Consequently, the mercury absorption
method used in conjunction with mass spectrometry and chromatography
was adopted for analysis of the fluorine used in this study.

The chromatographic method developed required first the
absorption of fluorine with mercury. Then samples of the residual
gas were repeatedly injected into the chromatograph. The layout of
the equipment used in the chromatography is shown in Figure 15. The
chromatographic equipment was identical to that described for analysis
of OF to the left of valves, F. The items to the right of valves F

are those necessary for extracting the fluorine sample. The flask G,

and all connecting flow lines up to flask G are evacuated to 10 microns,
by means of vacuum source at L. The vacuum is closed off and the
valve to flask G is closed. A small amount of fluorine from container
J, is released into flow lines for conditioning, for about 15 minutes.
With sample bulb closed, the connecting lines are then re-evacuated
through trap K which is filled with soda lime. Afterwards flask G

is opened, and filled to one atmosphere with fluorine. The flask is

now closed and the fluorine removed from the lines by evacuating through
trap, K. Upon contact with the mercury, fluorine reacts to give a film
after which little, if any, further reaction takes place, without
agitation to break the surface film. The agitation of the mercury is

provided by a Teflon covered magnet. The flask is placed on a

magnetic stirring motor. Also, as a precaution in case of breakage
of flask, it is placed in a large empty evaporating dish (not shown in
diagram) . To insure complete reaction of fluorine, the valve G was
disconnected from line and the flask was vigorously agitated. For
these experiments, the 300-cc flask contained about 1000 grams of
mercury, much more than is usually used (150 g) for absorption of
1 atm. of fluorine in a 250- cc flask. A large excess of mercury was
used because the concentration of impurities necessary for detection
on the chromatograph was not known. Conceivably, one could continue
to admit and react fluorine sample to build up amounts of the im-
purities in the flask. Note that after reaction of one atm. of the
fluorine with the Hg, the residual gas in the flask is only about
0.01 atm* Therefore, when the valve to the flask is opened to allow
the residual gas to expand into the evacuated sample loop, the sample
to be introduced into the chromatograph is also at a pressure of
slightly less than .01 atm. The tubing section holding the sample was
a 10" long section of .25"o.d. M.cnel tubing (.032" thick wall). Con-
sequently, from the reaction of one atmosphere of the fluorine gas,

the amount of residual gas in the sample loop is quite small. However,
it was found that this amount was quite adequate for the chromatographic
analyses. After filling the sample loop and closing valves to "the flask

186



187



and other parts of system, one of the valves F was opened to

pressurize the sample with helium from the chromatograph . Immediately
the by-pass valve was closed and the second, valve, F, was opened to

flush the sample into the chromatograph. After about 20 seconds, the
by-pass valve was again opened and the valves, F were closed. Now the
loop can be re-evacuated and filled with another sample of the residual
gas for a repeat analysis.

An/ earlier mass spectrometric analysis on the residual gases from
commercial fluorine had shown that the major impurities were nitrogen,
oxygen, carbon tetrafluoride, and carbon dioxide, with smaller amounts
of silicon tetrafluoride, sulfur hexafluoride and fluorocarbons.
Using this information the chromatographic column materials were
selected. Molecular Seives

?
5A, used by the procedure of Kyryacos

and Boord [31] separates nitrogen from oxygen, but shows no separation
efficiency toward the other impurities Silica gel [19] separates oxygen
plus nitrogen from the carbon tetrafluoride and carbon dioxide.
Chromatograms obtained with these two column materials are shown in
Figures 16 and 17, respectively. The conditions for the analyses are
given on the chromatograms. The peak components were checked with
injections of air, pure carbon tetrafluoride and carbon dioxide.

After the chromatographic analyses, the sample loop was dis-
connected from the chromatograph at the two valves, F. On one valve
a Pyrex break-off tip type ampoule was attached, and the ampoule and
connecting lines were evacuated. The valve to the flask was then
opened and the ampoule was filled with the residual gas and sealed off.
A mass spectrometric analysis was performed on this sample. The re-
sults from the two methods are compared in Table 8. Considering that
these are two completely different techniques, the results compare
rather well. The agreement between the results suggests that the
chromatographic method possibly may be developed further and used
routinely as a second way of analyzing for the impurities in ordinary
commercial fluorine, which is usually reported to be of a purity of
not better than 98 percent.

Shown in Table 9 are also the results from mass spectrometric
analyses on residual gases from samples of fluorine from sample bulbs
which were filled at different times (about two weeks apart) . For
these' analyses, 150 grams of mercury was contained in a 250-cc
spherical Pyrex bulb similar in overall design to the bulb shown in
Figure 8. The data in Tables 8 and 9 show a difference between the
relative amounts of oxygen and nitrogen in the residual gas in the

flask used for chromatography
j

compared to the residual gas used
from the spherical bulbs* It is felt that the larger amount of oxygen
impurity in the Erlenmeyer flask may have arisen from the mercury,
where a much larger amount of mercury was used. There is reason to
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Fig. 16. Chromatogram of Impurities in Fluorine
on Molecular Sieves, 5A
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Table 8

Comparison of Chromatographic and Mass Spectrometric

Analyses for Impurities in Fluorine

Component Mole Percent

Chromatography Mass Spectrometry

N
2

45. 42.6

°2 47. 47.7

CF.
4

3.6 2.8

oo 4*6 5.1

S0
2
F
2

.22

Ar .2

SiF
4

1.1

C
2
F
6

.21

C
3
F
8

.04
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believe that an improvement in the mercury absorption method for

analysis of fluorine would be the following} after evacuation of
container, admit a small amount of fluorine to condition the walls
of vessel and mercury surface} re-evacuate mercury container and

then proceed with analysis by filling vessel to one atmosphere with
fluorine. The data given in Table 9 for the analysis of fluorine
were used in the calculations for these experiments. The hydrogen
used for these experiments was taken from the same cylinder used in
the OF^ - H experiments. The analysis for the hydrogen is given under
the description of those experiments

.

