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INTRODUCTION

The action of oxygen on the alkall metals leads to the
formation of three series of compounds: the ncrmal‘or mon=
oxldes M50, the peroxides My0g, and the,superoxides ﬁog. it
has not been possible to prepare each of these 6xidas for
all of the alkali metals in any form pure enough for analy-
sis and study, but some of these compounds have been known
for nearly fifﬁy yoars. In splte of this, most of the thermo=-
dynamlc propertles of the alkall metal oxides have not been
determined. It 1s the 6bjsct}of this thesls to pregsent the
results of a research project on which the superoxides of
sodlum and potassium and sodium peroxide were studied.

| The direct actlon of oxygen at ordinary praessures on
lithium produces the monoxide, Lig0, and a trace of the per-
oxlde, while sodium 1s oxidized éirecﬁly to the paroxidse,
Nag0g, and potassium, rubidium, and cesium are oxidlzed to
the superoxides KOy, RbOy, and Cslpe It 1s only by speclal
methods that oné may form the other oxlides. The monoxides
may be produced by the action of a given alkall metal on the
corresponding nitrate according to the equation

5 M+ MNO3 & 3 MO + % Np

or by oxldation of the metal in'the’prasence of a 1limited
amount of oxygen. The peroxides are, of course, derivatives

of hydrogen peroxide, but thus far only Ligcz and Nag0y are



known dafihitaly to exist. Lithium suparoxida has nﬁver '
been prepared although expérimenta have indicated that thia
superoxide may be stable in liquid ammonia solutions at 1ow"”
temperatures (49). sodium supernxide &as bean produeed 1n
high yield4by methcds devalcpad at the University af Kansas
by Schechﬁar, Stephanou, Thompson, Seyb, Arwersingar, 3isler,
and Kleinberg (l, 54, 35) which 1nvolva aither the oxidabion;A
of sodium metal while 1t 13 dissolved in liquid ammonia or
tha further oxiﬁation of sodium peroxida under a high prea—

sure of oxygen at elevated temperatnras.

' The Previous Work on Thermodynamig

Properties of Alkall Metal Oxides

Since many 6f the alkali métal diides.wére,knawg.fifty
 years ago, there have beantsavaral‘investigations of;tﬁe
thermochemistry of these‘qompounda. Y?rbbably the magtlngtaw
ble of the investigayors was the French thermochemist; de
Forcrand, (14, 15, 16, 17, 18, 19) who determined or esti~.
mated heats of formation for Lig0, LigOg, NagOy, KOg, RbgOp,
RbOy, and CsOp using heats of solution in water or sulfuridf'
acid, Another French worker who contributed to the knowledge
of the alkall metal oxides was Rengade (43, 44) who studied
Nap0, K0, RbgO, Csg0 and determined their heats of formation
by heats of solution in water. This work was all done in the

period 1898 - 1914, and it now seems that in some cases the



compounds used were of uncertain composition. This makes it
desirable to have new valuss for the heats of solution gither
to verify or to correct the preséﬁtly available data on heats
of formaﬁion sihca they may be used to compute equilibrium
constants for the decomposition reaétinné and the electron
éffinity of oxygen when combined with other experimental and
estimated data. Dissociation pressurs étudies have been car-
ried out on KOy by Kraus and Whyte (36), Blumenthal (6), Kaz-
arnovskii and Ralkhshtein (32), and Todd (51). Blumanfha1 
(5) has also studied the dlssociation pressure of NagOp. No
experim@nﬁs of this type have been performed with NaOg.

Th; heats of solution as determined by these early twen=
tleth century workers were accepted eSsenﬁiaily without much
question for many years, but, in 1946, Kaule and Roth (29)
undertook a thorough investigation of the thermochemistry of
sodlum and re~determined the heats of solution of Na, NaOH,
Nap0, and NagOs in water. Thelr data differ from the old
values by 2 - 5%. This deviation and the synthesis ét the
Unlversity of Kansas of the previously unknown NaOg have led
to the work described in this thesis.

The Present Work on Thermodynamic

Propertles of Alkali Metal Oxides

A serles of experiments has been carrisd out to deter-

mine:

(1) the heat of solution of NagOs in water. It was assumed



that the reactlon taking placa was

Nazog(s)-+ HoO 02 2 NaOH(acl‘n)-f %'GQ(g)

(2) the heat of aolution of Nagog 1n 0.0899 N, sulfuric aeid.
Tha reaction was assumed to be - |

Nagog(s)-+ 2 HBSO4(sol'n) 2 NaHSO4(sol'n}-+ HQOg(sol’n)

(3) the heat of.solution of Naﬂglin”water? The'raaction aag
 sumed was | | L

2 NaOg(s) + Hp0 ¥2% 2 waou(sol'n) + 3/2 0glg) |

(4) the heat of solution of Nalp in 0,0899 N, sulfuric ascid,
The reaction assumed was | |
2 NaOg(s) + 2 32804(aol’n) 2 NaHSO4(aol‘n) + Eéog(aol'n)
' | + 02(3)

(5) tha'haaﬁ of solution af KO2 in:watar. The reaction'waé
agsuned to be | ' | S

2 KOQ(S) + Hzo Mnoe 2 KOH’(;ml.!n) + 3/2 02(8)‘

(6) the heat of‘solutlon of KOy in 0.1677 Ne aulfuria‘aci&;
The reaction was assumed to be '
2 Knb(s) + 2 Héso4(aol'n) =2 KHSO4(sol'n)-+ HQOz(sal'n)
+ 05 (g)

(7) the heat of solution of KCl in water. The readtion‘was‘
' - KCl{s) + Héo KGl(aol'n)
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(8) the heat of solution of Mg in 0,1084 N, ECl, The reacr
 tion was

Mg(s) + 2 HCl(sol'n) = MgCly(sol'n) + Hp(g)

The data have been obtained with a Dewar flask calorimeter
to a precision of about 0.5%, _

The heats of solution have been used to calculate the
heats of formation of the beraxidés and auperoxidas involved
by combination of the experimental data with data from the
National Bureau of Standards Table "Selscted Values of Chem=
ioal Thermodynamlc Properties"s The heatsvof formation of
the superoxides have in turn been used %o calculats the elec~
tron affinity of oxygen through a Born-Haber thermochemical
cycle. The heats of the KCl and ﬁg reactlions wers measured
for the purpose of callbrating the calorimeterv.

A series of rough determinatlions was also undertaken to-
find values for the speeific heats and melting points of so=
dium peroxide, sodium superoxide, and potassium superoxide.

The. combination of the rasalts of these experiments and
the presently available thermochemical data allow some pre=-
dictlons to be made regarding the dlssoclation pressures of
these compounds, thelr entropies of formation, and the'vari-
ous interconversion reactions. These toplcs are discussed

in the flnal section of the superoxide pﬁrtion of this thesis.



HEATS OF SOLUTION AND HEATS OF FORMATION

The heats of solution of sodium peroxida, sodium super=
oxlde; and potassium suparcxida in watar ‘ware determined in
a conventional calorimeter at 25%1° Gy The calorimeter con=
sisted of a Dewar flask of two literé capacity fitted with a
tight~fitting rubber stopper through whioh a. stirring rod,
gas escape tubey and a breaking.machanism were passed. The
entire assembly was submerged.in a constant. temperatura water
bath at about 25° Cs A ten~gallon erock served as the water
bath and a 200 watt light bulb as the heat source which was -
turned on and off when necessary by a relay circuit 1n which
the control device was a "Metastatic' meroury thenmoregulaw
tor. The bath temperature was found to ramainfconstanﬁ to
+0.,02° C, as the column of mercury in the regulahor‘moved -
from the high to the low ppsition with varlation in the tem-
perature of.the water bath, The oclrcult is illustratedrin |
Flgure 1.

Description of & Typical Calorimeter Run

‘In a normal run, the Dewar flask was filled with 950
grams of water or acid solution at 240 Co Por the peroxides
and suparoxides reacting with water, it vas neoassary to add
approximately two grams of Mnﬂz to catalyze the deeomposi~
tion of the intermediate peroxide to hydroxide. Tha sample.
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was placed in the breaking'dgvice a#ﬂ when;@hg’qork vas fig=
ted into the Dewar flask'and’éealed'with Lubriseal gréase;}‘
the entire flask wes plaaed in ﬁha water bath as shown in ;
Figure 2,3 The stirrer motor was eennacted to tha stirrer
and eausad a constant stirring of tha water in thaAEaéh aﬁ
3?5* 25 rpm,;

The temperatura of the liquid in tha Dewar flask was
brought ho approximaﬁely 249 O at ‘the . start of aach runs.
After the flask was 1n plaae, tha water 1eve1 1n.tha crock
wgg>ra;sad‘to gt,lagst’3 1n9h abqve‘thg top of the flask.
The resistance of the resigﬁanee‘thanmomgtap was‘read‘ati‘
ﬁhrée to ten minute ;ntarvais to determine the rate of tom~
peratura;d#ift and thus, the rate of hagt:éxchaﬁgg bétﬁaénﬂ
thqﬁwater‘bath and thafﬁewar}flagk. Vhen a_éonstant :atanof
exchange, or drift, was obtalined, heat was ﬁhﬁn added %o tha
1iqu1d in the Dewar flask by means. of a current through theu
manganin.heater coll enclosad in the same . silver case as.
the resistance thermometer. Currents of the order pf 0.15
amperes ﬁhrough the 77.72 dhﬁ reSistanee were obtained from
four storage batterles connecfad 1n‘a«serias~yarallel‘ar~
rangement éﬁch'ﬁhaﬁbfhé draln on eédh‘bétteryJWas approx=
imately 0.075 amperes. The accurate measuramént of'¢urrentv
wgs made across & one bhm‘standard resistance ﬁith a8 K-2
type Leeds and Northrup potenhiometer; This current véiue;
together with the resistance of the heater coil which was

measured when it was originally aséembled, and re-measured
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vat ffequant intérvala, allowadyfha'ealcuiation of the energyk
pub 1nto the ayatem as heat. The résistanae thermométsr‘was
used to follow the temparatura changea ﬁhroughout this ‘heat-
1ng period of ten to twenty minutes an& reaéings werse taken j;
until the drift or rata of heat exahange again beﬁame con~.‘::
stant. Tha tims of each hﬁating waa measured to tha nearest, 

0.1 sacond with an electria Tima-xt manufactured by the Pre-ff
cision scientifie £ompany s The Time«lt was turnad on and -
off at the same instant the haating surrent was started or
stOpped sinca the two circuits were on different blades of
the - same knife switch., The he&ter and thermmmster cireuits
are given in Figura Se

‘ As soon a8 the drlft wa.s onaa mere constant, the buIb .

containing the sample to be atudied was brokan by depresaing
the gl&as,rod of Figure 2 and erushing tha‘bulb_agaiﬂst the
'coépér‘ringa Readings of the resistancefﬁhermametéf were
again made at intervals of ona ta five minntas to follaw the -
aolution of the sample and were continued until a constaat , 
arift was found. This, of course, providad all of ths inror-
‘mation actua lly required to determine a heat of soluticu, i
but;_to,assure & proper aatermination; é saeond'elactricél ;
calibration was made. The results of such a2 run, inﬁerprétad
graphically, were used along,with the known wsight éf»saﬁple
dissolved to célculatehthe héat of aulufion'of ﬁhe sample“in‘
calories per ?réms In scma of tha runs perfcrmed aftar the
characteristics of the calorimater had been well establiahed,
two runs were made with just one c&libratinn between tha‘two

serving for both runs,
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DeSQriptichggggpecial>Apparatus 

Several parta of the calorimeter were necassarily bullt
or choaen tc flt the installaticn. These’ are deseribed in
tha followlng saction as to apecificatlons and methods of as=
sembly, as wall as with some suggastiona for' impravements;

Water Bath

_ A tan-gallon earthen crbck was used as a water bath and
was mllea with water o & inch from the top, Thls would
cover the Dewar flask and rubber stopper ‘with about % inch
of water.‘ The regulatar circult has been shown and a 200
watt 11ght bulb was found to furnish a good source of heat
for the bath whlch was in a conatank temparature room regu~
lated at 230 G. The meroury regulator 1n the bath was ad=
justed for 25° C. as nearly as pessible, but it was found
that over a period of time the regulator would show a defi~
nite drift such that the bath ﬁemparature once rose as high

as 26;7° C. This change was slow and did not have any of<
fect in the course of a normal run whiah required frum two

tn four hours.

Hoatexr coil‘and Resistance Thermometer _

| The heéﬁér”and\resiatance theémdmetér were both'Wbund 
non~inductively on a core of five mil pure sllver over a . |
base of tissue papar lacquered with glyptal manufactured by
General Eleotric¢ The heater coil was wound from No. 40

double silk oovared manganin wire and had a reslstance of
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77.72 ohms, and the thermometer coil was of No, 40 black
enaméled copper'wiré of about 84.4yoﬁms resistance at 25°“C¢
~The heatar and ‘thermome ter colls wara separated. ‘about, % inch
‘on the three ineh core and were covered with a glyptal 1ac* .
fquered tissue paper layer when completaly wnund.= The. loads
:to thé heater coll were of No. 24 copper wire about 12 inches
long, while bhe thermometar~had 1eada:ef Nos 24 single silk:
covered manganin wire ab0u$ 48 1nches long,

Gonsiderable ﬂifficulty was met In getting a heater as-
‘sembly that did not leak. Any lsakage would allow some - alecn
trolysis of water to occur in the heater between the positive
and negative sides of the resiatance, and thls would make the
calculated Izﬂuheat wrong. The final heater was made with
the inner cylinder flared outward about 1/15 inch on. ths ends
s0 that after the wires were wound on the core, the outar -
shell fitted tightly.‘ A soft-soldered joint around the pe~
riphery was necessary on each end. A sllver tube was used to
carry’ the leads from tha coll to a glass hube that passed
’through tha rubbar stopper of the Dewar flask.

Apparatus for Measursement of Current

»The'curfentbpéssing thfough the,héater was measured by
datenmining‘thevvoltage drop across a one ohm standard re-
sistéhca in series with the heater. This resistance, Leeds
and Northrup, Catalog No. 4210, Serial No. 661748, was oale

ibrated at the Natlonal Bureau of Standards and was found to
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have a resistance of 0,999990 absolute ohms, Since the~Leéds
and Northrup type K=2 potenticméter,‘SQrial No, 749003, could
be read only to 0,00001 abspluté'volt, the standard resists
ance was for all practical purposés equal to one ohmj tﬁus,
the current‘thrcugh‘thé resistance was assumed to be}numerr
10allyAequaluta the voltage drbp‘acfoss its The standard re=
‘sistance was lmmersed in transformer oll and the tampefatura‘
of the oil was observed dgr;ng the course of several heatr 
ings with'an'accurateymaggﬁgy @hermameter, but no heating was
noted, That the heater coil 1tself did not change resistance
in the course of & heating period was shown by measuring the
current and the voltage anﬂ‘ealculating the heater resistance L
at various times during & run. o e
The K-2 potentiometer was chacked with an Eppley Low |
Temperature Coefficlent Standard Cell, Serial No. 425966,
that had been calibrated at the Bureau of Standards and’faund
 to have a potential of 1.01920 absolute volts. The galva-
nometer that was used for balancing was 8 Leeds and Northrup,
Catalog No., 24208, Serial No. 720212, with & sensltivity of
15 microvolts per millimeter and a perlod of 2.9 seeoﬁde.

Apparatus for Measurement gg‘ﬂesistahce‘

All reslstances ware‘measured with a Mueller thermom-
eter bridge, Leeds and Northrup, Catalog No. 8069, Serial No.
740547, to the nearest 0.0001 ohm. This bridge had been cal-
1brated at the Bureau of Standards. The galvanometer used

with the bridge was Leeds and Northrup, Catalog No. 2284-d,
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Serial No« 728926, which had a sensitlvity of 0.1 microvolt
per millimeter at one meﬁer,~andia\period of 5.1 seconds.

To increase the sensitivity of the system; aftelescopa‘and”
mirror airangement was used to~increase the length of the .
path of light from the galvanomeﬁar mirror to the scaleg

This corresponded very nearly to théﬁadﬁiﬁion of ancthei"Sigé
nificant figurs to the measured resistance‘

Calibration of the Calorimeter

The calorimeter was calibréted'byl(l) checking}tha“known
heats of certain chamical‘reastians, (2) calculating the to-
tal heat capaclty of the calorimetar by considering its come
.ponent parts; and {8) passing a known glectric . currenﬁ :
through the heatsr resistance for a measured length of tims
and measuring the temperature change reéulting» .

Two chemlcal reactlions were used for calibration of the -
Vcalorimeter.

My(s) +2HCL(0.1 N.) = MgClp (in 0.1 N. HC1) + Hp(g)
KCl(s) + 200 Hp0 = KC1(in 200 Hp0)

The Mg rsactidn'1§ very simiiar to tﬁa}aﬁpsroxide solution
reactions The héat of solution of Mgrin 1.0 ﬁQ HC1 has ﬁaan
determined by Shomate and Hufrman (23)‘ to be =111,322% 41
calories per mols at 250 Ce The results of two funs 6f:s§m~
ples of Merck Mg ribbon, which was cléane& in HCl;'ﬁashé&,
and dried before using, 1ndicated a heat of snlution of |
=-111,650 calories per mole in O.1 N. HCl at 22.69 C.v This

givas -111 400 calories per mole when correoted to eorrespond
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to the baaction studied by shomate and Huffuan,

Two rms wore alao mada wiﬁh samples of Eakﬁr's Analyzad
Kﬂiy The solution of XC1 1n water 1a an andpthermic process
and no gasvia evolved contrary to the case‘for thafaupera,‘
oxlde saiution’ﬁeaction.. The KCL was dried at 120° Cy  Bn&
had a heat of solution of 4 016 calaries par mola at 24 go G."
in approximately 200 moles of watar,‘ By using valqes~$cr
kheatsiof'formation:fromvthe'ﬁatiohai Bureau of 3ﬁandards_,
Tables of Thérmbdyndmic Pfopérﬁ1ss, one finds that the heat
of solution should bexéwzoiréaléries‘pef mole at 25° C. in
200 moles of‘water,‘ Kaganovich and ﬁishﬁhenko (24) give
4,194+ 3 calories per mole as the heat of solution in 200
moles of water at 259 C. The deviabtions are of the ordar:of_
four per cent, are not explainable on ﬁhe basls of moiatura
or impurities in the samPlé} and as yot remain unékplained}'

The total heat capacity of the calortmeter as used in a
normal run has baen calculated by oonsidering tha components

of the system. Thaaa parts and thelr heat capacities were'

950 grams of Hp0 at 250 G = 948,10 calories/degre
2 grams of MnOg at 25° Ca = - 0.31 calories/hagfee
21 grems of silver at 25° Ce = 1,13 calorles/degroe
5 grems of copper at 25° Co =

| B

0445 caldrlés/dagreé

5 grams of glyptal at 259 C. 1,00 calories/degrée'

240 grams of glass at 250 C. = "45,50 calorles/degree

v

Total heatycapaoity_  996,49 calories/&égreé
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Thé resistance ﬁhermometef waé[calibratad~against a.
standard mercury thermometer which had been checked atfthéy
Natibnal'Bureau af~standardse The sensitlvity of the resist~{
ance thermometer was found to be. 045229 ohms per degree by
considering the plct of daﬁa in Figure 4¢ The~valua of the
sensitivity as calculated from tha temperatura coafficienﬁ
of resistance of coppar,10¢9038ﬁ,3and tha»resiatanca ofAtba—‘

réalstance»thermomster at 250 0;5{84§é‘ohms,swas found to be

O. 5249 ohms per degrea f”Tha'agreement betwaan the~axpéf1*

mental and calcul&ted values of the &aﬁﬂﬁﬁivity 1s within.
the limits of aecuracy of the calibration of the reslstance
thermometer. On the basis of the axParimantalvvalue,fgrvﬁhe:
sensitiﬁity and the calculated véiue‘for‘the‘heat capaéity'
of the caloriﬁater and 1ts contenﬁshyone finds that the amount
of heat necsessary to increase the resistance of tha’resiatf.
ance thermometer 0,0001 ohmsbia 0.3086 calories. ,?he maah of
several experimental determinationé’of this quantity was
0,307+ 0.002 calories. |

- The heat capaclty of the calorimelter proper excluding
the working liquids and samples has‘baen computed by conéidf
ering the values determined experimentally,forlthé heatihg
coefficient of tha}calorimeter in calories per 0,0001 ohm
and the heat capacities of the individual liquids and solids
preaanb¢ For exampia, the average value of this coefficient
for twelve runs with the calorimeter containing‘sso grams of

water, catalyst, and sample was 0,307. If one uses 0.998
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calories per ﬁagree per gram as ths specific haat of water,
O 152 ealories per degrae per gram as th@ speciflc heat of
MnOg, and O 25 ealories per degroe per gram as the apaeifia;
heat of tha_sample, he finds thatwt@a heat capaoity of the
calorimater is 4$§S'ca16riés pér d§éraef=%8im11ar calcula=
tions have baen cérriedteut‘on»ﬁﬁeﬂbaaia 6f data takenionf.
the calorimeter when filled with 0,1084 N. HOL, 0.1677 N.
Hésoé,’an& Cclé.: The values coﬁpuﬂsd forithe hea% uapaeity 
of the calorimeter were 59'6, 40aﬁ, and 45 4 calories per
degree respactively. The average ofythe»experimantal valuea
for the hegt‘capacity 13142fl aalufias\par degres as abmpared‘f
with the 6élculataﬁ value of éﬁfl»aélorias per degree.

The calorimeter was also stﬁdied.with regard to 1ts 
characteristihs in exchanglng energy with the water in the
surrounding constant temperature water bath. The rate of
change of the temperature of the liquld in the Dewar flask
with time may be expressed by the equation |

& = x(Tg ~ T+ W

dt
where k 1s the leakage modulus of the system, Tp 1is thé\tem-i
perature of the water bath, T is the ﬁemperature of the liq?
uld in the Dewar flask, and w is a constant hérm-addea to
take into mccount the heat of}atirring‘ over the range of
temperatures used in these‘ekpariments;the resistance of the
resistance thermometer was directly proportional tc the tem~

perature. The analytical expresslon descrlbing the relation
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betweeh‘Rgithé'résistance/of»théfréaistaﬁeetharmométe#,/and
T@_thavtempébatura of‘tha,surraﬁndiﬁg medium in degrees Cen=
tigrade;awés;fdund%toybé.ﬂ
T =R~ 76 56
- 0.3229
Thus,

ar . (g_i_) (gﬁ) =y (BB= 76,36 R = 76,36 g
at \ar/\at/ T\ o,3220 . 0.3229 /

gk g-! :  ;& {.;?(;;
55   E‘RB,fQSth WL"

wher67w*‘: 6;3229~w and Rp 1s the resistance of the resistance
thenmomater at tha temperature of the water bath. By“ébnéidw"
ering the data obtained from aeveral runs in the calcrimetar
containing watar, computing the values for 3¥; and plotting EE
the average ﬁrift over a O,1 ohm range of R: versus.AR, tha

difference betweeanB and R when'RB is 84,96 ohms, one finds

ks 5,25 x 1074 ; per minute

2.54 x 10”4 chms per minute

from Figure Be Converting to témperature walts, the drift

equation becomes

Q.'.I'. : (B+25 x 10*4) (TB - T) + 7*\7 % 10"'4 degreas

as minube

These values, 1nterpreted on the basis of the heat capaoity |
data obtained axparimentally, 1nd1cate a leakage from the :
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wéﬁé; vath into the Dewar flaskvbf O.szﬁaalnries per minute
if the water 1n the Dewar flask 15 one degrea cooler than
the aurrounding bath. The haat of stirring wes fcund to be
0,78 calories per minute‘;@

Preparation of Samples

 The (superoxides and.peroxidas uaed in these experiments
were stored in a dry box or dasiccator kept moisture free ,‘
rwith I’205 or. Mg(6104)2 The ’bcttlas containing the ’cested ma-
'terials were cpenad only for short periods in this dry atmos-
'phere to remove samplea for runs. Tha N&gﬁg used was . finely
divide& and showed rapid deeampositian even with careful
handliqg?' Tha superoxiéea‘were supp1iad in,small‘lumps;and
did hcﬁ éhow such’rapid-raaction with the atmospheric,water,k

The lumps af,Naogfaﬁd KOo wéra pulvarized;in aﬁ agaté:
:mortgy,,andVtha»powéare& sample was poured into a thin bulb
i t;lowh"from,aigm millimeter pyrex,tubing. The sample .bgiﬁ :
'had a constriction in the neck which served to hold a glass
‘bead that was dropped in the neck after the bulb was filled.
Séverél small pleces of Apiezon‘wéx were m@lted°évérvthe 
vead with a nichrome heating coil connected to a 1 1/2 volt
‘dry cell, sealing the saﬁple in a dry atmosphare; This pro- )
cedure is similar to one described by Robinscn and Westrum
(45) for preparing samples for calorimetrie studies of var—

fous oompounds of thﬁ transuranium elaments.
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'~ Method of Calculation gg;ﬁem_:s of Solution

Tha data obtainsd in tha course of a nurmal run wiﬁh a
known weight of a given compeund inaluded 8 sarie& of reslstnu
anea maasurements made before, during, and after two pariads
of electrical heating fer maasured times, and also a seriaa
cf resistance maaauremenﬁa maﬁe at kncwn ﬁimas bafore, dur~ |
ing, and after the given sampla had baan dissolvedn Tha re~ .
sistanca measuremanta wera plottaﬂ as ordinates versus time
as abscisaae and yielded graphs simllar to thnse illustratad -
1n Figure 6 for each run. The total resistauce change from .
each heating cr solutian of sampls was datarmimad from thase
graphs by'methods described by %eiasbarger (54), “ ’

The enargy actually added to the oalurimater during an}
electric hﬂating perioﬁ could ba determined\fram tha relation,

ealorias ® 12 x R x 5
4 1840

where I 1s the avéﬁaga'éurrehf\in abaoluhe amperes passing *

through thew?asfa%ancajof’ﬁ éthJaﬁdvt is tha7t1me‘in‘saconds
for which the current floweds The energy Wbich vas added to
the calorimeter by the solution of a given sample was: caleu~

lated by means of the ratio

' calories from sample - ’balorieé‘from‘élaoafﬁéatiﬁg»
res. change from sample,’ res.;changa from slec, heating

The number of oalories of heat liberated or absorbed per gram

‘ of aampla was oomputed from this ratio. Such a~ratio mehhod 
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1mplia$ thaﬁ the change of- rasistanca of the- resistance tharn‘
mometer is a 1inear function of the amount of heat added o
tha calorlmeter. The plot of’ data in Tigure 7. shows that
this is really the case, -

In urder to calculate the heat of solutiun of the com=
pound per mole, 1t was necassary ta make corrections far any
1mpurities present.  Some nf»tha sauiples of sodium super-
oxide usod wera 04,53 NaOg and, prasumably, 5&5% kagag (46).4
On this basis, for a sample mfﬂweight W,

calories : calories
( ‘gram,‘)sammla“= 0‘945[W\( )Naog
) "::: 2, daloriéa
. 0,055 w ( ~gram ) Faglg
whence
o ' fenlories) " -0 055 calories)
(calorias) - - - gram sample * ( gram - / NagOg -
gram /NalOy = g

I 0.945,"

and , , » baloriéé -

| aEy : -54.997 t‘?ﬁiﬁ?‘)naog
For one sample af,sodium'paroxide}oi 96% purity, it was as~
sumed that the other four per cent was‘aodium monoxide. The

heat of solution of sodium peroxide was given\by

=77 4 994 (calories

‘ . ' calorie
Aﬂs<Na2°2> ® —0.960 |~ grem )sampla *’0'04(

)

gram / NagO
The potassium superoxide used for most of the runs was 97.6%
superoxide. The other 2.4% was assumed to be elther KOH,
KC1, K0, or KQCOS and values for the heat of solution were
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calculated on‘each of these bases.

It was necessary to add to‘thavhaats of solution as de=
termined'abové a correction for vaporization of water that
occurrédtduring'thé solﬁtion»ahd evp1ut10n'af oxygan.‘git: v
was assumed that the escaping gaslwag\campletely=saturaté&‘
with Watef'vépbr. 8ince at tha‘tempefature of the reactinh;"
250 C., the vapor pressure of water is 23,8 mm. of Hg and thav
total pressura was between 730 and 750 mSi e of Hg, the numbar
of moles of water vaporizaﬁ.perﬁmale‘sf oxygan liberated-wasv
approximately 0,032, (It.wnuld requiré 336 calories of heat
to vaporize this smount of water. Thus, the corracﬁicn to
be added to the measured heat of solution of sodium or potas-
sium superoxide in water 1is 252 éaloéies per mols, for SOdiﬁm
peroxids the correction is 168 caloriaes per mole, and for the
solution of Mg in HCl the corresponding flgure is 336 calo-

ries per moles

Results of Memsurements of Heats of Solution

In the coursé of this research mofa than 65 samples were
prepared'and‘runlin the ealorxmeﬁei. Tha first 31 were done
before any really consistent results were obtalned, and the
rest were done to get’tﬁe better values presented in thls
thesis. Some 0ffthe r@na were not satisfactory because of
leaks in the heater»resisﬁahce thermometer or diffliculties
in breaking the sample bulb. | |

The best values for the heats‘of solubtion of the dcm-
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pounds and elements studied are presented in Tables 1, 2, 3,

4, 5, 6, 7, and 8.

Galculatlcn,gg'ﬁeata‘gg‘Farmatian!

The heats of formation ofvthe_anmpéﬁnda studied'ha§e~
been dalculatéd.using the analyéeéjof the 3&&@163 and heats
of férmatién;cf other cumpounds:as’presehﬁea in theAﬁational -
Bureau of Standards Table of Thérmoayn&mic Proyarties.  A

summary of-the'valuas used 1s praséntadyin Table D

The Heat of Formatlon of Nas0p

Two’dlffarent samples of sodium peroxide were studled
in this research. The first was used in Run 41 and conslst-
ed of 96%~ﬂageg and 4% NagO. On this basis, the heat of |
solution in water of 466,00 c&lbriésvper gram,'when correct=
ed to onnéidar only the NagOs present, was 447-67 ca1or16s
per gram. The second sample was furnishad by The Mine Safety
Appliance Company and was Qg.zﬁ Nagﬂg. The first runs made
with this sample gave ‘values of the heat of solution averag=
ing 440 calories perﬂgram, which were in agreement %1th ﬁhe
results of Kaule and Roth (29); but after the sample botfle
was opened savefﬁi times in the dry box, the heat of the
sélution decreased ﬁnt§l}a:run‘an*thia sample made seven
months after its raceiﬁt gave only 251.20 ¢alorles per gram.
Uslng the values for the heat of sblution‘obtainea in the
first runs on the 99.2% ﬂaQOQ, and,asauming’that,the other
0.8% of the sampie was NagO, thé heat of formation of Nay0p
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 5-2~50
7=-10-50

7-11-50

7-17-50

12-1-50

Run
- Bumber

41

54
55

83

Hsat

1§91gh§
Sample

f i9*56375
i ﬂ°;;97é5
,§;§5150: “
10;é1755

| 0.61825

Tabls 1

AR
~ Sampla

611

726

875

493

AR
gram

el

1450.4
1385.3
filéisfé

- 797.2

of Solutlon of NagOg in Water

calorie
AR

ous0585
:‘Qfééééﬁj.
“osommg
'ié.saéﬁz

. 0.31510

2§)ﬁngk

calorlies
- gram,

465,00
‘44§;§5 '
.00
4éa;éé' ”

251,20

o,

Temps

a
o¢.

25,5

23.8
24‘!‘ 2

26.5

62



Date

12-4-50

12-5-50

Run

ﬁumber'

oL

QO

- Table 2

Heat of Solution of NagOp in HpSO4

Welght AR AR /calorles) .
Sample Sample - gram - )

© 0.83300 1360  1637.65 0.3181

© 1.33205 1761 1321.58  0.3181

avgn; o

(calofies), V
Eram Jops,

‘ 519,‘,535

420,39

Temp.
R

25.4

,> : .25'1 .

02



Date
5-29-50
;> 3=31=50

' 4~5950

4-8~50 '

| 4-12-50

11-29~50
11=50-50

12-2~50

Run -
Numbsr

=

55', »[
57
39

3

85

e

Table 3

Heat of Solution g_g a0z in Waber

- Weight -
- Sample

0.73520

1.01535
0.70845

 0.86330

9;88639'

© 0.88060
© 0.48035

 2,01060

7 Sample

458

493
807

439

1841

. 518.0

AR

gram-

575.4

566.0°

| 550.5

 556.1

y .