3.2.2. The Calorimetric Experiments

As implied in the earlier discussion, the principal objective
in conducting the reaction is to quantitatively transfer a sample of
fuel (F^) from the sample bulb to the reaction vessel and to react
this fuel with hydrogen. Because fluorine is more spontaneously
reactive than oxygen difluoride, this objective was more difficult to

accomplish for the fluorine-hydrogen reaction than for the similar
reaction of OF^ with hydrogen. In preliminary experiments, several
occurrences suggested that, before each experiment, it is necessary
to condition the fuel flow line with fluorine. Otherwise there would
be a noticeable loss of fluorine during the reaction, making it im-
possible to achieve a mass balance between the fluorine sample reacted
and the HF formed. The most apparent of the corrosive effects of
fluorine was the discoloration on the lower part of the Pyrex flow-
meter in the fuel line (see Figure 7). This discoloration first
appeared yellow in air. But upon exposure to fluorine, it would
assume an orange appearance. When exposed again to air, it would be
yellow and then orange again in contact with fluorine. In the first
experiments, which are grouped as Series I, the fuel line was
passivated by flushing with fluorine from the point where the sample
bulb is attached, to the connector for the burner inlet. In later
experiments (Series II) before conditioning, the combustion chamber was
assembled, connected to fuel line, and also conditioned with fluorine,
up to the end of the platinum tube, to which the polyethylene gas
disperser is attached. However, the gas disperser was removed for this
conditioning process. When it appeared that the burner had been flushed
adequately, the fuel line was then flushed with helium to remove the
fluorine remaining in flow line and combustion chamber. The fluorine
source was left in place until time to attach the one to be used in
the experiment.

After conditioning the burner chamber, it was immediately dis-
connected from the fuel line, and connected to the solution chambers.
The inlet ports of the burner were capped in an attempt to minimize the
disturbance to the passivated surfaces.

193



The calorimeter can with its water, the bubblers, and the
magnesium perchlorate absorber were weighed and the remaining pro-
cedure was very similar to that already described for the OF^

experiments. Howevei^ the flow rate of fluorine used was considerably
higher, approximately 100 cc per minute.

3.2.3. Analysis of the Reaction Product for Hydrogen Fluoride

The procedure used for the analysis of the hydrofluoric, acid
solutions has already been described, for the oxygen difluoride
experiments. Compared to the 0F^ experiments, the recovery of the
product hydrogen fluoride in the fluorine experiments was much more
erratic, and on the average, there appeared to be a considerably
larger loss of hydrogen fluoride. The reason for this is not entirely
clear. However, the section on the test for corrosion points out
several factors that suggest the fluorine-hydrogen reaction to be more
corrosive to the combustion chamber. The analytical results for the

solutions are given in Table 10, and compared with the amount of
fluorine introduced into the burner. np£p^2 (theo) and n^^^ (theo.)

are the moles of hydrogen fluoride theoretically expected from the F^

and CF in the fluorine sample reacted. Z’n^ (theo.) is the total
number%f- moles HF expected and n^ (meas.) is the observed moles of
HF. The ratios of these are given in column 7. The data in the last
two columns are included for later discussion.

3.2.4. Tests for Corrosion of Combustion Chamber

From visual observation of the combustion chamber after an
experiment one could observe that the flame tip was being severely
attacked by the reaction. Also, in the center of the lid to the
combustion chamber was a blackening that presumably was due to carbon
formation from reduction of the fluorocarbons in the fluorine sample.
Otherwise, there was a corroded film on the walls of the chamber that
did not show any obvious change in appearance after exposure to the
atmosphere. However, in view of the varying amounts of HF loss from
one experiment to the next, one may claim that the conditioning of the
burner was disturbed in varying amounts by exposure to the atmosphere.

It is interesting to note in Table 10 that the two experiments
with the smallest amounts of reaction; numbers 53 and 56 show the
lowest fractional recovery of HF. In the last four experiments, a

consistently larger amount (Z^i^) of hydrogen fluoride was unre-
covered. The erraticness of the recovery of the HF is the most
puzzling point about the experiments. The loss of hydrogen fluoride
shows no trend with the flow rate of fluorine used.
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On the basis of observations in this study, it is believed that
the recovery of hydrogen fluoride can possibly be improved in several
ways: (l) A reaction vessel with a larger combustion chamber

(of platinum) may be a useful modification. A larger chamber provides
more surface area to become corroded* however, this disadvantage is

offset by the fact that the gases (HF, in particular) are cooled
before reaching the surface. Though platinum is recommended for the

material of construction for the combustion chamber, in a preliminary
design of the reaction vessel shown in Figure 4, platinum was found to

be most unsuitable for the flame tip. After preliminary OF^ - H^

experiments with a platinum flame tip, the combustion chamber was
always well coated with a black surface, resembling a spray-coat of
graphite. It was very obvious that the platinum flame tip was
attacked severely. A spectroscopic analysis of the black coating on
the burner chamber confirmed the coating to be platinum. (2) Ex-
periments by Priest and GrosseL33] with a hydrogen-fluorine torch
suggest that copper may be a satisfactory material for the flame tip.
A copper flame tip was not experimented with in the present study.

(3) The use of helium to lift the flame from the burner tip may also
lessen the reaction of hydrogen fluoride with the flame tip [9]

.

Tests were made on the aqueous solutions for selected metal ions by means
of atomic absorption spectrophotometry [24]. These results are shown in Table
11 • A comparison with the same tests for the OF experiments (Table 2)

suggests that a smaller amount of the salts resulting from corrosion were
transferred to the aqueous solution in spite of the fact that a larger
loss of HF was observed for the F^ experiments. The observation raises
the questions of how the ions get into the solution in the first place.
It can be speculated that in the OF^ experiments, they are first dis-
solved in the product HFjH^O mixture and then washed down into the
solution, whereas in the fluorine reaction, the product is dry and the
only way salts can be carried into the solution is through evaporation and
then flushing down by the effluent gas. As a result one may expect
to find more metal ions in the aqueous solutions from the OF^ ex-
periments than from the fluorine experiments.

3.2.5. Heat Measurements for the F^ - H^ Reaction

The data for the over-all heat measurements for the fluorine

-

hydrogen experiments are given in Table 12. The table gives the
experiment number; nn

5
the mass of the fluorine sample; AR c the

corrected resistance change of the thermometer; AR C,
the factor for

At
converting resistance change to temperature change; At corr., the
corrected temperature rise; t

,
the average temperature of the

calorimeter; As, the correction to the energy equivalent for changes

196



Expt
No.

49

50

51

52

53

54

56

57

53

59

Table 11

Test for Corrosion in F^--H^ Experiments

Ag Ca Cu Ni
ug/cc

<.02 <.05 1 •
9~ * 0 * 1 4.7-* 2

<.02 <.05 2.3±
'°' 1 3.8-' Z

<.02 <.05 o.ss1
- 04

2.1±
' 1

<.02 <.05 0.38-* 04 o.go^
-04

<.02 <.05 0.40-' 04 l.X-'
05

<.02 <.05 o.soi- 04

<.02
IT\O•

•o 0.15-' 04 o

<.02 <.05 <0.02 1.1
±>05

<.02 <.05 o. 3oi-
04 1.8-’ 1

<.02 <.05 o.ss
1,04

2 .
3“

*

1
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in the content of the calorimeter; € cai syst.’ the energy equivalent

for the calorimeter system for the F2 experiment; and q0bs.> the

observed heat effect. As explained earlier, the experiments are
grouped into two series. To the best of our knowledge, the difference
between them is the way in which the fuel line and reaction vessel
were passivated.

Table 13 gives the corrections for impurities (q^ *
c
*CFl;

> (1C02 ^
ignition, q^^; vaporization (q-^ap* ^vap)^ and the correction for

tempering the reacting gases, qtemp* The sum °T these corrections is

given in the last column. These corrections were applied to the observed
heat of reaction (q<>b s .

Table 12). The corrected heat of reaction, q^ >

is given in Table l!w

3.2.6. Thermal Correction for Corrosion of Reaction Vessel

In making this correction, it was assumed that the unrecovered HF
reacted with the reaction vessel. However, in order to arrive at the
amount of fluorine actually reacting to give the aqueous solution of

hydrogen fluoride with concentrations determined by the analyses,
the amount of fluorine equivalent to the unrecovered hydrogen fluoride
was subtracted from the theoretical amount of fluorine. Equations lU-16
show how the heat of corrosion was derived.

ah
r

(lit) F
2
(g) + I^(g) - 2HF(g) [7 ] -129.6 kcal

(15) 2HF(g) + Ni - NiF
2 + ^(g) [7 ]

- 29.9 kcal

(16) (nF2 -nF2 ) F
2 (g) + (nF2 -npv

)

Ni -

(np
2
-np

2
) NiF

2
-159.5 kcal (mol 7 )

Using this heat of reaction and in Table 10, a correction
for the corrosion, qCOrros.> was calculated and is given in column 6

of Table lU. nj^.(theo.) is the number of moles of HF resulting from the

reaction of fluorine in the sample, and n^p is the observed amount of

HF in the solution, less the HF arising from the reaction of CF[|. with H2
to give HF(aq.).
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Column 5 of Table 13 gives the ratio of the number of moles of
HF to that of water in the solution. The heat data

(qr2 ) were

corrected so the data could be based on a solution of concentration,
HF; SOH^O. An example with the data from experiment No. 50 illustrates
how the^dilution correction was applied.

(17) .09125 F
2

( g ) + 09125 H
2
(g) + 5.55 H^U) -+ [.18250 HF + 5.55

(18) ir F
2 (g) + i H

2 (g) + 30.4 H
2
0
(l)

-+ [HF-.30.4 ^0] U)

(19) 19.6 H
2
0(i) + [HF:30.4 HyJU) - [HF: SOf^OlU)

i F
2 (g) + i H

2
(g) + 50H

2
0(l) - [HF;50H

2
0](U

The dilution energies were obtained from the literature [7].

3.2.7* Heat of Reaction of Fluorine with Hydrogen

The values measured for the heat of reaction (equation 19) are
given in the last three columns of Table 14* q^ (theo.) is the

F
2 H?

heat of reaction of fluorine, not corrected for corrosion based on the
theoretical amount of HF

5
q^2 is the heat of reaction of

n'np (uieas.)

fluorine not corrected for corrosion, based on the observed HF
5

and

S^orros.
:

7
\— is the heat of reaction, based on q n , corrected for

n»
HF

(meas) 5 h?
2

’

'Joorroa^.
^nd (aeas.)

.

We have selected the data from the Series II as most reliable
because, we feel that a better procedure, described earlier, was used
for conditioning the reaction vessel. However, it is not known whether
or not the difference in the conditioning procedures used for the two
series of experiments accounts for the differences between the derived
heat-of-formation values. Because the uncertainty in the analyses for

hydrogen fluoride is considerably less than the hydrogen fluoride un-
recovered, one can justifiably apply a correction for the corrosion of
the reaction vessel. Mainly on this basis the data in the final column
of Table 14 are selected as the most reliable. The average value
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for the heat of formation of [HF:50H 0](j>) at 30 °C is

-76.69 ± .03 Kcal mol”-*-. The ± .03 f .04%) value is the standard

deviation of tne mean. We believe that the uncertainties in this

value arise from the uncertainties in the electrical calibrations

(.006%), the uncertainty in the analyses for hydrogen fluoride (.05%),
and the uncertainties in the analysis of the fluorine (.03%). The

square root of the sum of the squares of the percentage uncertainties is .07%.
The heat of formation of [HF;50H 0] then becomes -76.69 ± .05 Kcal mol”l
at 30 °C. Because of the reactivity of fluorine, and our inability to

achieve a mass balance in the reactions, possibly there are several
uncalculable sources of error in these experiments. However, our

ability to obtain rather precise results does reflect a certain amount
of control over the procedures and the method for treating the data.

These are some reasons for believing that the value derived may be
fairly reliable. Heat-capacity data for F [7], H [ 7 ] ,

H 0[7],
and [HF:50H 0] [25] were used to calculate AHF fHF:50H^0] at 298.15 °K.

AHf
2g8 15

[HF;50H
2
0] equals -76.68 ± .05 Kcal

3.3. The Oxygen-Hydrogen Reaction

3.3.1. Analysis of the Oxygen

The oxygen was obtained from the Southern Oxygen Company and
was reported to be of high purity quality (>99.99 percent pure).
Attempts to analyze for the impurities did confirm that the amounts
of impurities were too small to be accurately analyzed for by the
usual methods. The oxygen was analyzed by mass spectrometry and found
to contain 29 ± 10 parts per million argon. The nitrogen was analyzed
for according to the chromatographic method of Kyryacos and Boord [3l];

Molecular Sieves, 5 A, was used for column material. Prior to the
analysis, the column was activated at 350° under a flowing helium
atmosphere. Other conditions are given on the chromatogram in
Figure 18.

For analysis, the oxygen was used from a spherical metal bulb,
as shown in Figure 8. The bulb was filled with the manifold previously
set up for filling an oxygen combustion bomb. A vacuum source was
provided for evacuating the bulbs prior to filling them with oxygen.
Although further purification was unnecessary, the gas was passed
through a CuO column, heated to 500 °C, and through successive columns
of Ascarite and magnesium perchlorate. After evacuating and purging
with oxygen, the bulbs were filled to 170-200 o.s.i.g. for the
chromatographic and calorimetric experiments . The sample was intro-
duced into the column with a commercially obtained gas sampling valve,
which was modified with a loop for a 10-cc sample. Initially one- cc
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samples of air were introduced to check the performance of the
method. The results shown in Fig. 18 were obtained using a 10 cc

sample of oxygen. The slurred peak attributed to nitrogen was quite
reproducible. However, attempts to evaluate its area, relative to that
of the larger oxygen peak led to rather uncertain results.