913.92

915465

(?éiéfiéé

0.52242

. 0.56844

 0.54026

0431510

é;svala

| 0.53807

 0.31510

0.31510

Aﬁk‘,)gvg‘a (A

éal a}:*ié s)
gram /apg. -

300,60

296,91

 504.55

1?3§1?56
-y§06;44
t 2é§;§6
-

 288.52

Temps.
O¢C.:

24,4

25.1

25,0

5.5
25;5
24;5l
25;3

24.5

g



Date

11-22-50

11-24~50
12-4~50

12~5=50

vﬁuﬁber  

Table 4

Heat of Solubion of NaOg in HoSO0s

Run Welght AR AR (M&i%)
Sample Sample oram \ . AR - Javg.

88 0.73360 880 - 1199.56 0.28382

84 0.54775 695 1265.17  0.28382

92 1.42370 1684  1175.40

‘94 0.95345 1102 1180.57

o.3181

0.3181

‘calcriaS)
gram  /gps,

340.46

359,08

375.89

375.54

Tﬁmﬁ .
Dy

v .

23.6

23.9

24.4

26.5



‘Table 5

‘Heat of Solubion 3_;_‘_ KOs in Water

Run . - Welght AR DR “céié%}ies)g
Date Humber  Sample Sample gram AR avg.

’ (qalazriés;) A Temp,
gram obse. . GG.

‘4;25;50 57 '0‘39495 485 ‘;'541;9 - 0.33375 | '1gé*8§‘ | | 24;7
180 e4  Lawms  mo s 0.9 s e

10-18-50 69 0.46425 273  588.0  0.3307 194,46 26.0



- Date

6-26-50

8~25=50

8~28-50

10-16=50

10-17-50

ﬁumber
52
68

65

Table 6

Heat of Solution of KOp in HpSOs

Welght
Sample

:0;26350
 o.cas
 ouss0
ousoons

0440080

CARS
Sample

219
552
539

502

337

AR

~ gram

,i é57;5

- B36.2

84144

815.3

63155193) e
e AR avg* N

'EQ;$6552
0.30131

0.30131

- 0.2770

02770

v:

alories

s

249,17

258,37

248,57

3253;3§°

233,06

23,7

Tempe
ogi

2346

23.2

23.4

:22*3

pa



’I}ate« o
6-1-50

6-8-50

“Run
Number

47

5%

~ Sample -~ Sample gramn

Table 7

Hoat of Solutlon of Mg in 0.1084 N, HC1

Welght AR AR : (caleries) o
avg

- AR

0.10070 1524 15,134 0.30165

0.10895 1652 - 15,163  0.30265

calarias}

= L

| 4564.9

. 4588.8

Tﬁmp .

22.4

23,2

g



Date-
Be25=50

4-12-50

- Run -
Fumber

31

34

Pable 8

Heat of Solution of KCl in Water

’E:eighﬁ AR AR caloris
Sample Samplse gram AR

©1.9911 ~3.-9é, :  ,95-;4 | ‘0"54'755“

1.50770 143 98.8 0454478

.
Javge

. (c'azsﬁéé)f
' ; iﬂhbSﬂi;

 bies

Teomps
O

24,4

25.0

og
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Hoats of Formation of Some Alkali Metal Compounds 53‘298° Ke *

Compound

Hy0(1)
H0(g)
HoOz{aq)

HpSO04 (1)

HpS04(500 Hp0)
(800 Hg0)
(1000 Hy0)
(2000 Hy0)

Li(g)
Lig@(ﬁ)

LigOg(s)

LiOH(s)
LioH (aq)
Na{g)
Nag0(s)
Hagy0p(s)
Nalg (s)
NaOH (s)
NaOH (aq)

NaHSG4(é)
NaHS04 (200 Hg0)
NﬂaﬂOs(s)
| NagC03(200 Hy0)

‘Haat of
Formation
Kilocalories

per Mole

= 884317
- B7,7979

- 45(68

'*193,§1
- -212.25

-212,54
212,69
-213.24

37,07

c=142,4
=185L7

~116.45
«121,511
25,98
- 99,4
-120,6
- Bls9
-101,99
-112.236
-269.2
-270.6
-27043
-276.17

Compound

1AK(8):

Kz0(s)

| ”Kéﬁgfa)

K03 (s)
K@a(g)

| KOH(aq)

ﬁﬂSG4(s)

KHS04(800 Hz0)

Kgcez(s)

KnC03z (1000 Hay0)

Rb(g)
Rbaﬁ(ﬁ)

RbgOg(s)

RbOg (s)

RbOH (8)

RboOH (aq)
Cs(g)

© Cago(s)

33202(3)

:CSOQ(s)

Cs0H (s)

 CsoH(aq)

Hoat of

Formation
KEllocalories

pser Mola

21.51
= 8644

“lléi .

-

67,

~101.78
~115.00

L“EVGQS

“g74s5
-275.93
~281.56

-

.

Rl

20‘51

789

«l01l.7

63«1 '
98.9 -

~115.9

-

-

e

-

18.83
7649
96,2
62,1
97.2

”11%&2

# From "Selected Values of Chemical Thermodynamic Properties",

Hatlonsl Bureau of Standards.
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has been calculated asyélzl,é}?p.ﬁ‘kiiocaloriaskper mola.

In an effort to explaln the low valus for the heat of
solution of tﬁe Kagoz sample after long standing,"gasametric
analyses and base titratlons werae performed. The results of
these indlcated that 112 cc. 6fvoxygen at standard conditions
were evolﬁed, and thaﬁ 19.5 milllequivalents of base were
formed per gram of sample dia&oiVe&; The possible molécular‘
species present are listed below along with the number of

mlllieguivalants of base per gram'fonMad on solution in wabter:

, Hilliequivalents
Molecular Speclasg | __per Gram
NaOg o R
NaOg.HgO , 13,7
Na0ge2 HgO | 11.0
NagOp | 25.6
NagOg.Hp0 20,8
Nag0Og.2 Hy0 17.5
Nas0 | 32.3
ﬂaOﬁ | _ 25.0
FaOH, HpQ ' 17.2
NaOH.2 HyO . 13.1

One gram of pure sodlum peroxide would evolve 143.6 ee; of
oxygen at standard conditions, and thus, the 112.30. of oxy=-
gen measured 1is indication of cﬁnsiderablé paroﬁide stlll “
present in the sample. To declde more definitaly on the |

compositlon of this material, one must make some assumptlons
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or hava knowled ge of tha sneeies prasant, and smuch doubt as
to the decomposition praduﬁts of these compounds sxists.:
Bacause of tnls uncerhainty, tha last vglue for the haat of |
solation of sodlum paradee in water in Table 1 and the two
valucs for the heat of solution of sadlum peroxiﬁa in O. 0899 f”
V.,sulfurlg acid,in Tabla»z‘ars;nqt uﬂeﬁul far cemputation :
of'ﬁhe‘heat~offfnrmahion,bf theﬁéuﬁ§0und-‘ |

The Heat of Formation of B0o

Samples uf Kﬂg were furﬂiéhéd fér\thislétudy b& Thé ,
Mine Safety Applianca Gemgany. One of thesa samples was re-
celved as a fina pawder, wnila the other was in lumps.
| The finely pcwﬂerad samgla was analyzad;by the Kanaaa
City Tasting Laboratory as follows:

ot

I K = B5.OT
g Na = 0184
' ;c? CRQ, !fﬂ,go, and RQOE" = 092

illiequivalants of base farmad psy
gran of K02 dissolved in watar = 14.02

By.diaaﬁlvihg'tha superoxidﬁ invwater in ﬁha prasence df ‘
in0g, mﬂasuring the volume of nxygen evolvaﬁ and converting f“f
this volume to standard oonditlons, it was foundkthat 280 cCs
of oxygen gas at standard conditionS"were evclved per gram
of powderad'sampla. If the sodium detectad abave is aasumad
%o be present asg NapOg, then the oxygen whlch is ﬂvolvad
from KOy only (EgOg has never bsen shown to exist under Lhasa
conditions) is 218 cce per gram of sgmple which must have

resulted from the solution of 0.9237 grams of KOgs Combining

¢
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this result with the number of mllllequlvalents of base re-
sulting from solutlon in water, 14,02, and assuming that the
remaining base resulted from the solution of Xp0, ona then
finds that the KpO present 1s 0.0316 grams per gram of sample.
Thus, 97.15% of the sample 1s accounted for, but, of the
14.16 milliequivaients of potassium present per gram of sam-
ple, only 13.66 milllequivalents have besen ldentified. If
the remﬁiniﬁg 2,85% of the sample werse KQGOB, a ?ary 1ikely
contaminant, back calcﬁlation.af the per cent of potassium
present in the total sample glves 55.12%, This is well with-
in the egéerimenﬁal error which résﬁlts ﬁainly frsm uncer=
tainty in the gasometric analysis for Buperoxidé OXygans.
Potassium chloride was also balleved to be a possible con-
taminant, but tests failed to show its presenca.

The KOp which was received in lumps was found to yleld
218 cc. of oxygen gas at standard conditlons, and to form
13.77 milliequivalents of base per gram of sampia on;sclution
in water ﬁith an Mnozlcatalys% present. Thls sample was also
studled spectroscopically by volatilizing 1t between carbon
glectrodes; traces of Ca}and‘ﬁa,were'obsarved to be present
here 1n about.the same amounts as In the powder. On this
basls, the KOy present is 0.9153 grams, the NagOy present is
0.0142 grams, and, if the remaining base fesults from aalﬁn
tion of K0, the K50 présent 1s 0.0254 grams. This scoounts
for 95.69% of the sample, This material gavé‘a positive
chloride test and, if the remaining 4.31% is KCl, one may
interpret the calorimetric data from Table 5 aé’follaws:



(c&luries)&vg'
gram  Jopbg,

,(caégzzles) o,

- AHE (kilocalories
| per mols)

N Hf(kilc'calories-

per mole)

KOp (powder)

193,48
173.51
12559 |

68,19

a
Kﬁg(lump}"
185¢27 
173,76
12,61

68,17,

- The data from Table 8 glve the heats of raactiqn'ﬁf KOE.‘

in various sulfuric acid solutions approximately 0‘1,normélg

Interpreting‘thase deta on the basis of the analyses gilven

in the preceding paragraphs, one finds:

(oaldries)an-
gram {)bs -

caloriGS)EV@'

- AH (kilocalories .
par mols)

- AHf (kllocalories‘
per mole)

KOy (powder) in

10.0899 N. Hy804

233,19
203.66 -
14.65 -

69.80

K0g (lump)?in
0,1677 Na. H2304

251,97
238,98 -
17.16 !

56;82_4

1r, on the other hand, chos and not KC1 wers ﬁhe main

aonstituenh of the 4.317 of the K02 sample which did not lead

to base on solutlion In water, then the heat of solution in

water would be -12.23 kllocalories per mole and the heat of
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sqluuion in 0.1677‘N. Holi04 would be «16;7g kildcalories per
mole. These values lead to heats of formatlon for KOp of
_-68.55 and'baviﬁélkilocaloriea per mole respeetivély.

The heat of solutlon in sulfuric acid is not as reliable
as the heat of solutlon in water since (1) soms of the HpOp
formed duﬁing the aaiutibn raach;cn in 32804 may be decom=
posed due,bbiléealvhsating of thé45ampla and (2)~thé heétai
of fofmatian of HgOp and KHS04 in solution are not very well
known ab ﬁha concentrations ugad in*thaaa axperimaﬁts. It
would be of ihterest to study this réaatibﬁ in a medium like
dlethyl phthalate with mcetic acld as a decomposant after
the method of Seyb (46) for specific superoxide analysis.

The heat of formation of KOy 1s believed %o be ~6842X0,3

kilocalorias per mola.

The Heat of Formatlon of NaOp

Samples or NaGa of ressonably high purity wera obtained
from Seyb (46) who prepared them by oxidation of NagOg at
elevated temperaturea‘and pressures, and from The Miﬁe Safetby
Appliance Company. Seybts material wéa analyzéd énd the psfw
centage of Naﬂé was found to be 93.5% using a newly-develpped
method of analysis specifidally for superoxide oxygene f?or
the same saﬁple, on the basis ofvg-total decompasitioh w;th
an ﬂci~F6013 decomposant, 94.5% Naog was indloated,

The sample from The Miné'&afeﬁy Appliance Company was
found to have thls analysls by the Kansas City Testlng Lab-

oratory:



43

{2

% Na = 42,89
4K = 0,00
% Gao, Hg0, and Rzes = less than 0,05

milliaquivalents of base formed S
per gram of NaOg dissolved 1n water = 18.64

The‘aamplé'was found tp;evalve.zgg ce;’bf'oxygan uhder 5§éndf
ard conditions per gram of eampié dissalved in water with" |
MnozﬁprGSeht. If only Naoz and NagO, are assumed to. be pres-
ent, as 1s the casse for both of these aamples, one may aeter»'
mine the percantage oompaaitian on tha basis of elther. a gas~‘
ometric analysis or a base titr&tian. From the gasometrlc
analysis, since pure Nalg evelvesgsﬁs CCs ef:oxygeﬁ~per_grgm
at standard conditions, and pure nagﬁg-avalvasr144 ccs of
oxygen per gram under -these same conditions, one~may calcuw
late tha’percentage of superaxida present as 9l. 92% and the
remaining 8.08% is pernxida~ Tha data frmm the base titra-
‘tion indlcato 93.83% Nady and 6.17% NagOy. The gasometric
analysis thusklndicates 43.19% Na while the base titratlon
indicates 42, 87% Na. The latter anéljsis was taken as cor=
rect for tha Naoz and the observed haats of solution were
corrected for BEP impurlty on this basis. ;

The average of five runs with the material praparaquj
Sayb 1ndicated,ﬁhatvaooyal;aﬁlorias per gram of s%ﬁple,@efe
evolved, while the samplés‘from The Mine Safety Apbliancé 
Company evolved 888.42 calories5per grame. Treatment of these
data as cutlined in the previous ‘section shows that the heat

of solution of NaOy in water 13-15‘61:0.5 kilocalories per mole.
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Then, oh the aéaumptien’that the reaction occurring on solu-
tion in water 1s , |
2 ¥aly + Hy0 3‘%02 2 NaOH +3/2 0y ,
the heat of'farmation 1s =62.4 kilocalories per mole.
 Studies were also made on Nadg by dissolving 1t in ap-
proximately 0.1 Ns HpS04 and measuring the heat of the reac-
tlon calorimetrically. The rasults’nbtéinad with samples
furnished by The Mine Safety Appliance Company did not show
the conglstency from run to run’as'was exhiblted by all of
the water solution results; the}avérage af,fbur runs tabu-
lated in Table 4 was 362,24 calorles per gram. The heat of
solution then has the value -19,6 kilocalories per mole, and
the heat of formation caloulated from this value 1s =61.2%1.,0
kilocalories per mole.
Because the reaction of the supsroxides with water 1is
: aimple and does not present the prsblem sf accountiné for
»partial d@cmmpmsition of Hs0p as 1ls the case for the Sulfuric;_
acld reaction, the data thus obtained are believed most de- -
pendable, Thus, the best value for hha heat of formation of
Na0g 1ls believed to be =B244% 0,5 kilccaiorias,pér mole. |
A summary of the heats of formation as determined for
NagOg, Naly, and KO, and an estimated value for Li0y are pre-
santed in Table 10, along with the calorimeter calibration
data. In Flgure 8, the‘heats of formation of & number of
alkall metal oxides are plotted versus the logarithm of the

atomic number of the metal.



Sub=

stance

Mg

| Kci"
Hag0
Nag0g
Ko,
KDgrv
Haez

Eaﬂg

L10g

'Table 10

Summarg of prer&manﬁallz Detarmined Heats of Reaction

. RaaetionuTypa'
Solution in

0;1084‘R; HCl

nSolution in HQO

4galutzen in HsO
- ﬁneg catalys%

‘Solution in

0.0899 N. H,S04

‘Solution in H,0
© . ¥nOg catalyst

" Solution in )
0.1677 and 0.0899
NS0y

Solution in HEO
ﬁn@ catalyst

Solution in

© 0.0899 N. HpS04

Heat of Reaction
knal/mole |

. *1;;.4f:
0w
not é?ygi§tant
- 126163
- isy.éii;g
- 15;61'.0‘5

~ 19.6+1.0

| AHf(KQE.),

" bHp(Fa0g)

| _Remarks}

Calibration Reaction

‘Calibration Resotlon
| AHp(FWag0y) = -121.5%0.5 keal/mole

' no calculation made

"

‘v

AHp(KO,) = =68:01.0 keal/mole

"o

MHp(HaOp) -

8 Hp (L10,) -53%5 keal/mole

{estimated)

L

 -68.2% 0.3 keal/mole

~62.4 % 05 keal/mole -

~61.2 +1,0 kcal/mole

op
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CRYSTAL ENERGIES AND THE ELECTRON AFFINITY OF OXYGEN

The:crystél energies of 1oni¢ compounds may be'qalcﬁ*
lated for mosf crystal atrnctures by several methbdsp,“whe@“
alksll metal superoxides shaw.aithgr a*NaC1.or'a‘C&Cg‘t&pe
of crystal structure and thelr crystal enargies‘have?heahj
computed four ways. 'ThisGarystalgeﬁergy,_i.s.,-theveaergy;
necessary tb separate'the‘gaaaous7ians from their normel lat-
tlce positions to~infinity;-haé~its greatest significance
whenfused as‘a cbnnaoting link in tﬁe varibﬂs thermochemical

cycles illustrated in Figure 9.