On the basis of the analyses, it was estimated that the oxygen
sample contained: Oxygen 99*987; nitrogen, .009; and argon .004
weight percent.

Hydrogen. The source and analyses of the hydrogen used have been
described for the OF^ - H^ experiments. For most of the 0^

- H re-
actions, the hydrogen was used without further purification.

3.3.2. Calorimetric Experiments

This was the only one of the three reactions carried out in which there
was the option of using either reactant as fuel, since neither the
oxygen nor the hydrogen in excess would react with the water in the
solution chamber. The reaction was conducted with hydrogen in excess
(oxygen, fuel) because of the higher purity of the oxygen,
and also because the oxygen reacted could be weighed with a smaller
percentage error in the weighing than the hydrogen. During the re-
action, the oxygen i/as introduced into the burner at a rate of
approximately 130 cc per minute. Though it was not needed for forming
an HF solution, water was added to the reaction vessel for the first
six experiments. The reason for adding the water was to more nearly
simulate the condition used in the electrical calibrations. For the
later three experiments, no water was placed in the solution chamber,
and the product water was collected to check the mass-balance between
the oxygen reacted and the water formed. In these experiments the
bubblers preceding the calorimeter were replaced by absorbers con-
taining successive layers of Ascarite and magnesium perchlorate.
This absorber removed H 0 from H which otherwise would have interferred
with the analysis for tne water formed in the reaction. To collect the

product water, two magnesium perchlorate absorbers were usedj (l) to

collect the water flushed out by the effluent gas during the reaction
period, and (2) to collect the water from the burner removed by flushing
overnight with helium.

The absorbers were corrected for buoyancy by weighing against tares,

and were corrected for the displacement of helium upon formation of the

hydrate of magnesium perchlorate with the data suggested by Rossini [34].

The r eaction quantities of oxygen for all the experiments are given
in Table 15. The data given are the experiment number; m

g ,
the mass of

the sample; nu
,
the mass of oxygen; rL

,
the number of moles of oxygen;

2 °2

^ q
(theo.), the mass of water expected; ^ the measured quantity
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Figure 18 — Chromatogram of Oxygen on Molecular Sieves, 5A
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of water in the latter three experiments; and
q

(meas.)/m^
q

(theo.)
2 2

ratio of the measured to the expected amounts of water# The analyses

for water were completed successfully for two of the experiments,
numbers 44 and 46# The ratio, mg

q
(meas • )/mg^Q (theo.) demonstrates

that a reasonably close mass-balance vas achieved in the experiments.

3.b.3. Heat Measurements for tne 0% - Hg Reaction

The data for the heat measurements are given in Table 16. The
left-hand part of the table shows the experiment numbers; tav ^, the
average temperature of the calorimeter; AR corr> , the corrected re-

sistance change; oR/dt, tne factor for converting resistance change
to temperature change, and, At-corr # , the corrected temperature rise

of the calorimeter. l/2m^Q is one-half the amount of water formed in

the reaction, i.e# the- water formed at the average temperature. In

the experiments in which the water formed was measured, no water was
placed in the solution vessel. This is noted in column 7. Columns 8

and 9 show the correction to the energy equivalent for l/Smg^o and for

the absence of HgO in the solution chamber for the last three ex-
periments. Gcal. syst. ^he enel*gy equivalent of the calorimeter
system for the oxygen-hydrogen experiments. The observed heat of

reaction, (€. cal. syst. xAtcorr# ), is'given as qobg# .

Table 17 lists the corrections to be applied to the observed
heats of reaction for the oxygen-hydrogen system. Given are the
experiment number; q 0bs.* the total observed heat; the ignition

energy; q^em^
, the energy used for preheating the gases, and

q^_

All of these corrections were derivedand q" , the vaporization energies
vap

in the same way and have the same meaning as for the fluorine-hydrogen
and oxygen difluoride-hydrogen reactions. q^

aP and q^
aP f°r exP eI‘iments

numbers 44-46 are respectively, the heat of vaporization (q^
a
^)

for the water removed from the reaction vessel by the effluent hydrogen
during the reaction; and the heat (q

vaP) content of the water vapor
2

in the reaction vessel after the reaction. No corrections were applied
for the reaction of impurities. The corrections were applied to the
observed heat of reaction, qog g

to give q^, the heat of reaction of

the oxygen. The number of moles of water, ng^Q ^onnec^ (Table 17) is

based on the number of moles of oxygen reacted. qQ^/ng^o the heat

of reaction per mole of water at the average temperature oi the
calorimeter (300.4°K).
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The heat capacities of oxygen [7], hydrogen [7], and water [7] were
used (columns 10,11) correct the measured heat of reaction to the
heat of reaction at 298*15 K.

3.3*4* The Heat of Formation of Water

When conducting the experiments in the same way as used for the
calibrations, with water in the solution chamber, a value of -68*32
±.03 Kcal mol”T is obtained for the heat of formation of water.
Without water in the solution chamber, a considerable change in the
contents of the calorimeter compared to those for the calibrations,
a value of -68.21 is obtained for the heat of formation of water at

298.15 °K. The absence of the water in the solution chambers for the
latter experiments may explain the difference between these two values.
A comparison between the two burners in Figures 1 and 2 shows that the
cooling helix in the earlier burner design is considerably larger than
that in the new design. This suggests that without water in the
solution chambers in the new burner, some of the heat of the reaction
may possibly be lost by insufficient cooling of the effluent gases in
the calorimeter. This may explain why the heat of formation value
derived from the last three experiments is lower than that from the
other experiments. Therefore, -68.32 ± .03 is the preferred value
for the heat of formation of water which can be derived from these
experiments

.

The uncertainty in this figure is presumed to be mainly due to
uncertainties as indicated by the standard deviation of the mean of
the combustion experiments (

.

044%) ,
the uncertainty in the analysis

of the oxygen sample (.01$), and the uncertainty in the calibration
of the calorimeter ( .006$)

.

The square root of the sum of the squares
of these uncertainties is .046$ (.03 Kcal mol

-
^) . Then, the heat of

formation of water at 298.15 °K is - 68.32 Kcal mol~l with an over-
all uncertainty of .03 Kcal mol“T.
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U.O The Heat of Formation of Oxygen Difluoride

The heat of formation of oxygen difluoride is derived by the
appropriate combination of the heats of the reactions shown in
equations 20-23.