Calculatlon of Crystal Energies

- The ecalculation of the enérgy of an ordebiy arrangemahﬁ
‘of/éhafges was first considsered by ﬁadélnng in'lgls,'but the
| ,BornQMayar crystal moéel; along with a modification suggested
by Kazarnovskii, offers the most rractical basis for calcula~-
tions of crystal energles. (7, 20, 31, 33, 38, 40, 42, and
a7) o o

In this approach one consilders separately the potentlal
energy of a glven lattlce of charges arising from (1) elecw
trostatic long~réng§ intaradhians, (8)’ah0rﬁ~range repulsive
forces, (3) short-range attractive forcoes (van der Viaals or
London forces), (4) quadrupole=-charge interactions, (5) di-

pole-quadrupola interactions, and (6) quadrupole-quadrupole
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interactions. The combination of these ;nteractimﬁs‘appears
to represent fairly accurately the potentlal energy of most

erystal structures and is usually written

| pe2 c D E T

'where4ﬁ‘; toﬁal erystal energy per mole
A = Mmdelung constant

N = &vng&dro’synUmbpr -

o

equilibrium interionic distance
u';_~ :;a1ectr¢statio attractive~energy
0 .
B(r) = short-rangs repulsive energy
- rc = van der Waals attractive energy
0 o SRR
- wgg = quadrupole-charge attractive energy
- , , €9 ALLIactivs ,
0% ‘
- ~§§‘: dipole-quadrupole interaction energy .
oo '
P L S SR o -
- ;“iﬁ -« quadrupole~quadrupole interaction energy.
,0" ‘ i

Electrostatlc Energy

Tha higher auparoxidea of the alkali meﬁals arystallize
in a distorted N&Cl type lattice whieh is elongated in ane
direotion but NaOg has an’ undistorted cubic crystal structure.
These hilgher superoxldas hava a structure like Cacz {(21) with
the superoxide lon oriented along the elongated axis ‘and are

different from Nalp, a compcﬁnd in‘which the auperoxide ion
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apparently hes a random orientation with respect to thé*crys;
tal axaes (12);5 The calculation of the electrostatic énefg?
of~thefcrYStai lattices has baenjcaffie& o&t’wiﬁh”ﬁadéluﬁgl |
constants deherminad by the method of ﬁadalung (38) and 1ntar~~
lonic distanaes given by nauben and Tampleton (12). ”he ra-‘
sults are presented in Table 11. '

van der maals Bnargx

‘The van dsr maala' enargy nf a crystal lattiee is given

by’

o

L a et o)
- Byaw 5 T 6 [Sv, Ce- + By (—“‘?‘——)
whare G++, G__; and C,- are the eoeffieients of “"B‘in the

equation of Slater and Kirkwood (So) for interactions betwean
the respactive 1on pair types, and &v and Sv are geometrieal
factors dependent upun the crystal arrangemant. ‘ |
| The Slater-Kirkwood treatment of van,&ar Waalsiforces is
- a quantum mechanical perturbation method which assumes that
such attractive forces have hhairvbrigins‘in mutual polari~
zatlon oflmoleculaa. It 1s shown that the energy of 1nt6r?

action between two long, &, 13 glven by:

. \ L ‘ ‘
£ - —avy,eh’ ) [nfn e+ 1) ][ (“ﬁﬂl(“ﬁ'%)"] , |
* 27 6" (Z2-50 (&~ sV {(Zr-5) " n 0t Dnerd) # (&30 (e ) (rr ) §




Cdmpaund

Nal,’

KOy
RbO,

Cs0,

‘Table 11

Elsctrostatic Energles of Superoxides -

1,748

1.893

1.897

1,708

B

C 5.49
5.71

L-_G.Ol

6.29

13.67 x 10

Aeg

T
ergs/molecule .

14.67 x 10

15.00 x 10712

12.49 x 1071%

12

12

\ﬁsg

T
keal/mole

211.2
196.3
187,0

179.2

18
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and tha polarlzabilities are given by

v, a2 nf(nan® (ne+ LY

X, =
. "‘2(2—5)4'

Vz al nL (nz+ 13 (“1+ Ly
2 (z-50Y

Ly =

where n = thé effeetive»quantuﬁ.nﬁmbef of ﬁhe‘butermostv
:'electrons | |
“v & tha number of eleetrons ln the outemmost shell
- of the atom

% = the a%ﬁmio number of the atom

7> 2
1t

: the écraaning constant of the outermost electrons
a, = the radius of the first Bohr orbit in the hydrogen
atom.

Then, if one asets

‘ ’ 4
n® (na)t (n, +4)7 2 22 (2,m5)

=
e
1

Ag: Y\z(nz‘fl) (h‘L""L) = & Az (21"51)
| ‘ : Y2q3 '

('zi‘s;)z

Lw
=
3]

Dy 2 '(Z—L;St)z .

one finds that

£ | _ __' psv,vquez L Af'Az ]
e 27 Y D, D (Dz AV"” D, A't/t)
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The values of the van der Waals interaction constants to be
used in the crystal energy calculatlon were computed from the
equation

RNED N A, A,
Co = | 27 D, D,,(Da.p‘vyz*Dn A )

The A's were evaluated from the expression below involving
the polarizabilities and the scfeaning constants because the
values of n, the effective quantum number, are difficult to

derive

. 4
A» _ X (Zi“si) .
, = 3
The values of Sy and Sy' for the calculatlons on KOz, RbOg,
and CsOp were taken from Kazarnovskii (31) who summed the

Oy ::57(§§r) |

convargent series

the dlstance between a given lon and the i-th

whers Ry =
| 1qn of the opposits sign relative to ry = 1
- and ' S l_.é;(‘i(>
v — 2 Ri
where Hl = thé dlstance between a glven lon and the i-th

lon of the same sign relative to rg = 1.

The values for NaOy were taken from Born and Mayer (7).

The results of these calculations are tabulated in

Table 12.



Com=~
pound

k Na 02
. RbOg

Cs0y

ﬁe

2.745

2.855

3,005

' B.145

0.21

.88

,1-41

2.45

Table 12

van der %aals!? Enefgies of SBuperoxldes
: . o . c o
Xy % ‘ e SR
: - 5 SV
cm® en® : v v arg—cmﬁ
x 10%%  o.56 x 107%%  s.595 1.807 =288 x 10790
x 107%% 2,56 x 10724 5.107 1.262 462 x 10"
x 10724 2,56 x 107%% 5.148 1.274 632 x 10760
24 5 56 x 1074 5,242 1.314 940 x 10760

x 10

G

-
Ty
ergs

G

—=

To
keal

molscule

0.674 x 10~

0.854 x 10712
0.859 x 10712

0.972 x 10712

12

mole

12,3
12.4

14.0

9.7

PG



Quadrupols Energy

The supseroxide lon in Koz, Rboz, and 0302»1s uaually‘re#
garded as a prolate ellipsold of charge with a = 2,05 A® and
b = 1.53 Ao;' Because of this deviation from-spherical s&m»
metry, 1t does possess a posltive quédrupale moments Ko cal-
culations have been carried out on the superoxide ion, but
Kazarnovskil (31) concluded that 3 x 10~26 esu is a reason=-
able estiméte for the quadrupola~mbmant of GQ’Iby considering
the calculatadvquadrupmla moments. of 0y and Hye The inter-
action eﬁérgy of a paint charge ¥ ¢ with a quadrupole moment
Q 1s glven by j

o 'l £ st 00 (3 cos® 8 = 1)

o

[v]
2r0v

where r = the distance from bthe charge to the center of the

allipsoid of charge, and

s A
13

the angle of the vector r with the axis of the

ellipsoids

Thus, for several charges, the total energy of interaction is

ReQq - 5 cos® & = 1 NeQ, =S,
- 025( )‘ 05" 4

7 2 3 ‘ o B
| 2r0 Ri 2r0

where sq = & geomatrlcal factor characteriétie of the crystal
lattice.

The results of such calculations carried out for KOg Rbog;

and Cs0, are tabulated in Table 13, |



Table 13

——

Quadrupole Enefgiéé of Superoxides™

. ' 'Q‘Q -
Compound e S
. asu 4
kKo,  3x 10726 . 1,454
RbO, 3 x 107%6 ~1.423
cs0, 3 x 10726 ~1.312

# By the method of Kazarmovskii (31)

2745
3.005

S+145

By

- eres
molecule

0.45 x 10712

0.38 x 10712

0.32 x 10717

5.5

4ed

eg



In NaOy the superoxide ifon is apparently spherically
symmetrical; thus, it has no quadrupole moments

‘Eepulsiva Energy

Tha repﬁlsive interaction anargy‘batwaan-two ions is -

assumed to be glven by the expression

Fi1+Tp =T

P (‘:?) = 6;2'13?‘ - f

‘ﬁ_.
=
o
R
@
H
11

the dlstance between the centers of.the two ions,

the Llonlc radius of ion 1,

g
P
H

the ionic radius of ion 2,

]
o
t

b= the“rapu}siva anaffié1ént,' 

= a coefficlent showing the depsndence of repulsion

Q
P
0

1

on the signs of the lonic charges, and
£ = a constant characteristic of the crystal structure.

‘Born (7) has shown that for two ions 1 and 2

Zl Z,

Cig = l*‘g“‘*f‘
| o N Y

"

where Z, and Z, = the lonle charges of the lons, and
N, and N5 = the number of outer electrons of the ions.

Thus, for the loms Na', &%, rpt, cst,

"

Zl 1 and fﬁl =8

and for Oy ,

1]

2 = =l and N, 213 o

Consequently, for the varlous iqn’combinationa found in super=-

oxide crystals,



c1g = Oy = lﬁ+ 1/8 < 1/13 = 1,048
cll_‘g’ 6, = 1+1/8+1/8 = 1.250
L,z 6, = 1= - 1/13 = 0.846

Now, _onek finds from thermoﬁffﬁami‘cs( that in a mechanical-

ly stable cr’j*stalv at absolute z’ero; »

(“g%) = 0 “and (aU : = 1
RS i P av2 V= BV

]
where /B 1s the compressibillty of the crystal, U is the po=
ten’cial‘eﬂergﬁr of the erystal, and V-is the molecular1 volume s

Then, siné:e U #-\‘Ng){r) and V = kxrS, one finds that
21U\ . ag)(ar)
st et v ﬁ
QV) (ar oV

)

‘V =V, |

i

: 8%) ey [ L (3 ‘

i
(V’w
L
—
(5
B
N
——
[\7g &V
S
N
f |
Ulv
<i i

"
=
—
o
(43 P
©
L~
wg
K
+
o
=Y
H
/\
v
©
g
e
7 |-
o
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/o2y
\ove

whence o re ;E“Mg%) =
, d o

Vv o [O Toz ov, ov 2 ( 24))]

0

where Q>is the lattlce energy par molecule and ¥ is Avogad-
ro's number. The valuea mf/@ have not been experimentally

datermmned but were calculated from the equation

(Rh#

A = 8.6 x 10-3.4(m01ecu3.ar welﬂ;h’c
, density

taken from Bridgman (11). These calculated values are glven
in Table 14, i
The crystal energy may be represented as the sum of sev-

eral attractive and repﬁlsivé energy'ﬁerms as shown by

99"(35) = Aeg -
= - “-‘g --5 + B(r) "
| Then,
¢ S - B o
r(.--—-- = Ase 6C 3D (a
r=r r 6 o3 T/ _ .0
o Yo r r,0 ol r,
» 2(2 4’) L 2ne® | 426 _ 12D . 2/3%5\  _ %o
P/ T T T TR T st (5 B |
r=1r_ 0 o Yo ) id NB
0 = I‘Q

and one may define the expressions



Compound

Kaﬂg

-Kng’
RbO,

GSOQ

Tabiakgg

Compressibilities of Superoxides

liolecular
Welght

54.997
71,096

117.48

. 164,91

- Density

2.21

 B.07

3481

 6;2 x 1

11

/&

0%12

9.1 x 1071%

09



6l

| ‘ ' 2 .
T = -1 a__g) .z heZ , 6C_ |, 3D
0'(3‘1‘ : I‘o T 6 ros
AN » 2 =
o = roZ(____@) & 9v0+ me 4 42 12D
2 R 6 r 3
I‘o : (8]

which enable one %o determine the repulsive energy of a given

crystal arrangament. et C Cl, and C, be the ion inter~

o’ 2

action constants far mixed ion palrs, pasltive icn pairs, and
negatlive lion pairs,k respectively. Then, assuming that the

first equation in this section on repulslve energies holds,

one finds that the repulsive energy for Nai}g is glven by

rl-+ r2 -1

o 2r; - er arg - er
B(r) = 6Cybe d + 6C;be £+ 6Cybe P

assuming that like 1lon répulsions ars,; on the average,‘ half

negatlive and half positive; Rearranging the eXpression, one

finds
' L Yo =0Ty = 2p .
i+ rol 5 2 1 “-py o D, = Op
B(r)= ba 7 GCG'P-!-GC( P C1 1-2
' 2
or

‘ - D § - ' $
T 4 = ar - O = ap
B(r) = be L= 6Cye £+ 602(3 7+ 9..., e —F )
| . Cg- ;

where 8: ro = Iy and & =42,



Thus,

R o T .25y s.
B(r) = be“‘Lﬁ—g[Gcoe £ + 6C, (1 + %1 r )e

and

e

e :
C2 o

2

‘ | | L 29
( )be’l_—'[ﬁcoe _: -,. 6&02(17-..... e 76_) ]

Pividing and rearranglng,

"

"

o2y

-

“olo'-.s

-

Cy - 24 S -ar
6Cpe £ + 1202(14,@—- e F

LDH‘

| f) S-ar+r;_

°l

0

]

B eppn] cZe o8y d-en |
'mbeJﬁs—Z 6006-P+1202(11-t3=e f’, e S

o o, <25 d-ar.
6Cge ¥ 4 6&02(11-(’ e F)e P

c c
Lt 2(6%X1+U3_.~9 d

If one sets X = -3-) ﬁ-) and 2 = i-}-l?a' an
P N

tlxese values for Naoz’

‘_.3__5..- \Svéar-*r‘
o
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- =0,108

< .
"

, 1 = 0495 A°
‘a = 1,414 v, = 1.79.A°
Co = 1.048 r = 2,745 A°

Cl' = 1.250 S = k"0&84'A°

C, = 0.846 @ = 117,72 ergs/molecule

€ =z 18,71 ergs/molecule

one finds that
. - BX0%  pxp
g = Lt 1.414 x Os 8072(1+ 12776 0 *C )e =
| | 2XOQ o XP

‘1+2x08072(1+4'7*763 'I‘L a T

mhﬂ SN 's

| ]+ 11414 0 F 4 1.6066 e T = B
- AR »

B 1000 . 25
1+16144e“ + 238549”5(3“"5‘) ‘

This aquation‘may‘ba'éolved.graphicalij for X by se%ting

Y = x
and ‘ :
, « | »O.G’?SBL ~4,52%
¢y = 1+ 104146 41,6866 e S
1+ 1.6144 o 0*06782 X+ 23854 o “4:52X

and graphing the two equatlons on”the same scale. The inter=~
saction of the two eﬁrves gives‘ﬁha valﬁé of X ehéracterisﬁic
of the crystals o

A similar calculation carried out for the 0ther super=

oxides with their distorted cublc lattlces shows that
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I'{-I' -]

1t te ry+ To <fp ery = ap
B(r) 400b8 P -+ zﬁaba "‘l“"}“‘a"‘"“+ 2Clba f-%‘:—-‘"
. 8rs =ar | 2 _
‘ i = Tl Ty« dr 2r, = dr
+ 20 be TF Tt 40,be —F— 4 40,be ——

2 F

where ¥ = the ratio of the long and short sides of the
unit cell,
a =12 , and

a = 2y gB2 - 21t 92

Thus,

e r Ir Ty =Ty~ ar A
it e 4‘309 'P'I- 2Cqpe T+ 2Cqe £ “ '