AH
R,298.l5
kcal

(20) 0F
2
(g) + 2112 (g) + 99 t^O (1) —»• 2[HF-50H20](je) -227.54

±.16

(21 a)

(21 b)

F
2
(g) + ^(g) + 99 HgOU) —

>

2[HF'1*9 .5^01(4)

) + 2 [HF'l^.SHgO] (•£) —

>

2[HF-50H20](X)

-153.36
±.06

(22) 3g0
2(g)

+ E^g) —>• HjOU) -68.32
±.03

(23) F
2
(g) + ^ 0

2
(g) —

>

0F
2
(g) + 5.86 kcal

±.17 mol'
1

The value derived for AHf„^g .jg(0F
2 ) ±5-86 ±.17 kcal mol

1
.

The stated uncertainty is a combination (square root of the sum of the

squares) of the uncertainties in the heats of the reactions. Because
of the factors considered in calculating the uncertainties in the
heats of reaction, it is possible that the uncertainty estimate for
the heat of formation value does not actually represent the accuracy
of the derived value. However, it may be recalled that the main reason
for measuring the heats of the auxiliary reactions was to make the

derived heat-of-formation of OF2 less sensitive to systematic errors
which probably exist in the measurements for all three reactions. We
shall neither attempt to assess the magnitude of the systematic errors
nor to estimate the extent to which they cancel in the heat -of -formation
calculation. However, we think that a brief discussion of what we
think the principal systematic errors are is in order.

Our inability to achieve the same degree of mass balance in the

OF2 -H2 and F2 -I£ reactions presents a systematic uncertainty in the
amount of success achieved in conducting these two reactions. The re-
covery of the HF formed was better (99»U5$) for the 0F2“ft? reactions
than for the F2 -H2 reactions ( 98 .kh)

°

In the calculations for both
reactions, it was assumed that the unrecovered hydrogen fluoride was
used in corroding the reaction vessel. A correction was applied for the
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heat of corrosion. Referring back to Tables 6 (cols, 9 and 10) and lU
(cols, 10 and 12), the heats of reactions corrected for corrosion based
on the measured amounts of HF are much more precise than the uncorrected
heats of reaction based on HF measured. However, it is not known
whether or not this improvement in precision cancels any errors in the
calculations of the heat -of -formation value, which may arise from our

inability to achieve a mass balance.

Another source of systematic error is the placement of the calibra-
tion heater in the calorimeter relative to the combustion chamber where
the chemical energy is liberated. From the description of the position-
ing of the electrical calibration heater, one can see that the heater
is closer to the side of the calorimeter (nearer the thermometer),
whereas the combustion chamber is near the center of the calorimeter.
If the calibration of the calorimeter varies with the positioning of

the heater, then a systematic error exists in the measured heats of
reactions (eqs 20-22), which would be proportional to the difference
between the calibrations for the heater positioned in center of
calorimeter, and for the heater positioned closer to the side of

calorimeter. It seems very likely that in calculating the heat of
formation of OF2 ,

this particular systematic error would cancel.
Although the heat of reaction of oxygen with hydrogen was not measured
for the purpose of calibrating the calorimeter, the agreement between
the value obtained (-68.32 kcal(mol H>0 )"^) in this study and the
value (-68.32 kcal (mol Ho0)"l) by Rossini [23,7] suggests that the
calibration used (Table 1) is reliable.

This discussion of the sources of errors does not give basis for
an exact evaluation of the uncertainty in the derived heat of formation
of OF2 . But on the basis of the procedures used and results obtained,
it is estimated that the overall uncertainty in the value is not greater
than ±.30 kcal mol”l.

5.0 The Work of Previous Investigators

5.1. On the Heat of Formation of 0F2(g)

As pointed out in the introduction, several reviewers have already
examined earlier experimental work on oxygen difluoride with the hope
of deriving a reliable "best” value for the heat of formation of this
compound. Therefore, the purpose of this discussion is not to criti-
cally examine the reported data but to re-examine the experimental
approach, in view of the experience gained in the present study, with
more emphasis on the methods of handling the sample, the materials
used for apparatus construction, and the analytical methods used. Today
these techniques for reactive fluorine compounds are better developed.
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A review of their application in the earlier studies may show why
the reported values for the heat of formation of this compound
vary from +7.6 to -5.2 kcal mol” •

The reactions studied by von Wartenberg and Klinkott [1] are
given in equations 2l|-26. Shown also are the reported heats of re-
action at 191°K and the recalculated AHf298.l5 (0^2 ) [5] based on
current data for the auxiliary reactions.

{2k) F^0{g) + 2K0H (in excess KOH aq. k0%

= [2KF + f^O] (in aq. KOH) + 0
2
(g)

= -125.75 kcal mol ^ a = 0.75 kcal mol
^

(25) F
2
0(g) + [6KI + 2HF](in excess aq. sol’n)

= [l+KF + 2KI
3

+ 1^0] (in aq. KI HF sol'n)

AH
291

= '176 *® kcal mo1
"1

° = 0.82 kcal m01
"1

(26) F
2
0(g) + UHBr (in excess HBr aq. k$%)

= [2HF + IfBr^] (in aq. HBr)

AH^i = -13U.36 kcal mol ^ o = 0.5l kcal mol
^

Av.

AHf

kcal mol

+6.9

+1 .k

+8.8

+5.7

Von Wartenberg investigated the reactivity of OF2 with several
substances and on the basis of the reaction rates, products formed,
and heats of reaction, decided that the above three were best for the

thermoc hemic al investigation. They prepared the OF2 used by reaction
of fluorine (prepared in their laboratory by electrolysis of KF*3HF)
with dilute sodium hydroxide. Their analysis of the OF2 was based on
the reaction: F2 O + 1+HI = Ul + 2HF + H2 O. Their experimental arrange-
ment for the thermochemical study of the above reactions was the same
in each case. A glass spiral (8 turn,1.5 cm think tubing) containing
the solution for the reaction under study was placed in a 1-liter
dewar flask filled with water. OF2 ,

in a carrier gas (nitrogen), was
bubbled into solution through a narrow opening. The temperature in-
crease of the calorimeter was measured with a calibrated Beckman
thermometer and the calorimeter was calibrated with electrical energy.
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According to the authors ' appraisal of the experiments on the
three reactions, the first reaction proved to be less troublesome.
Consequently, one could assume that the data for this reaction are
more reliable. Little information is given on the purity of the
oxygen difluoride sample. From the discussion, it can be assumed
that the major impurity is oxygen. It is to be noted that the
method of analysis used by these authors does not yield the amount
of oxygen present.