' I'g-rl—&r I’lwr - dr a‘r'g..rl-dr
+20pe 40107 P 4 40peT 5 A
~ “"}3" ..!?I_: Gl ..gi)é_:..&g. —-1
= be £ “ : ‘ . |
| . ¢, - 23 S« dr
F
+ 4C, (1t e )e~P | |
s eV Gy | -

where $= Tp - ry . Then,

1 84

A

25‘ S<v
s C w.c_!_ )e
r1+r 4-C° -5 1b’coe +2a L( e

C () ~z_8— de'_,
£ +4—6(C1(H'%‘—e f E

"
l
\_/



and

3

(FIE)-

_- ¥y
1\  ntvet +C°, : +_ ,zs 3__?;\_‘.'
-Y7’<alg A S ‘) P +2a"C7_(|+S_.‘-e £ Je
O=ri{5w) =[pr/be C ¢ s-dv
Y=Yy -y P
S +44 Cz(\+<* e £j)e
i
i
z_r_\_’ _dd g-qv Ei‘s S-dw
- + | =
4Coc T+ 2¥G€ 1—1“ Ci(” +4'°\C‘(‘+ c”
) Sav ( +C| -3 T?_;—cl_v-
4Co€f+ax('oe f+za‘Cz(\+-e d e"+4'd C"‘ e f/er
%-'w-“"' | ) Syv-dr

r—¥Y

o

(2)v+ &e "—)e

| +4(cz})(+c“ef €

If one sets

[2)
|+057‘6J’+05a(c‘)(\+c‘ef e £ +d

Str—aVv

¢ - 228 S4r-dv
( ’“)(H —e )e £
Co

" - I‘ Z“ - 3 - '
m = (1 -“)( ) Cp = 1.048
& = l.4e C; = 1.250
m S o -
2, = Fil-e Gy = 0.846
the equation becomes s TS,
—x S 2 ekt
et A ( o ‘gl;,_z.-)ewx‘ ,,((53 (\+-C—'e 7 ea\’xt&
\+ 0.5 Be o101 ( @)1+ Tl cz e
X = ax & 2K¢il axd
l+of‘6€ +( )(H Y’C e T + )(+ e VT )Jo =



and, using the values

Kog  EbO 030y

r 2,855 . 3,008 | 3.145
r 1.5 '?;7lf§7 174
Py (minor) 1,53 1,55 1,55
‘“fz(@aj¢?) 2,05 ‘f*fé;05 2,05
kN 0,20 | o .06 -0.21
5, 0.72 . 0,58 0,31
3 1184 Lam 1187
ES ~1.124 -1,052  =0.973
a 1485 154 1.5%
2N ~0.347 - =0.397 ~0,484
o, “0.30 | =0.35 - 0,43

Rl 6411 6.5 620

the equatlons for X ares

2,18% . -2, -
PR ousaip o ot UK

L7 mlal2ax -
1+0.592 @  +0.5707 e
- T ~1.83X

~4,80X

+ 1.251 o +1.847 o

o =1,12 ’ -2, 98X w2,
1+0,701 o f +1.193 ¢ 4+ 0.8072 e 2el2X

+ 1,939 6“1'8&;+ 2.864 a“4‘89x



67

Al

’l+~0.585 -1 052x+—0,5707 2‘44&+ Q 8432 o J2 68X
Xepo = — + 1.243 6”2 159"” 836 6~4.55x
b0, f  1+¥O;635 641{0§2Y+ 0. 6072 2.44X*_1 195 o ? .68%
+ 1,014 e-uz.;lsgx; ’2’,,82*? ;4.&5}(
1+0.578 o O'QVSX + 0. svbv ‘85X+ 0.8432 o 219K
XG&O‘ = ‘ + 1.235 e 2'67}{-\. 1.825 & «3591}( |
- 1+ 0,669 o Of‘_‘g'mx-r 0. aova o 0 "2 853‘., 1, 193 ~2,19X

+ 1.889 o”2¢ 67X+ 2,792 o=%¢ 91X

which may be solved for X graphically as dascribed for haog.
The values for X obtained ﬁraphically are |

Xmpo, = 048789
x08az’ z '?QSQSGV'

: which lead to' ,
PN&,OZ» = 0.5100 A°
Pro, = o0.5811 A°
P Rbog = 0.5550 A°
SLeso, = o.5708 A0 .
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‘Then, stnce P (r) = A(r) +k‘B(‘r)
- T+,
and B{r) = be P Xk

where ,kl = a factor characteri»stic‘ af the crystal arrangement,

[3p oy atTe
"I‘(”'*" = T . i
| Drrzro o ® (P) be P’ ER
.2 o Tt
g(b 33) 2 1’ "o
r ‘ = 0O & [T ) , 4, Y
alﬁ (-—-——gﬁ }be S Xy .
' r=aTr, . ’

One mayvaclvé for b:
LT pep
2 ) oy

crk! | xS 0

11

hr i

For NaO, one J‘finds

. |
B(r) = £ (e, 6 +,='az>;) k_
T , RN
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S - 01 - 25 S;'s_.r ]
y - P[ae® , sc 3D (ﬁ*l)ﬁc.(lfgge Fle £
B(r) = = ""‘"""""‘“'g""‘"g 1 e e .  — ,
E ey ¢, .28 §-~ar
6Che ’+aac (11-...,.9 P)e P 1
%‘" r{ +l a)
zﬁ(Ae +sc 59)1'_ (a"‘:‘f)w (17'23"8 ")t |
| _ 28 s,
c, =22
1 4oL T F (?*ba}
6“0"'5302(**55 - P) i |
= ..J.).. (1L - k)(é‘?ﬁ+§.§+§§
whare , 5§ —( )
- +1 7 a
‘ 6(a~1\c (1+Cl F)FAT
(L - k) = 1=~

o
2 "_T“
600+ aacz(ﬁ 5o )

Hiriea)

T ey

and, for the other superoxidas',’ ‘
, ' r sY -%) 5—}-—?—‘
- -7 Y \+ e |
Aloe "+ 20 € ‘_* ‘( 5dr |
. . 4'C1(\"’ C )e d |
B(r) =/P Aet £€_+—3—E-) ) s-ar
CYACIRE TS ;tc,,e % +1acv.(\+°‘ T)e‘?’—
+4~dC1(l+%.'e re K _J
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One may thus use the valusé'bf F as determined previ-

ously to calculate k and, with this, the value of B(r), the

repulsive energy of the:

crystal lattice.

‘Tha final results

of such a calculation as well as many intermediate results

are given in Tables 15 and 16.
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Highér Energy Terms

The terms in the axpression for the crystal energy in
whidh roa and r&lc appaarad wera not ealculatad since thsy =
 are not believed to be as large as the terms 1nvolving the
quadrupole~charge 1ntaraction whioh made up only 2% of the
total crystal energy thamselvas. ,

Total ggystal Energy S

The summation of theae various energy. contributiona B
gives the total energy of the crystal 1attice and the re-,
aults of these caleulations for tha superoxidss inﬁicata '

' - Ugaog = 176.9 kilocaloriaa/mala
.,EUKOQ = 166.1 ki;ocalories/moley

Ugpop = 158.7 kilqcalcries/molev

‘choz = 150.7 kilpga}bries/mo;e"

There is, of course, ccnsidafable uncertainty in the
crystal energy of any compcuné as calcuiated from the equa-
tipns just discus$e§§ Thesé cryetal'eneggies are calguiéted“
‘on the basis of Bcrn's assumption ﬁhak erystal energles are
functions only of interatomic distances, and the consistency
| of many results calculated from such crystal energles lends .
validity to this assumption. Outstanding in this regard are
the alkali metal halldes which have been studied quite ther-
oughly. Independent exper¢mental determinations of the elec—
tron affinity of X‘and Br have yielded results which agrees
well with the values calculated from thermochemical data and
crystal energles thfﬁughfthe Born-Haber cyélé;



"Compouné

ﬁaoz

xop

Eb0,

6502

19.29 x 10

19.28 x 10°

Table 15

~ ¥Yalueg of O - for Superoxides

T

T
ergs
molecule

18.71 x 1072

 20.15 x 10712

12

-12

110.43 z 107

oy
ergs
.molecule

117.72 x 107128

123.15 x 10°1%

118.71 x 10718

12

I

6428

6.11

6.15

o



Com=~
pound
Eaﬁz
K02
Hboz

0302

117.72 x 1

- Table 16

Repulsive Enargies of Superoxides

a T
argsy : ergs X
molecule moleculs

0412
123.15 x’lO"lg
118.71 x 10712

119.43 x 10712

20.15 x 107t

18,71 x 10718

19.29 x 10712

19.28 x 1072

2

0.8886

0.8789

0.8636

0.8570

0.5100

0.5411

0.5559

0,5708

o

0.88

0.89

0.90

0.93

molacule

-1z

) .
Aa +68 1_:513
o To

18.71 x 10

20.15 x 1072

19.29 x 107+2

19.28 x 10712

 3.40 x 10

B(r)
aregs
molecule

3,06 x 1072

12

3.21 x 10712

3.26 x 10712

B(r)
koal

mole

44,0

49,0

46,2

46.9

Sl
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Since the superoxide ion is more complex than the ordi-

nary halide ion, certain apprOXimationS‘muSt be made in order

to adapt the origlnal Born*Mayer mathod ﬁm the auperoxida

problem, " These major apprsximations and an estimate of the

‘uncertainties they creata are'» 

(1)

(2)

(3)

'”he crystal of suparoxida is ‘assumed to be 1deal, 1,6,?

with no braken adges or holes in the crystal 1attice,‘
ehowing the regulart repeating Hacl or Caez type
structura. It seams feaaonable to say that this ap~
proxxmatien cannot lead to an srror of graater than one
psr cant, | : : |

The quadrupole moment of 02 has been estimated as

3 x 10 ~26 ‘esu from caleulatxons previously earried out
on Oy and Hpe -Although thls 1s only an estim&tea value
for the quadrupole moment, the small contribution of
the quadrupole enargy to the total crystal energy nakes

any error dus to this approximaﬁlon quita small,

The rspulsive energy haa,been‘computed using both the
T ' - .o

1 e S
;E and ¢ .P‘ type ropulsive potgntial§‘ The exponen-

tlal type, although leading into a very involved calcu=

lation, appears to approximate more closely the form of

the repuisiva potential, and thus, 1t has beon used in

this work. However, values for U, the crystal energy
caleuwlated by other simpleriﬁsthods,ushows only small

varlations from the value calculated by the exponentlal
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methbd.I‘Tha uncertainty 1n the repulsive energy con- -
tribution to U prcbably amaunts to about. £ive per cent
of the ‘total crystal ener@y.f | | -

Ir thesa are the only uncertaintias in the- crystal an=
ergy asrcaloalated,fthen it aeems reasonable to~suppmse that
the totai probabla arror'in‘the;erySﬁal snergles of hhava1¥~
kall metal superuxid&s as Qrasantad in the preceding gace:
tions of ths hhasia amaunts %o *'10 kilocalories par mnle.

Alﬁhough the method of Born and ﬁayer is extremely com=
plex and apparently considers most af the posaible eryatal
interacﬁions,-the rasultayétill‘may be uncertain by as much
as ten per cent because of uncertainty in the value of the
repulsive energye If one considers this inhersntvunéartain-
- %y, then 1n many cases it seems feaaonﬁble‘to use one of ﬁhe
approximate formulas derived by:Kapustinakiijin 1934 and
1949 which‘give the energy of mostferﬁﬁtal lattlces simply
and in terms of convenlent parameﬁers.

 In 1934, ‘Kapustinskll (25) showed that the Eﬁadelung :
constant of a ﬂlven crystal and the number of ions in the
crystal are approximately related by |

where A 1s the Madelung éonatant,i:aiﬁ the number of lons
in a molecule, and k 1s a constant equal %o 1,748 using HaCl

as a standard. Then, with this relatibn and aasuming'thaﬁ
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the crysbal energy is given by”f

PRI I
ANe '
v o= 2 Tafe B

where n 1s 9 for most crystals, Képustinskii showed, thgt‘ 
v = zse.a | {Em) afle |

rl+r2

1"

where Ny andiv o the;valencaé'af ions 1 and 2,

- v, and r, = the ionic radii of ions 1 and 2, and .
{Zn)

n

the number of ions in a molecule of

-the‘compound;

Also, in 1949, uéing a differant idea‘and,introducing
the concept of erystallochsmical elactrenegétiviﬁies,‘Kapus-

tinskil (28) has derived the equation
] = = - o
U (afc - ¥ ,-)

where £ = the number of bonds formed in the molecule,

‘of. = the crystallochemical electronegativity of

the c¢cation, and

"

the crystallochemlcal electronsgativity of

the anion.

The values for the ¥ 's have been computed relative to

}¥F_ = 1.0 « Values for other ions have been computed uSihg-



77

known crystal energies from Barnéwayer calculations or thoss
derived through thermmchemieal cycles. These values may'
then be used to caloulate energiss fer cempounﬂa that hava
not been . previously aﬁudied«,: , |

Both of ‘these meﬁhods, as well as tha more invulved -
Born—&ayer compuﬁat‘un, hava been applied to th@ suparahidas-
of the alﬁali mat&ls. Pigure 10 shows the variation of
erystal energy from one 3uparoxide to another as calculated
by ﬁheﬁe methods. | | | o |

The lonic radii used 1ln thase caleulations are those
listed in Table 17 and ars taken‘frqm Brewer (10). In Table
18 are listed tha & 's for various anions and catlons as
glven by Képgstinskii (28) as well as two nawly.gthuted

values‘for a{.'ﬂg’ﬂ' and A\’Qg.. » The crystal anargias _pro=-

sented in Tablo 19 have been calculated from the formulae

discuasad[abﬁva.
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Cation

L1t
Na*
EY
Rt
cst
TLT
Agt
Be'
Mg
calr
srt
Bat
znt
ca¥
‘ Hgﬁ
cu't

ppT

Ionic

'~ Radius

AQ

0.71
0.95

1.33
1.47

1.74

1.59
1.21
0.38

0.66
0.99
1.15

1.37

0.96
1.10
0.72
1.27

0.7z
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Teble 1

——

" Ionic Radil

. Ionic
Anlon Radius
| A°
P  1.34 i
c1”  1.80 1
Br~ - 1.90
I~ 2.25 1
o° 1.35
Sl 1.84
% L%

# KO0,, RbO,, Cs0
s RDOg 2

33 Na Gg



Table 18

Gryataliachamical Blectronegativities *

Cation

11’

Rﬁ+

K+

rbt

cst
it

Ag*

Be™

Mgt
Ca*
sr™
pa ™
zn ™
cat
Hg ¥
Pb '+

# Kapustinskii (28)

A

16.5
15.6

14.8

14.5

1441

15.2
16.8

21.2

19.7
18.6
18.1
17.6
20.0
19.0
18.5
18.0

Anlon

)

1.0
2.1
2.3
247

"108
=044

2.0

80
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Table 19 |

Crystal Lnergiaa of Varlous Gompounda in Kilaealories per ﬁola

Kapustinakii Kapustinakii Born-Mayer Bcrn~Mayer

Com= (25) - (e8) v exponential -
pound U ' U ‘ n U U
Lip 249 : 240 6. 240
NaF 223 213 7 213
piegy o191 190 . 8 190
RLF o182 182 8.5 182
CsF 166 172 9.5 172
T1F 175 202 9456
AgF 201 250 8.5 208 219

-~ NaCl 186 182 T B0 180 183
T1C1 151 i7nr ~10.,5 159 167
AgCl 170 216 9.5 187 203
NaBr 179 177 8.5 175 |
T1Br - 147 166 11 154 164
AgBr 165 210 10 181 197
Nal , 161 166 - 9B 164
Tl 134 : 156 12 l46 159

Agl 149 , 1egg 11 76 190

110, (202) - {ew0)  (9) (204)

~ NaOg 186 , 185 - 9 187 17649
KO, : 179 - l64 g 175 - 168.1
RbOg 170 156 9 166 . 158.,7
Cs0g 163 146 g 160 150.7
BeQ 1,182 1,088 6 1,215 :
MgO 1,018 925 7 941
Ca0 875 833 8 845
80 819 794 8¢5 794
BaO 752 . 7163 9458 750
Zn0 9817 - 980 8 - 976
Cdo 8856 B66 840 B70