Considering the magnitude of the heats of reactions, it seems
possible for one to be able to derive a reliable value for the heat of
formation of OFo from each one of these reactions. This is assuming
that a good analysis is obtained for either the products or reactants
and also confirmation is made that well defined products, as indi-
cated by the equations, are obtained. Though the calorimetric
measurements may be reliable, lack of detail on the analyses of the

OF
2

sample, and of the extent of reactions, makes it difficult to
fairly appraise the accuracy of the values derived for AHf298 .l5 (OF2 ) •

The study of the heat of formation of oxygen difluoride by Ruff
and Menzel [2] was designed so that the derived ^^298 .15 OF2
would be insensitive to the possible systematic errors. To accomplish
this the heats of reaction of O2 and F

2
were measured in the reaction

vessel, using the same procedures as used for the reaction of OF2 with
hydrogen.

Measurements of Ruff and Menzel [2 ]

.

(27)

(28 )

(29)

OF^g) + 2Hp (g) + 2Na0H (excess aq. 20$) = 2NaF

AH = -255.9 kcal mol ^
cj = 0.6 kcal mol

^

%o
2 (g) + ^(g) = I^O(i)

AH = -68.5 kcal mol ^ cr = 0.1 kcal mol
^

^2 + ^2 + ^NaOH (excess aq. 20$) = 2NaF (in aq.

AH = -181.7 kcal mol ^ a = 1.15 kcal mol
^

AHf^g
15 (

0^
2

)
= +5*7 kcal mol

1

(in aq. NaOH) 3^0

NaOH) +21^0(4)

These authors prepared OF2 by reaction of F2 with dilute aqueous NaOH and
through fractional distillation purified the OF2 to a purity of 98.5
percent. For the OF2 sample the authors determined the density and
analyzed it by gravimetric determination of fluorine and oxidation of

acid solution of potassium iodide. The gravimetric determination
consisted of first reacting the OF2 with hot 10$ sodium hydroxide, and
then precipitating the F~ from an alkaline solution as CaF2 . From this
analysis the gas was 70.12$ F2 compared to theoretical amount of

70 . 5.2 $ f
2

.

215



For the calorimetric experiments, the reaction vessel was copper with
a platinum liner. In an atmosphere of hydrogen, the fuel (OF2 ) mixed with
nitrogenfignited by means of a high-voltage spark. The reaction vessel
contained a sodium hydroxide solution for reaction with the product
hydrogen fluoride. The solution was agitated by a hydrogen flow which
also purrped the NaOH to the top of vessel to effect complete solution
of the HF. The effluent gases (N2, xs hydrogen) were passed through
successive columns of concentrated NaOH solution to remove any residual
HF brought from reaction vessel, and CaC^2 and ^2^5 5

to remove water
vapor. The O2 and F2 experiments were conducted in the same way, mixing
the minor reactant with nitrogen, and reacting in a flame with hydrogen.

It is noted that solution of the HF in the sodium hydroxide in the
calorimeter increases the magnitude of the over-all heat of reaction
for the F2 and OF2 experiments. However, this criticism is offset by
the fact that such quick trapping of the HF relieves one of the need for

correcting for corrosion by HF. One unexplored side reaction in the

experiments is the possibility of the reaction of the nitrogen with
hydrogen to form ammonia. Tests for ammonium hydroxide and other

possible products of reactions would have provided a more thorough
characterization of the processes which took place.

mi X X - * XT _X._ J-: _ _ - -p XT A Tin ^^
)

studied the heat of reaction of oxygen difluoride and hydrogen to give
an aqueous solution of HF. A heat -of-dilution correction is applied
to give the heat of the following reaction:

Conceivably, reliable results can be obtained from a bomb calorimetric
study of the system. However, omission of details on the (l) analysis
of the sample, (2) the technique used to insure mixing of the solution,

(3) the corrosion by the product HF, and (U) the quantitative basis for

the heat of reaction makes it difficult to evaluate the procedures used
in this experimental study, and try to reflect on how these factors
may have affected the cferived heat-of -formation \alue . On the basis of

the description in the report, it is likely that the OF2 sample used was
not thoroughly analyzed. Oxygen is a usual impurity in the OF2 produced
by the present day method (F2 + NaOH) and would certainly react with H2

under the conditions of these experiments. Therefore, a knowledge of

its content in the sample is important for correcting for its heat of

reaction with hydrogen. This reflects also a disadvantage of the
iodinetrie method for analysis of the OF? sample.
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The measurements were made in a stationary bomb, using a fairly
massive internal container for F20 (g) which was ruptured to initiate
reactions with • The reaction products consisted of H2 O and HF in
a condensed phase, formed in the presence of excess ^0(4)* The

formation of a homogeneous HF(aq) phase was presumed. However,
experience in reactions in which condensation occurs in a stationary
bomb indicates that much of the condensation would occur on the walls
and would form droplets of a solution quite different from the bulk
solution. Mixing these two solutions would evolve heat in addition to
that which was measured. The massive F2 O ampoule could also retain
significant quantities of heat for an appreciable time and the complete
equilibration of the heat distribution was not described. Both of these
processes would appear to act in the same direction, causing the measured
amount of heat to be less than could have been evolved if equilibrium
had been achieved. If any error of these types exists in these experi-
ments, a less negative heat of formation would be indicated for F2 O than
was reported.

It was reported that there was some corrosion of the bomb parts by
the product HF; a correction for the heat of corrosion was applied to

the data. However, the weight of OF2 sample used in each experiment is

not included among the results. The recovery of HF is reported to be

9$%» Therefore, one does not know how the number of moles of OF2 on
which the heat effect is based was derived.

It seems most probable that the OF2 reacted to completion in the

reaction. However, tests on the bomb gases after the reaction would
have provided useful documentary data for the study.

Summary of Values for Heat of Formation of OF^

Study Year AHf298.l5
kcal mol~^

Ruff and Menzel [2

]

1930 +U.7

Wartenberg and KLinkott [1] 1930 +5.7

Bisbee et al. [3 ] 1965 -k.U

Present study 1967 +5.86
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5.2 The Fluorine -hydrogen Reaction

Since the application of fluorine as an oxidizer in calorimetry,
it has become necessary to know accurately the heat of formation of

hydrogen fluoride, both in the gaseous and aqueous phases. The reason
for the importance of the heat of formation of hydrogen fluoride to
the thermochemistry of other compounds, is that reactions of all com-
pounds containing hydrogen with fluorine lead to hydrogen fluoride as
a product. Therefore, the accuracy of the heat of formation of a

H-containing compound being investigated by either fluorine bomb or

fluorine flame calorimetry depends directly on the accuracy of the

heat of formation of hydrogen fluoride. This is analagous to the
importance of the heat of formation of water in thermochemical studies
of reactions involving oxygen and hydrogen. However, a careful study [21]

of the heat of formation of water has been conducted so that this value
is known accurately.