. HgO 835 824
PbO 781 ' 784
Nas0 667 605 7 595
KoO 573 551 8 625
Bad gee 933 7 885
MgS 819 809 8 780
CaS 723 722 9 723
Srs - 685 - 684 9.5 704
Bas 638 648 10.5 658
Zn3 800 832 9 816
cas 730 : 753 9.5 744
HgS 696 Ty 10,5 717
Cul 800 800
Pbs 668 677 o 634
NaosS 550 512 8 517

g 9 464

485 : 462

{( ) 1indicate estimated values.
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The Electron Affinity of Oxygen

The eladtrénnafflnihy 0f;¢x§g§ﬁ hagfbaen‘computed from

the data préviously discﬁs&adlfhrgugn.thig,Born~ﬁaber cycle:

Moy o i ‘ o <~  I;E‘
AN, P |

Mis), 0:(5) Mmoo > M), 01(5}; ‘

‘ ) o (] P ' ‘ ‘ ‘
Hera, Eﬂg‘ = I+ DHgyp, — R ng,mog andiihus,?dna
may easily'detarmins EGQ. The data f&r this calculation ara
glven in Table 20, and Bq, is found bo be 27+ 2 kilocalorles
per mole, é.val@exsamewhat ln’diaagréement with.thosetdétar~

mined by qtheramathods‘ |
| A value for Eq, may ba estiﬁgﬁéd by considering ﬁhe‘re-

‘actions:

Xow o= ox+e . BH, = By
Xg© = X+X~  BMHz = D(Xg")
X = 2X - AHy = D(Xp)



Table 20

The Electron Affinity of Oxygen

M I o
AHgyp, In u R
R ST SRS keal keal keal  keal x
Compound - mole  mole Tois s kAl

NeO, . 25.9 1185 176.9 . -62.4 20.9
KOy - 2L.5 . 100,00 166.1 - =68.2 - 23.6
CRbOp 2005 98.5  158.7  ~68.5 2646

Cs0, 188  89.8  150.7 ~70,0 . 27.9

£8
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Thus,  D(Xp) = ~Egyw Exer DUE")
> Ery * E;:m(f?xa - Dxg7)

Ebw;~D(02)‘is 117‘2‘kiiécalcries’ger,mole'and’Eéwis |
either Vb;é kilbcaloriés per molé"(é), or 53.8 kilocalories
per mole as determined by Mthay‘and Kimball (referenoe 32,
Part II of this thesis). Than, 1f one assumes that D(0g™ )

18 3/4 D(Og), Boy is elther 41,5 or 24.5 kllocalories per
moles A study of the effects nf slcw eleatrans on oxygen
gés by‘Bredbury (8) 1nd;eatea EQQ 1s about 3-8 kilooalariea
1per mole,'whila Walss (éﬁ, 53) hé3 suggested a value of 69
kilocalories per mole on the basls of studies invalving thej
HOg radical. Since these values ars anly appraximate, and_
invelve large uncértaintiea, they are not in‘aomplete,disa."
égréemant Witﬁ the‘valua,obtainea'in this research.: ~Xazap-
novskil (31) has suggested that Weiss' value is so high be= -
cause of an lncorrect value for the hydration energy of the
shperdxide/ion,;and, when modified properly, shouldﬁlead to
& value of abbut 16 kilocaloriss per mole. Recently, Evans
“and Url . (13) have studied the‘diésociaticn of Hg0p and have
‘also made crystal energy oalculationé using the Born-kayer
1/rn approximetion for the higher sﬁperoxides. Théir raéulhs
are asaenﬁially;in‘agreement'wiﬁh the deta of Table'zcveicepﬁ
whara va1hQs:of3thé heat of formation have been chahgad‘on

the basls of the present calorimetric data.
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The best value for the electron affinlty of Og 1s 2712
kilocalories per mole, and D(Oé"“)f is pradiétad to be 90 kilo=-
calories per mole. One may alspiusa t?cij_s value for the él@ﬁ"‘fj
tron a’f.i“iniﬁ‘y of oxygen along with an estimated crystal energy
for Li0y to estimate a heat of i‘crm&tidnfnzﬁ this compound
which :éms not thus far baeg,isolmed, ‘The data indicate
&H.f(Liog)v = =65 kilqcalbriéé per' .’male,‘ a value conslder~
ably more negatlve than the =53 kilacaﬂvlaries per mole pre~

dloted from Figure 8.
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ELTING POINTS AND SPECIFIC HEATS OF NaOy, KOy, AND NagOp

Molting Polnts

An attempt was made to dgt@nmiﬁé the mélﬁing points of
Nas00, NaOo, andAKOQQI The méltingpéint of sodium psroxide
is giveh bj'Bfewer (9) as 500°‘CQ:ﬁhilé}Kazarnovékii’(31)
and Brewer (9)}give_380° C, asitha,méitihg point of Koz,

Todd (51), glves 530° C. as the melting point of KOp. No ob-
sarvations have been made on Néég'» In the‘experimants per-
fermed an ordinary porcelaln crucible of about 25 cc. capac-
ivy Qas used as a container for the compound which was melted
by means of a Bunsen bﬁrnar. A chromelealumal thermocoupla
connected ﬁo a Brcwn Electranik‘recarder was usad ta:measura»
temperature.. The compound was heated untill 1t melted com-
platel;¥?and tggn? the burner w&s‘remaved,ithe crueib19~waé
allowed to cobi; and tﬁgﬁcooling curve was carefully observed
‘to determins whether or not a cooling £iat occurred.‘ Pre§ |
limihary tests were made with NaOH which did show a definite_if
cooling flat at abbut 10°% ¢. below thé'meltiﬁg pnint!recorded
in the literature. In sach axperi@enf the mel£’§a§ allowed

to cool slowly without stirring.

Two samples of sodium pequide were studled and they ap-
peared to melt at about 700° C. They melted to form a black
liguld whlch solidifiéd on cooling, bub no flat occurred in'
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the cooling curve.

IIaOz

Four samples of scdiumwsupefoi;de\ware»studiede’ They
were orlginally yellow, but beéame;sﬁccessivaly whitishu
orange, ére@nish*yallow, and brownish-black at températures
of 200 - 400" Cs, 400 = 5000 c,, and 500 - 600° C., respace
tively. The apparent melting point was about 550° C. ,The
liquidxpresent when melted was blaok and 1t still gave a
positive ﬁest'fcr’béroxide when taéted wit@ an acid vanadate
solutlon. A very slight discontinulty in the cooling curve
was noted several times at 275*10¢ Cs, possibly duaito»somé
NaOE present as a decomposition product: A gray saiid which
was very hYgroscopic and had a melting point af,abcut‘listso
C. was formed as the product after extensive heatings
Efg _

ﬂ Four samples of poﬁassiuﬁ superoxide were studied and
they behaved eSsentially like fhe sodlum supéroxidé except
that no disconbtlnulty was obsarved in the ecoling’curve;,‘Tﬁe
melt became completaly liquid at 450 - 500° Cs and gave a
posltive peroxide test even after strong heatinv-

It was concluded that sharp melting points for these
oxldes could not be determined by such methods and that diév
sociatlon prassurea,éhould be measured for thesse compounds
in order to get more informatlon about thelr nature at tem-

peratures much above 25° ¢,
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Specific Heats

The spacific heats of Nazﬁg, Naag, and &Oz wers measurad
by the method of mixtures using a Dewar flask of 500 ml capace
ity, a band atirrer, and a Backmann tharmomﬁtar. Carbon tet~
raohlorida which had baan previously dried over Naoa was used .
as the liquid medium and the heat equivalent of the system was
determined by an electric calibration. The rasults of the

measurements are recorded in Table 21.



‘Compound

Nalg

Naglp

KO

iTablefg;

 Specific Heats of Peroxides gndfﬁuperoxideSg 

(calariés)

degree

gram

. 0.26%0.03
1 0.27%0.03

aloriss

K

degrae

'

/14

mole

19

. Literature Values

’ %20.7'calprieé’parVdégrge-yer‘mcle (29)

19.6 cale?iééiﬁer;éégraajper:mnié (81)

68
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ENTROPIES OF FORMATION AND DISSOCIATION PRESSURES

Hn low temperature heat capaoitias have been maasured |
for aodium paroxide, sodium superoxida, cr potassium supar» '
' uxida, and tbus, tha entrapias of fcrmation of thesa com~A‘

pounds may only be astimated. Brewer (9) has suggested ‘

values of -32 e.u; fer the axides, ~5é a.u. for the peroxides,;.

and the ‘author has estim&ted ~44 entrupy unlts for the al- :

kaliAmﬂta} auperoxidas‘» Thua, far tha genaral reaction
Mp0(s) ¥ % Op(g) = Egoz(s)

- the entropy changé for the reasction is«~22 e.us and for the
reasction |

¥ Mp0p(s) + 3 Op(g) = HOy(s)

tha entropy of reaction is ~17 e.u.‘

The entroples for tha reaation& written above may be
~used along with tha haats of fcrmation ﬂf the compcunda,inf‘
volved to compute the free energy bf,réactiah, tha‘aquiiib-"
rium cgnatént, and,the'diasbciatian pressure of oxygan-“Suchﬁ
calculations have been carried sut for NegOp and KOg. The
dissociation pressures as'éalculﬁtedxfrom these data are plot-
ted in Figurea 11 and 12 slong with.experimental data of ;
Blumenthal (58) on Ha202 and Kaaarnovskii and Raikhshtein (52),
Blumenthal (6), Todd (51), and Kraua and’ %hita (36) on KOge
No experimental work has been carried out on Naog with,ﬁhem

ldea In mind of determining its d&sso¢iatioﬁ preséure,"but
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esﬁimatea may bs made on thaaa.data from $taphancu(4&} : &
eompnﬁnd whi¢h avolvad Qaﬁ'mf ﬁhé ﬁheorétieal superoxlde oxy=
gen was prepared by heatling Nay0, %o ?Gsﬂtkg«undar an oxygen
pfaﬂsure/df 298 étmospharasyx‘gy néiﬁg thls pressure asiﬁhe
dlssoclation pressure at this temperaturs and %hé;entropieé
previously estimated, one calewlates that the heat svolved

in the cpnvaralan réactien from aediuﬁ'yaruxida to sodium su-
peroxide should‘aﬁeuht tb'apprpxiﬁéﬁély 17'kilccalcriaé‘§ér.
mole whergas'tha valus4cbtéihéd:fram calorimetrically detor=
mined hea£s 0f formation is only about 3 kiloecalorles per
mole. On the basis of the calorimeiric hea%s af‘formati0n,
the dissogiation prassﬁra at 7630 K. 1ls caloulated to be
3.9~x»106 ptmaspherea,.inﬂicatiﬁg thet Staphgnpu shauld not
have béen able to convert the peroxide %a‘su§eraxide‘ The
fact that the reactlon did occur indicatea clearly that elther
the calorima%ric data are?inaarréck as they have been inter-
preted or that the entropy of formation estimated for the
‘compounda inﬁolved 1s incorrects Since the other heats of
fonmation‘cf alkali metal peroxides and superoxides ﬁaasured
in the identilcal apparatus were in good agreement with values
obtained by other workers and led to falr agreement with meas=-
ured dissocimtlon pressures, it seems reasonable that the
caiorimetric’data are dependable at least to the nearest kilo-
calorle. To declde definitely which factor causes the dlsa-
graementlnoted”abeva, one should study some of théfbther reac=
tions of the supéroxides,‘determine the decompositlon products,

and measure the lbw ﬁemﬁeratdra heat capacities.
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- The raaults of the research reportad 1n this thesia‘
raiae several questions about the alkali metal 0xides. per~
voxides, and auparcxidess,,The genaral subjacﬁs,which wquld
seem to be of mbaﬁ‘Vaiua,féf“fﬁﬁufé invaétigghions‘aéeé

(i)<a'calafimefrié study of thé‘higher superoxides, 6302
and Rb02; to determine their heats of sclﬁtibn in water and
allow rescalculation afﬁthéir heats of formation. ; |

(2) a:study‘nf the réaction of‘tha peraxides«and super-
| oxldes with small amounts of water and 002 with the idea of
deoiding whether or nok 1ntermediate hydrates are fozmed in
tha slow daeompoqition procesa, what these hyﬁrates are, and
how the camplehe analysis of any aampla of peroxida or super-
oxide can ba accumplishad._

(S) a measuremenﬁ of the 1cw temper&ture heat oapaqltias
of the perpxides and'sgperoxides invorder ﬁu allow determina=-
tion 6f'thé entiopias and caloﬁlation'of diascciation pres-

sures by comblnation with measurad haats of fermation.‘

(4) a study of tha dissnelation pres*ures of the aupar~
oxides to completa the validatien of the reaults caloulatad
from thermodynamiu data.

(5) a new attempt to prep&ra LiOQ,'which is 1ndicated o
be fairly stable on the baais of extrapolated daﬁa on tha oth-
er 3uperoxides, taking into account the fact that the fOﬁman
tion reaction is considéfablyvaxothermie and.uéing braasuﬁaé'

of oxygen higher than those used by Seyb (46).
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THE DISSOCIATION ENERGY OF FLUORINE
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I NTRODUGEL ON

(Fluorine,vtha most powerful oxldizing agent of the ele-
ments, nccupies‘a place of particulaf Interest among ?he hal-
ogené since itjis the most simple and,éhnuld be the sasiest
to conslder from a theoretical baéig. Although many sﬁccess~
ful studles of the other halogens have been made during the
last twenﬁy years, only a few determinations of the dissocia~-
tion energy of the fluorine molecule have bsen carried out by
methods which are dependable, a&nd the~interpretabion of the
rasults of some of these studles 18 still in doubt. .

The dissoclation energies of lodins, brnmine, and chlo-
rine have been determinad by locating the convergence limits
of théir:band spectra, by measurements of‘thé thernal conduc~
tivity or the gases 83 a functien af temperature, by vapor
denslty studies, and by studies of compounds which contain
the rasPecﬁiya,halggﬁna, The application of such methods to
the study of‘fluorine, however, has failed to lead %o a reli-
able value of the disaociaiicn energys. It is the attampt of
thls thesis to present some new”expérimental’data and to cal~
culate a value of the dissoclation energy consistent with the

presently avallable thermochemical data,.



PREVIOUS ATTEMPTS TO DETERMINE D(Fg)

‘The attempts to obtaln a‘y&lﬁé for the dissociation
anergy!df‘fluorine'will ba,aunaiﬁaredvin two catagdt@es;
The first to be discussed are thcsa,that‘in&clve;a studj of
the elament, whi1e thnse‘involvingk5§ééias of fluorine com=

pounds are to be considered second,

- Studles of the Spectrum of Fluorine

Tha’early éfforts to debermiﬁa;the dissociabicnﬂenergy‘
of the Fp ﬁoleaula were caneernad’wifh studieé of the spec=-
trum of the gase. Gale and Monk {20) étudied the absorphipn
spectrum of fluorine gas contained in a glass tubse with Caﬁé
windoWsé They worked with tubes Varying in langth from 7 cme
to & m. filled with fluorine at atmcspheric pressure. In
their studies they found no discreta abserption bands, but
only a ccntinuoua absorption baginnxng at 4100 A‘ and extand~
ing to shorter vava‘lengths; By Studying the;émission spec=
trum produced by fluorine in a discﬁafga tﬁba, Gale and'Monk, 
(19, 20, 21) wefé able to find'and anal&ﬁe several emission
bands beliaved to be proﬁuced ny exclited Fy molecules. ﬁars
(1) also carried out some work on thess amisaion bands of
fluorine and analyzed one of the bands described incompletaly
by Gale and Monk, on ﬁhé basis‘ofjﬁhese studies, it was im-
possible to make ény prediction at all regarding the



dissoclation energy.

It was suggesﬁed by Franck (16) that the louatian of
the maximum in the continunus absovpﬁion spectrum was char=-
acteristic of the halogen and rolated to the diascci&t;on
ensrgye This was the basis’fnf the work of Sprenger, Téylor{~
and von Wabtanbarg {59) who eampared.ﬁhe ebsorption spectrum
of Fy with that of the other halogens. In their stuﬁias to
locate this meximum in the region of continuous absofption,
these workers used a glass tube with quartz windows sealed
on thé'énds with a litharge and glycerina yasté; The maximum
was located at 2900 A® for Fp while the maxima for Clp, Brg,
and I occur at 3390 AQ, 4200 A”, and 4600 A°, raagectively.
These three 1atter halogans also show banded,absorphion spec~
tra and have well~defined convergence limits which allow ac-
curate detenminatiun of thelir ﬁiasaciation energies. By ob-
taining the differences between the wave length of ths max-‘A
imum of continuous absorption and the converganca limit for
each halogen, platting this differenca as a function of
atomic number, and by axtrapelating to got a cnnvergence
limit for Iy, these early 1nVGstigators concluded that the “
dissociation energy of fluorine was 6343 kilocalcries per
mole. A 1atar study along the same line by Boaenatein,
Jﬁckusch, and Shing Hou Chong (9) indlcated that the maximum
absorption occurred at 2820 A% By considering the dissocl-
atlon energies of the other halogens and hydrogen, and gragh-}
ing thése Valuea‘versuavatomia nﬁmbér,‘ﬁhese woﬁkers‘chosa

a value of 70.1 kilocalories per mole for Dﬁﬁg).>



Quite recently; Nathans (46) has studied the infra-red
abaofpticn spectrum of fluorine in'ﬁhe phnhmgraphie‘infra~réd
(7000-9600 A®) but detected no absorptions The fluorine was
contaiﬁa&’in a:Pyrek tube 185 cms long at a pressure of one
atmosphere and & tungsten ribboh‘laﬁp'was used as the light
aourceaﬁ e , ‘

The‘ﬁaman spectrum of nghasvnew'beén obéerved by'Andry~;
chuk (2) after an unsuccessful attempt by Garner and Yost
(23} Andrychuk used a pmwarfui 1ight source which enabled
him to 6§ercnms the problem of Garner and Yost, that of get-
ting a sufficlent expos#ra of the plate in thse time befors
the fluorine reacted with the windows of ifs container. The
dﬁtecbéd(ﬁaman displacemsant, AV s was found to be 892 cmfl,
slighﬁly higher than that predicted by Badger's rule, 856‘
em™t (3): _ |

The prbbabla explanation of the lack of useful spectro=-
scoplec data for‘a determination of the dissoclation energy
on fluorine is that the dlatomic molecule either does not
have a low lylng stable excited state, or that a stable state
exlsts withlits potential minimum shifted to considerably
larger diStanoés than that of the ground state. Either of
these casas could give'risewtn the type of continuous absorp-
tion observed‘for the molecule. It is belleved that no one
hes previously attempﬁed to study the variation of the char-
scteristics of the absorption spectrum with temperature for

fluorine, although such studies have been carried oub with



chlorine by Bayliss and Glbson (6) and with bromine and fo=-
dine by Koenigsberger and Vogt (35); - The theorsetical behav-
Lor has bsen derived by‘Bayliss, Gibéon, and Rice (7)'f0r
Clg. Thé"pféblam of contalners for fluorine at high temgér~ ‘
atures is one not yet satisfaatorily solved, but experimenta
to be descrlbed in subsequent sactiana of this thasia hava
been carried out in which the abaorp;ion spectrum has been

studied étftémperatures up so 5500 Ce

. Studles of the Thermal Conductlvity of Fg

Wicke (61) has meaaured.tha}théfmal conquct1yity of flu-
orine up to 1000° C. in an éxperimant similar to the hot
wire experiment on hydrogen parfdrmad by Langmulr (36). The
apparatus used consisted of two nickel wires 0,016 mme in
diameter stretched inside a glass tube 60 cm. long and 38 mm,
inslde dlameter kept in a water bath at room temperatureg
The current and voltage drops acroés the wires were measured
‘and used o calculate the total hest flow from the tube by
radlation and conductiog, ‘The amount of heat flow due bo
radi&tion(was'aatarmined by measuramehts with the tube evac~
ﬁated, and for conducﬁiﬂﬁ measuraménts; No gas was used as
the standard. To the limits of accuracy of the axparimént;
the heat conductivity of Fa and g were'identicalynver the
entire temparature range, and thus Wicke has presented thié
as evidence In favor of a value for D(Fg) greater than 60

kilocalories per mole. lore recently, U.' Franck (17) has



rapeated wickefa experiments and W1cke has now modified his
1nterpratation of the sxparimantal results to state that at
temperaturas up to 400° Ce no detectabla dissociation of
fluorine is balieved ts‘secuy,(ls), This interpretation is
cOmpaﬁibleTwith a value for Q{ng,éf 40 kiioealafiesvber‘

" mole as calcﬁlaﬁeﬁ fécm‘data on. éiF ﬁo be diaauased laﬁer.
Nathans (46) haa objected to Wicke's conclusions on the basid
that 1n his calculation af the hheoretical heat conductivity
of Fg, A (T), from the aquation

R ~ . 3\ T
AA{T) 2ﬂ3xw%[é%rhzm){%%+lﬁﬁﬁﬂ

where @, 2 the affective moleaular dlameter in A° ‘

¢

CH

“H

tha Sutherland conatant,

8

ll

,TZ where f 1ls the molecular vibratlonal frequency,
h 1s Planck's constant, and k is the Bbltzman con~

- 8bant,

H

M = the molacular welght of the gas, and

T = the absélute temperature

Wicke has used values fo£ N thét are too small (3.2 A° fof
i and 3.1 A° for Fy) and Nathans auggests using Paulling's
valuea for the vaen der Waals radii of thase gases (4,10 A,

for N and 4.18 A° for Fgh TUse of these values for M as.
woll as use of the value 892 om~! for the vibrationﬁi‘fré; )
quency makes 'icke's data more nearly compaﬁible with a value‘

for D(Fg) of 40«50 kiluaalcries per mcle.



The Electron Affinity gg Fluoring

The anly availabla data on the electron affinity of flu—
oriﬁe are thosa of Hayer and ﬂalmholtz (37) who calculated
Ep = 95 ] kilocalories per mala frem aalculaticns using the
Barn~Haber bharmechamical eycle an& othar tharmodynamic data '
availabla in 1932 at the tlma of thaLr work, of Lonov (30)
who dﬁterminad Ep = 94.7 kilaealeries pér mole from atudiea
of Lhe ﬁisaoaiatiou products. ef alkali fluorides on tungaten,~
and of metlay and Kimball (33) who hava studied the adsorp~
tion cf rluorina on a tungsten surfaee.

The reaults of Mayer and Helmholta have Ilnherent within
thenm not cnly'tha uncertainties~nf the crystal ensrgy calcu=
lations (sea discussion in Park I of this thesis), but also
sinca the eleetrmn affinity as calculated from the Born~ﬁabaf
cycle,depands &irectly_on the value used for the dissociation
energy of the halogen,have the ﬁnegftaimtiea praesent in the
disséoiatinn énergyav Their elé¢tron affinity‘was calculated
on the 'basis ‘that D(Fg) = 63 kno’cal‘ories per mole, and thus
this result ia subjaet to the sama doubt as 13 the diasocia~ 
tion energy. - ‘ ‘ |

Ionov has studled a group of alkali halides and deter~
mined values far the eleatran affinities of I, Br, Cl, and
ﬁ‘whioh are in reasonable agreementfwiﬁh valuas datenmlned
througb calculationa of the type of Mayer and Helmholtz and _
also through direct axparimenta by ﬁayer and Sutton (38),
Olockler and Calvin (12), and Blewett (8). |



The method used by‘Matlay‘and Kimball consiétad of pass=
ing fluorine'gas at a given”preSaﬁra over a hot tuﬁgstan £il=-
“gment and maasuring the relativa currenﬁa of negative ions
and elactrnns emitted from tha filamanta Such g methad vas
sucaessfully used Witﬂ axygen by these same authors (52),
and a value of the,alectron affinity_pf oxXygen was obtained
that agreed well with okther data‘and also exhibiteﬁ'a small
probable error. The paper présénting‘kha"rasults of the ex=
periments with fluorine treated the.eledtron affinity as if
it were known to be 05 kilaealmriés per mcia, and then triled
to jusﬁify the results that were obtaiﬁsd when,they did not
agrea;with this value. The results of 27 runs have almost
a nofmal distribution abbut\the value 81.8 kllocalories per
mole, and the probable error of one ebservation is calculated
as 3¢l kilocalorias per moles If one uses this valua of the
electron affinlty along with other thermachemical data from
the National Bureau of Standards Tables of Thermochemiaal
Properties and the crystal energies of the alkali metal flu-
orides as prosented in Table 19, Part I of thls thesis, he
obtains 31%4 kilocalories per mole as‘the\disaoeiatlan énergy'
of fluuriné,: This sét of experiments 1a‘apparently'tha fifst
to have been performed which indicates a low value for the
dissocilation energy of flnnrine based on studieé of proper-
tles of the element, i.e., a value lasg than‘the 63;3 kilo=-
calories per mole obtainad by Sprenger, Taylor, and von

Wartenberg (59).



Studiea of the 8 ;pactra of Fluerlna»containing %olacules‘:

- As 1s axpeeted on the basis of its powerful attraction ‘
for elactrnna, fluorine forms compound with most. af thsl/“
~other elements; and thraugh a study ﬂf these compounds, . thair
spactra,,and.tharmcdynamic prmpe:tiea,'it is often possibla‘
to arri&syaﬁ‘ajvalua for the haah cf‘§iasuc1ati0nfDf;fiﬁ@rineu‘
The metal'fluofidés,’MF‘ HF, and tﬁe’intarhalogen fluaridaél
‘have been the most useful in such studies. |

The alkali metal fluorides were studied 8pectrascoplcal~
iy,by Desal (13) snd by Caunt and Barrow (4, 5). The gaseous
moleculas show & banded.apsctrum‘with‘a\well“dafinéd conver=-
gence limit which allows accurate . eeﬁimatibn'of the dissoci~-
atlon enargy; The ﬁissaciation proﬁucts may ba iona and not
atems, and, if so, correction muat ‘be made for the ionization
potential of the metal atom anﬁ the electron affinity of the
halide atom. Since the electron affinity of fluorine is 1in

i

as much doubt as 1is the dissbciatinn energy ltself, this cor
rection is impossible to make with present data. kx
Several other metal flumrides have also been studied in
the gasaous.states CuF, AgF, AuF, HgF, and TLF. 1In general,
there 1s not sufficlent experimental data o allow the cal=
culation of the dissdciaﬁion‘enargy of fluorine, but estl-
mates of thls gquantlty are possible. The results of exten-
sive~caloulationé along these llnes 1nﬁolving one of the
thermochemical cycles shown in Figure 9, Part I of this
thesls, are presented in Table 1. It ls apparent that,

7
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Dissociablon Energles of the Halogens
v T 11 |
Gompo/wlmd (Bicgllggs(g'; and (He?é%%;g) ' ?Bzzggr) # D(Xp)
| Rossini) e - o
IAT 23, 82,3 37,0 .22.3
NaI 18,9 weaT 26,0 27,8
KT 30,0 76,5 21.5 25,0
RbI Bl 5.7 20.5 24,0
CsI 37,5 7.5 18,8 21.2
LiBr . 39.0 104.2 37.0 28,2
NaBr 32,9 | 8845 26,0 29.6
KBr 44,0 9.1 21.5 26.6
RbBr 45,0 90,4 20,5 24,9
CsBr 47.8 9249 18.8 23,1
1101 51. 117.3 37.0 29.0
NaCl 41,2 97,7 26,0 30,3
ko1 5244 101.7 21,5 27,8
RoCL 53,6 9l.1 20,5  17.0
CsCl 55,4  103. 18.8 28,8
uF 82 | 132 (Desai) 37.0 13
 NaF 64 | 120 (Daséi) 26.0 30
i 8443 127 (Desai) 21.5 22.2
. ROF 79.8 20,5

CsF 8L 18,8
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‘althouah such caloulations are informativa, there 13 85111
much 1ackin& in tha way of consiﬁtent datase

“Hydragen fluoride has been studled raﬁher'axﬁén&iValy
in the éffbrhjﬁo’détarmina its dissééiéﬁ1on’énargy,whiéh
wauld,‘inltuéh,’allnw calculation of the disaociation éﬁaﬁgy.‘
of fiudiiﬁog7.fhe‘absarption'SPéét?ﬁm;of‘EF‘was‘stuﬁiéd-byf
Plumley (52), Plumley and Sige (51), Kirkpatrick and salent
(34), aﬁd‘Kaylnr, Nielson, and‘Télléy~(31);“Plﬁmlay and Sige
stu&ied‘the'ﬁltra?violet ébsarpﬁién‘while the other expéri* 
menhérs»iﬁ?éski@ataé ﬁhﬁ iﬁffﬁ*rea‘s§eetrﬁm 0f~thé‘molecuiear
No absorption due to HF at atméspﬁeria'preséura‘was'faund
above 2000 A® in the ultra-violeb. wm:* vibrational bands
have baan detected in the infra-red: 1 <0, 2-4~0 3 <=0,
4 <-0, Two of these, ﬁhe‘l-<~Q and 2 <0 bands, have also’
been Studiéd for‘DF;' Since the spacing of successlve vibra-
tional levels in real diéﬁémiq molacules becones smaller;i
and eventpally becomes zeré on diséoeiaﬁicn,‘ene'may g&aphn
the vibratlonal level spacing verSus“the'vibratiunal'lévai‘
quantum number and“éstimate'thaflévél‘at which dissoclation
wéﬁld docur; The area under such 8 pleﬁ glves the ‘dlssoci-
ation enargy of the molecule 1nvolvad*f Using the apacings‘
of the enargy levels ag determined by thé'invastlgatarsfnﬁmed
above, and making such a'plat,'oné finds that an extremely'
long exhrapolation_ﬁd zéro sp&oihg 18 necessarys It 1s be-
lieved to be the case that in non-ionlc molecules such a

Birge~8poner‘extrapmlation should be a straight line, but HF
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~is far from nnnrianic;' Depending on the manner of extrapo-
lation, one may obtaln values f@?’E(BF) varying frém’120~150
kilocalories pe? mole; and thﬁsglvaluaﬁ_f°” D(Fg) which vary
from 10-70 kiloaalerias per melé‘:

Pluorine forms comyounﬁa with aa@h of the other halo-
gena, but cnly C1lF and BrF are particularly useful from the
viawpoint of determining a valua of D{Fg).\ ?he existence of
these compounds is well egtablishea, but their heats of for~,
matlon appear to be somewhat in doubt, The heat of fonma~
tion af,clﬁ.has been measured by Schmitz and Schumacher (ﬁ?)
Waévelsifb,s kilocalories par mb;e‘gnd by Wicke (61) as =
~11.6 1 0.4 kilocalories per mole. No‘kncwn maasursments
have been made for BrF, although Brodersen and Schumacher
(11) sﬁyqthét the formatlion reaction ls consliderably oxo=
thermic. |

Both ClF and BrF show banded spectra which have been
studiéd extensivelyg Wahrhaftig {60) first studisd the spec~
trum of ClF and concluded that, on the basls of the dissoci-
ation energy of C1F determined by a medium-length Birge-
Sponer extrapolation, the aissociation energy was 60 kilo=
calories per mole if the dissoclatlon products were an unex-
cited (BpﬁAé) Cl atom and an exclted (2?%) F atém; Although
dissoéiation‘into atoms both of which sre in the ground state
1s impossible, the chlorine atém coﬁld be the exclted one and'
the fluorlne unexclted. If this were the case, the dlssoci-
atlon energy of C1F would be amallar by about 1,1 kilocalo~
ries per mole. Sohmitz and Schumacher (56) confirmed this
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result. This value may be combinad with one of tha heats of
formahian and tne dissoclation anergy of ahlorine, 57022
kilucalaries per mole, to give either 4040 or 33.2 kilaeala
orias per mole ‘a8 the dissaciation energy of fluerine if the
isaociation products are assumad ta be a ClL atom ( P

;w@
and 9. F atom ( P%)v '

The band apectrum of ErF has been stu&ied and the dis~ 
aociation,energy~1s eithar»Eggglkilpcalpriea‘per mmle or |
50,3 kiibééléries per mola, ﬁﬁpanding‘on Whaﬁhar the F;atcm :
or the ﬁr'aﬁom-is the exaitad bné'(ll);~ Unfortunately, hhe
lack of a value for the heat of fermation of BrF makes any
computation of a value for D(Fg)’ impoasible.

“ Although fluorine forms many thousand other compounda
than those discussed abova, they are either triatomic or .
even more complicated, and daterminatimn of their dissocia~
tion products is extremely difficult. Some of the less sim=-
ple maleeulea which might be used for studies leading o the"
dissociatinn energy of fluorine are OFy, the highar‘metallie”
fluorides MFp and WPy, and CF, and SiF,. Analysls of the
quctré offcamplax molecules is very diffilcult, ahd,itiﬁeéms
very unlikely that the dissoclatlon energy of fluorine will
be finally determined in this manner when 8o many diatomlc
molecules are available for atudy£~'ﬁxperimenﬁal‘sﬁudias'bf
the absorptlon spectrum of OFy have been carried out by
Glissman and Schumacher (26) in the ultra-violet, and by

Hettner, Pohlman, and Schumacher (29) in the infra-red, while
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Sutherland and Penney (48) and Potter (53) have calculated

the thermpdyhamia propsrties of the compound from these dataQ

 Hethods for Calculation of D(Fa)

,Theré*haVe been many ahtsmpts"to»find some general re-
lationahip'which will describe the variabion of the dis%ﬁ*-‘
clation energies of dlatomic nolecules as a function of aomé~
easily determinable parameber. MNost of the relatienshi§a~
thus far derivaﬂ or suggested are nct universally applicable,
and most lead to the high value (63 kilocalories per mole).
‘for the dissociation energy of fluorine.