Several problems have deterred such a study of the heat of formation
of hydrogen fluoride. The most prominent of these problems is the poly-
merization of hydrogen fluoride at ordinary temperatures. A thermo-
chemical study of the fluorine -hydrogen reaction at ordinary temperatures
(25-30°C) would lead to the heat of formation of HF in the polymerized
state. The equation of state data presently available are not accurate
enough to apply a correction to the thermochemical data to yield an
accurate value for the heat of formation of monomeric HF. The polymeriza-
tion of HF decreases rapidly with increasing temperature. However, the

corrosive nature of elemental fluorine and hydrogen fluoride increases
tremendously with temperature. With the availability of corrosion-
resistant materials, a reliable study of this system at high temperatures
(~100°C) now seems possible.

The hydrogen-fluorine system is currently the subject of much
discussion among investigators who believe that improved thermochemical
data for this system would place calorimetry involving fluorine and
hydrogen-containing compounds on a much sounder basis. However, such
discussion has not been paralleled with experimental work. The earlier
study by von Wartenberg and Schutza [35 ] on the gaseous HF is the most
prominent work in which a direct determination of the heat of formation
of gaseous HF was attempted. Much later attention was called to the
point that the work of von Wartenberg and Schutza in agreement with other
work [9] indicated that the heat of formation of gaseous HF should have
been more negative than the "best" value selected (-6U.2 kcal mol“l) at
that time [36]. Shortly thereafter Feder et al. [ 37 ] combined the heats
of several reactions determined accurately by fluorine bomb calorimetry,
and obtained = -6U . 92 ±.12 kcal mol

-
^-. Today the reported

best value for AHf298 is —6U . 88 kcal mol
-
^

[ 7 ].
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Cox and Harrop [38 ] have recently reported values for AHf [HF,aq.]
at 298.l5°K. The data were derived by Hess 1 law from measurements of

enthalpies of solution of lithium fluoride and lithium hydrogen
fluoride, the enthalpy of mixing lithium fluoride solution with hydro-
fluoric acid, and the enthalpy of dissociation of lithium hydrogen
fluoride. These authors combined the heat -of-formation data for
gaseous hydrogen fluoride derived by Feder, et al., to obtain the heats
of formation for several hydrofluoric acid solutions. Only the value
reported for AHfpofi n

^
(HF*50H20 ) will be considered in this discussion.

Their value for AH^(hF* 30H20 ) is —77 «»U22 kcal mol
-
-*-. The heat of forma-

tion for the same solution, selected by Wagman et al. [7] is

-76.316 kcal mol
-
-*-. The value obtained directly in this study,

-76.68 ±.05 kcal mol
-1

lies between the earlier values.

Sinke [39] and Domalski and Armstrong [lj.0,i|l] have recently derived
heats of formation data for aqueous solutions of hydrogen fluoride.
Similarly, their values lie between those reported by Cox and Harrop

[38] and Wagman, et al [ 7 ].

At the present time it appears that additional work is required
before the heat of formation of hydrogen fluoride and its aqueous solu-
tions will be accurately known. It is believed that this work must be
of two kinds: (l) a review of already existing thermochemical data
involving HF; and (2) experimental work designed especially for accurately
deriving the heat of formation of HF. In contrast to Cox and Harrop ’s

view we believe that the direct determinations of the heat -of -formation
values from F2 ,

H2 ,
and H2 O should be pursued, in addition to the studies

which seek to derive the data using Hess 1 law. We acknowledge that
there are many experimental difficulties in the direct approach, but
observations in the present study suggest that reaction vessels can be
constructed, and procedures can be developed for a very careful study
of the F2 -H2 system. However, because of the nature of fluorine and
hydrogen, there is a.need for conducting direct studies in several
laboratories in order to accurately establish the heat of formation of

hydrogen fluoride and its aqueous solutions.

5 * 3 * The Heat of Formation of

The study by Rossini [23] was a carefully done investigation of the
heat of formation of water. The study also discusses in detail the
earlier similar work carried out for the purpose of deriving the heat of

formation. Since Rossini’s work, Skinner and Pilcher [I4.2 ] have used the
reaction for calibration of their flame calorimeter. As pointed out in
the introduction, the main purpose of the present investigation of this
reaction is to provide in the same apparatus the data needed for calculat-
ing the heat of formation of oxygen difluoride. The value obtained here
(-68.32 ±.03 kcal mol

-
-*-) compares closely with the accepted value

(- 68.32 kcal mol“l) at 298.13 [7] which is based on Rossini’s study.
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6.0 Appendix

6 .1 . Vaporization of water from the Reaction Vessel

The removal of water from the solution chamber does present a

problem in using this design of burner-solution reaction vessel. The

heat of vaporization of the water is superimposed on the usual drift
rate of the calorimeter temperature due to stirring and the temperature
difference between the surrounding constant-temperature enclosure. If

this heat of vaporization is constant throughout the experiment, it

should not affect the true corrected temperature rise of the calorim-
eter. Realizing this possibility, it was still desirable to eliminate
this heat of vaporization as nearly as possible. To achieve this, the

hydrogen entering the calorimeter was saturated with water vapor, for

which the heat of condensation would compensate for the heat of vapori-
zation of the water vapor removed by the effluent hydrogen.

The amounts of water vapor carried in and removed from the solution
vessel were measured by weighing the water bubbler and absorber
(magnesium perchlorate ) before and after the experiment. The results
from these determinations are given in Table 18 . m^O is the weight

of water vapor removed from the solution vessel by the effluent gas and

nijipQ is the weight of water vapor carried into the vessel by the enter-
ing hydrogen. mH-n^H^O is the difference between these quantities,
where the minus indicates an over -all removal of the H2O from the solu-

tion chamber, and the plus an over -all condensation of H2O in the re-

action vessel. The objective was to make this difference as close to

zero as possible.

Several factors in the experiment influence m^o anc* (1 / mH20
is influenced mainly by the temperature of the room which, as can be

seen from the table, underwent considerable variation from day to day,

(2 ) by the fact that the helium flow in the fuel line was not saturated
with H2O before the calorimeter. This resulted in a net removal of

water from the solution vessel by the helium. This is observed in the

calibrations in which there is a consistent net removal of water from
the calorimeter, in spite of the fact that there is no interruption of

the hydrogen flow at all during these calibrations. The average
calorimeter temperature is higher than the room temperature . This would
also cause more water vapor to be removed from the vessel than is brought
in. However, it is believed that the principal removal of H2O from the
solution vessel is due to the helium flow in the fuel line.

The values for nl^o_l4H20 vary considerably but are consistent for

the O2-H2 and F2O-H2 reactions in most cases showing an over-all addition
of H2O vapor to calorimeter. (3) It is to be noted that part of the
entering hydrogen reacts during the reaction period causing an over-all
condensation of water during this part of the experiment. But the helium
used for flushing the fuel from the fuel line causes removal of water from
solution vessel.
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Table 18

m
A Removed From Reaction Vessel

hLoU

VS

m* TT ^ Condensed In Vessel
h2j

Expt . Room Cal. Temp
No. Temp. tp tf V

°C °C °C g g g

Electrical Calibrations

18 26 29.01 31.77 .8033 .5246 -.2787

19 26 28.98 31.77 .8084 .4813 -.3271
20 26.5 28.97 31.79 .7025 .4644 -.2381
21 27.0 28.18

___

31.78 .7478 .4637 -.2841

L _

Oxygen- Hydrogen Reaction

35 26.2 28.98 31.75 .6680 .6483 -.0197

36 25.7 23.96 31.80 .6483 .7264 +.0781
37 27.4 28.97 31.89 .8313 1.0051 +.1738
40 25.5 28.97 31.66 .8676 .8887 +.0211
41 27.1 28.97 31.67 .9486 .9740 +.0245
42 25.9 28.97 31.67 .9345 .9461

L

+.0116

Oxy gen Difluoride - Hydrogen Reaction

23 24.5 23.97 31.81 . 5466 . 5656 +.0190
26 23.8 28.97 31.77 .7458 .7135 -.0323
27 24 28.99 31.75 .7069 .7288 +.0219
31 25 28.97 31.75 .6102 .6805 +.0703
32 25.9 29.11

L J

31.90

1

.5034
!

.6186
i

1 ....

+.1152

Fluorine - Hydrogen Reaction

50 26 28.97 31.74 1.4000 1.0715 -.3285
51 27.7 29.66 31.80 1.2908 1.0127 -.2781
52 27.5 29.67 31.78 1.1670 1.0396 -.1274
54 25.0 29.66 31.83 .9910 .8310 -.1591
49 29.5 28.98 31.35 1.0987 1.0397 -.0590
56 26.8 29.82 31.74 .8431 .7853 -.0578
57 27.2 29.66 31.73 1.0606 .9651 -.0955
58 26.5 29.29 31.73 .9137 .8323 -.0814
59 23.8 28.97 31.64 .8322

,

.7700 -.0622
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All of these factors imluence
Q

for the F^-H, reaction,

in addition to the fact (5) that per mole fluorine requires for re-
action only one mole of hydrogen, causing less water to be condensed
in the solution vessel* This larger amount of effluent hydrogen,
ana the helium used for i lushing fluorine from the fuel line, remove
an amount of water from the calorimeter which more than compensates
for the water condensed by the reacted hydrogen. This results in a net
removal of water from the solution vessel* It is believed that, in spite
of our inability to adjust m^0 "^HgO

zero » saturating the entering

hydrogen with water does improve the experimental procedures*

The attempt to saturate the hydrogen with water possibly could be
improved by (l) thermos tat ting the bubblers at the average temperature
of the calorimeter, (2) measuring carefully the amount of helium used,
and (3) calibrating the calorimeter, using no gas flow.

6*2* Correction for the Tempering the Gases

The heat exchanger for the inlet and outflowing gases is a simple
version of the shell-and-tube heat exchangers which are discussed in

various books on heat transfer £43,44]. In these books, heat-exchange
equations are derived for more complicated exchangers than the one

used on the present reaction vessel* Therefore, these equations
are not considered further. To obtain the correction necessary for
the tempering or preheating of the gases, each gas used in the experi-
ment is considered separately, on the basis of whether it enters and
leaves the calorimeter, or enters the calorimeter and is reacted*
During the initial (hydrogen) and final (helium and hydrogen) drift
periods, the gases enter and leave the calorimeter without reaction*

In the reaction period, the oxygen and part of the hydrogen are reacted.

The sketch below shows how the gases enter and leave the exchanger*

H2 outlet

H2 inlets<^

O2 inlet

£
fi

> n
I 1

.

0 b
w

1 1 *
If

Effluent
Eg inlet

(Arrows indicate direction of flow of gases)
The gases at room temperature (tr ) are brought into the calori-

meter and preheated or tempered up to the reference temperature (tre f).
The reference temperature is the temperature at which the reaction is con-

ducted. It is equivalent to t av# , the mid temperature between the
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initial and final temperatures of the calorimeter. Upon leaving the

calorimeter, the gases are cooled from tre£ to some temperature, tou^.

tout is not measured in the experiment. Here, it is assumed that

tout equal to the temperature of the entering gases at the calorimeter
boundary. This means that if a gas enters and leaves the calorimeter,
it carries no heat from the calorimeter. In this case, ^temp. Table 5)

is zero for an effluent gas which enters the calorimeter, but is not zero
for the reactants, and for the products which are removed from the
calorimeter.

In these experiments all of the products remained in the calorimeter.
Using the oxygen-hydrogen reaction as an example, q+__n can be derived
as follows:

Oxygen:

nreacted

°2
- nuirber of moles of oxygen entering calorimeter

nunber of moles of oxygen leaving calorimeter = 0

Cp(02 ) - heat capacity of oxygen

tr - room temperature

^ref ” ^av. (See Table k)

^absorbed x Cp^°2^ x ^ref ~reacted

(because n
ex1^ = zero

)

Hydrogen:

- number of moles of effluent hydrogen

number of moles of hydrogel entering reaction vessel

heat capacity of hydrogen

H
2

lrel.
“ ainount of heat released by hydrogen upon leaving tlie

calorimeter
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Absorbed = nH2
" x x (tref ' ^ent

= x Cp(H2 ) x t tref - tout )

. ent reacted= In - n
h2 h2

)
x CpU^J x (tref "^out^

q
H2 - q

H
2 =

absorbed rel.

h
2

^temp.

r^5tct»cd r* t tt % /x i \nH2
x C

p
(H2 ) x (t

ref‘ V
The nuirber of moles of hydrogen reacted is calculated from the

quantity of oxygen reacted, which is measured.
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