Glockler (27) has sugg&ateé,ﬁhat 1f one plots ﬁhe.boné‘
force constants of diamtomic molecules and their heats of dia~
snciatlon, he obtaing similar curves. In this manner he ar-
rived at D(FQ);: 64 kilocalories per mole in a study which
included Np, Op, CN, Cg, GO, OF, and HCN,

Wicke and Ewken (15) have consldered the relationship -
between VYV, the fundamental vibrational,frequancy of the di-

atomic molegula, D, the dissoclation energy, and M4 , the

where C 1s a constant. They have calculatsd valuss of this

reduced mass., Thus,

constant for several diatomic molecules and then estimated
what the value for Fy should be. On this basis they esti-
mate D(Fy) is between 40 and 50 kilocalories per mole, a
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range cbnsistent with the‘valuefobtginedlby Intarpretation
of the band spectrum of CLF, | "

Soma calculations on the hydregen halides have besn
made uaing the idea just dlsaussed anﬂ are tabulated 1n
Table 2. The value for D(HF) of 140 kilocalorles per mola
would indiaatefthat ﬁhe«dissoeiatﬁan energy of fluorina was
about 50 kiiocalaries per mole, Whilé‘ﬁ(HF) 130 kiloca1~
ories per mole indicates that ﬁ(fg) : 30 kilocalories per
mole. ‘The intermediate vaWua of 40 kilecalorieﬁkper mnl@
for n(r@) would lead %o & value of ¢ consistsnt with the
valuas fcr the other hyﬁrogan halides,
~ An emplrical fanmula'fﬁrrthazsstimatiggvoffdissociabion
energiesibfidiatomic maleoulas'hgévbeenjgivan.ﬁy Portner
(54) s Acdording to this formula, the bond enérgy; EAQB! is
given by ” |

'

2 s 4 ton 2

where C' = a oonstant aharactaristio of the bnnd tyre,

a

n’

tha sum. of the cuvalent radii of atoms A anﬁ B, and

1]

ZB thafatomic number of element B

Some calculated values of the constant, C', for a number of
compounds are presonfted in Table 3 along with some tentative
values for the cbnstants for HF and Fye The rather large
variations in the results indicate that this formuls 18 not
particularly useful in this sltuation.



Calculation

- Compound
ey

- HBr
HI

HF

@ariont

Table 2

15

V

| © 2989.7

2649,7
230945

41538.5

¥ -
102
8644

70,2

140
130

120
110

M

0,975

0.987
0.993

0,950
0,950

0.950

0,950

of C in the Equation of Beken and Wicke (15)

Cx 102 ‘
296

303
526
281

302

327
357



-Tabls 3

| Caloulation of C!' in the Equation of Portner (54)

Gbmpound

HCYL
HBr
HI

C1F
BrF

Ta
0.30
0,30

0.30

0.99
0.72
0,99

1.14
1.33

0,72

0.30

Ty

0,99

1.14

1.33

0.72

1.14

0.99

1,14
1.33

0.72

O.72

leg(ZB

1.232

1.544
1.725

1.232
1.544

1.232

1.544
1.725

0,954

0.954

Eyp
102
86,3

70,3

60,3
50,4

59.8

5649
45,4

3645

60
40
140
150
120

a

1.29
l.44

1,63
1.71
1.86

1.98
2.28

2466

1.02

17

Gt

4841

40,8

355
57;7

30.8
56,6

4.2

34.0

31,0

5.2
23,4

5843
54.1
50,0
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Rééantiy, & new theoretiocal cbnéapt far'evaluating 5cnd
energles 1n termé‘of the overlap bf the wave functlons of
the atoms bondad togetharizas bean suggestad by Pltzer (50).
He haa suggasted that in a singla bond behween the first row
alements, the attractive ferce of the bond is balanceﬁ -
}awainat the repulsinn af tha aﬁher valenee shell electrans,
while in bonda between haaviar alements, the repulsion ba~
tween the bonding orbiﬁal and the innar shalls of aleetrona
baaomes very impartant. By evaluating tha atcmic orbitals
and cunaidering the ovarlap, ?itzer has astxmata& D(F ) to
be about 50 kilocalorias par mole.“‘ | | |

Mulliken, Riecke, De ﬂrlaff, and H. Orlaff (4&) have
evaluated tables of Overlap integrals using %1atar &tomie
'orbitala, and Mulliken (42) presanted the results of calau~
lations made by using these tables for the dissoeiaticn }
energies:of Lig, No, gnd Fga The emmputed values were 26.2
kilocalories per mola, 166 kilaaalcries'ﬁar mole, and 52.0

xilocalories per mole, respactivelys
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Tmfsommchn BASIS POR THE ‘?RESEM: ATTEIPTS T0 .m:mmmm«:- D(F2)

The work undartakan in ﬁhis atuﬁy was mf two hypas. ’
first, & study of tha behaviur af Pg(g) at variaus ﬁempera~ N
‘}tures by measurameﬁt of tha pressura exertaﬁ by a ccnstant
maaa of g&s enalcﬁad 1n a heated vnluma and sacond, a study
of ﬁha 1ignt absorphien eharacteristias of thg) at varioua
tamperatures an& at various wavs lengths.

For tha first nf ﬁheaa atudies é eappar tube, ﬂwenty
cantimetars lﬁng and fiva sentimatera auﬁsiﬁe aiametar, was
uaed aa tha pressura oall, and ﬂha fluarlne waa brought %o
this tube 1n smallar copper tubing. A bronza tube, Bourdon
type Dura gauge with & rang? af 0~so" Hg vaouum was used ta‘
maasure tha preasure of gas in tha ayatam aa tha gaa was held -
tight in an aaslly measureable voluma by a ﬁhka #413 manel
valve. Tha arrangemenﬁ of tha apparatua was such that tha
‘1arga copper tubs,which made up mast of tha valuma of the
sysﬁem being ubaerved, ceuld ba heatad elactrically and the
temperature datermined by meaauring ﬁhe enf's of four chromel~
alumel txermoaouplea plaasd arcund the tube.' The variation
of prassura with temperature was data;mined bg*measuring the
pressure with hhe Dura gaugﬁ after tha syﬂtam.had baen he&tad
to consﬁant temperature for approxlmaﬁely one heur. ‘_ ‘

Tha bahavior uf an 1dea1 gas aiﬁher with ar withaut dis~
sociation in a ayabem like the one ‘uged for these exparimenus
nay he‘eaaily ‘derived 1f some relationship 1s aasumed’batween ;‘

the temperature of the heated volume and the temperature of
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'thét volume external to the heaters Dnarnsrv(ié) has used &
tube with a amall‘éapiliafy*projéétian‘in an\apgarétus-fur
the detanminatlon of vapor prassuraa of ahromium ehluridea,
and Perlman and Rollefson (49} uaed a syatam somewhat . 1£ka
this for stu&iea of iodlne gas a»alavatad tamperaturss. E
For the purposes of aalaﬁlatian it was assumed that the
ayétam Qonhaining the fluorine could be reyresented,as three
aaparate‘vblumesz~vh, tha valumelbf'ﬁhg ﬁsatad zone; ?m,'tha
volume of en intermediate zuna; ané Va;‘thé volume of thé7i
, cbld,zoné’(at'rdﬁm'tampgrétura).‘)ﬁhe témperaturés of ﬁhei
gas 1n'thesa zonés w¢re taken as Th, m? and T respectively.
If there are X moles of fluorine gas present in,ﬁhekheatad
zone initially, and the ffactianléf»dissociation_ia o,
than,ﬁ | ‘ | o

moles of Fy = X(1 =«) ¥ ng
moles of P = 2204.?; ' R - nf
- . 2dn
¢ nt = h ,
Qh 1 wd *
Thua’ |

B g )

- X l-w°(
Since the pressure 1is tha same 1n aaah zone of the syaﬁam,,
p - DoRTe nmﬁﬂm f (nh +-nh)RT

c Vﬁ o vﬁ

and
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(n‘ -+ n )(
- th

4
§

e

The total number ei‘ ‘moles which wsre initially prasent bafare

any dissociatinn oocurrad, ’%’ 1s g:c.van b'y
. ng = nh+ nh+nm+n

wvhich b‘édomés G
/ng"‘l | : Th‘f : Tﬁ
RO St T (3.+d 3( & » )
R Y vh TV,

3.

g : . - . S .
A;l‘so,l“ ny - tctal molea S.n the hot zena = rxh + nh

np(1+d ) e
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"For a gas wilth ncfdisspciation, A =0, and

,Tc(..%}. e +;.;9.> a:cé.}a
Ty Ty T5/) , ¢

. as would be axpectad.
| Pram thesa equations, it is aaaily saen ﬁnat, for a sys-
‘ Lem of this typa, ons- wculd be abla to caloulate the iractton
A of molecules dissoelated in the hot zonse . by merely measur-
ing the preasura in the syaﬁam, tha varisus tamperahurea, and
the volumes ‘involved.

The attemptaﬁ determinatien of D(Eg) by studying the ab-
sorption spectrum at various hempsrature$ was based on the
faetjthétfflubrine’molecnlas are~kﬁawn tﬁ show continuohs
1ight absorption %o bthe ultra-violebt of 4100 A° (9, 20, 59),
while flﬁoriné atoms shdw,nO»absarption of light over this
range. The fluorine molecule energy levels are not at all
well understood while the fluorine atom haa two low=-lying

statas,’gPs/z and EP% » aeparated by 404 om -t and the next

higher energy level is 102 OOO om }

abova thesa., On this
 basis, 1t was decided that if one could observe thé ‘ebsorp-
tlon characterlstias of Fg at varlous uemperaturas, it might
be passibl@ to use any change in these charactaristice to
determline the disaociation energy of Fg, or, in the evantl';
that the absorption coefflclent of Fy changed oo rapidly
itself with temparatura to alldw use of absorption measuré~

ments as an indlcatlon of the concentration of'F2 present,

4
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one mighﬁ, by determining ﬁhis change, be able to get the
lepe of the potential anargy curve of tha excited state of
Fg, and thus ba able ta underatand mora abuut tha molecular
retruoture.-;{ h< "

| Studias of tha absorptinn ch&racﬁariahica of Fb have bean
ma&e at raom Lemper tur@ and inéicata a maxmmum in the sbsorp~
tion coefficient at extnar 2820 or 2900 A® (9, 59) | Ih was
the object of thia rasearch to cnnfirm these rasults and to
study varlatiena in tha absmrptlen charaateriaties with tem~
perature& Rach run could iﬁeally do both nf these things, as
'wall as cénfirm the f&ct that B@er's Law was valid for the
system. A hydrngen.arc lamp was useﬁ as a sourca of ultraw‘.
viélét continuum, and the 11nas of tha 1ron are wers p}acad
on each plaﬁe for oalibratiun purposes.f The absorption tube
for the syatem was & monel tube, 17.5 cim leng, with braas
fittings screwing in a&ch end ef the tubs and holding. CaFg
windows tightly batwean Teflan gaskets. Kadak Fanehrcmatic‘
plates ware used %o record the absarption spactra whish were
taken ﬁhrough a Bausch and Lomb one=-prism quartz spactragraph.,;
The exposurss on each plate included (1) five cgllbratien
mafka‘of varying lkmown intensities, (2) five skpasufes for

the same bime through the absorptlon tube containing Fo atb
different’pressuras, and (5)}savera1 axposures tékﬁn through
the}absorptian'tﬁbe contalning a known pressure of fluorine'
at different temperatures. These plates were then read with
an Applied Research Laboratary phatoelectrie microdensitameter

and‘the absorption ooaffioienta calculatad.
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APPARATUS AND EXP%RI& KTA& TEGHEIQﬂWS

The handling of‘Fg’at very*law pressures was fuund ﬁb
be not so difficult as one might first belleve. Copper tub=
ing ar‘zd"“pi‘pa, red brass fittings, monel pipe, and silver sol-
der were exposed to F, in this system, A diagram of the en-
tire arfangﬁmeht'including the éisybséi system 1s shown 1n |
Flgure 1. Before tha f1umrina was admitted tp the ﬁubé for
eiﬁher sﬁudﬁ, it was passed QVer‘ﬁaﬁ end also through a dry
ice trap to remova’any'HF whiech might be present. Nb‘g:eaﬁ;
attack qf the copper was natéd‘cn any oceasion,‘although'a"
redwb#own acéla, yrabébly cuprous fiuaride,was observed to
form inside the tube after use. Teflon gaskets which were |
used betwsen the windows in experiments at temperatures
greater thani400° C. did nmt,apﬁéar to be greatly attacked,
although their hhickness-ohanged after 5elng heate& and thé L
fube usually iéakad, With new gaskets and a clean system,
it was,ﬁcssible to reach pressures of about 5~microné;,q
fair vacuummfor such a system of long, narrGW'tublng whiah
cuts down the pumping spaeda tremandously. |

The pressures of Pg were maasureﬁ with a Bura gauge hav=
ing a bronze Bpurden tube sllver soldered to the Inlet, &
threaded brass fltting. CThis‘gauge was Qalibrated‘tefread
inches of vacuum and could be read to the nearest 0.1%, An
H2804 manometer was also used for prossure maasuramenta in
some prelimlnary runs, but the Bura gauge was simpler to use,’

and also minimized the effects of small leaRS*in the system.
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This manometer 5ave a more sensitive measure of the prassure
changea in %ha systems | ,

| For a run, fluorine gas was admibted from a %*pound eyl~
inder at aboutf400 psi tank pressure~inﬁo the sharh sacticn
of eopper tubing before the firsh valva and then the tank
valva was closadg Tha first V&IVG Waa opened.and the 5&5
allowed,to fill the naxt valume and than the naxﬁ valve opened‘
to bring' ?z‘up‘ta the eniranaa'af tha prassure or absorption‘
Atube;‘ Two Hoke valves wéré uéﬂd‘té"makb certain thaﬁ tﬁi&‘ f
tube did not 1eak back thraugh %he valves. The tube waé‘ |
filled with fluorine at a prassure of l - 5" Hg, the two
valves were closad, and avarythlng waa ready Sar a run. Dur=
ing or aftar the run, the disposal of the fluarlne was begun
in the extarnal system by opaningvkhe valve 1eading to the
Naﬁr“%faﬁ and pumping the Fg gas‘ovsrfthé NaBr, through the
| OaGlg, and bubbling the Brz or 012 formed through & concen- .
trated NaOH ﬂolutionu Short aectlons of the . syst&m.ware‘f |
‘opened at a time so that the amount af}FB passing thraugh'tha \
trép at any givanitime was small. Theé entire system was
‘eventﬁally opened to the &ispdsﬂl maechanical pump, a Cenco
}Preasﬁvaé; and exhausted overnight befare\tha valves leaaingr
to the diffusion pump and Dua~$aa1 mechanical pump were opened
and the system re-evacuated for anothar run, ,

A split tubular aleatric heater unit whioch coul&'ﬁé fitw'

tad around‘the prassure or absorption tube'was7uaeéft6 raise 

the temperature of the gas samples. Fillers of asbestos were
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placed-around the tube %o raducaycirculatinﬁ and give a more
‘aanstanh temperatures After the syshem’was heated for>ab§ut
an haur, 1t attained & temperaturs not varying mare than 10°
'G. ovar tha Sube length, ag det@rmined by four ﬁhewmocsuples,
placed.around the tuhe' | J

The Kodak Panchrmmatic platas used for the absorption
studies were 4” x 10" and were usually'developed for three
minutas'with Ansco Mﬁ.deveiaper, fixed fifteen minutes"with
Kadak Acid Fixer solution, and washaé for thirty minutes in
cold, running water. In general, the background fog was low,
and in order %o halp asaura even development, the tray was
hahd'rooked during davalbpment¢’ For equaleXPOSufs times, it
was found tbat the per eent tranamisainn of the plate at a
‘particular wave 1ength was repraduclble In diiferant 8XPO~
guras to abaut lﬁ. The tlme of exposure was measured with
an electric Time-It to the neareab 0+01 minute, and the ex-

posure times used ranged from 0.50 - 5.00 minutes.
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EXPERIMENTAL RESULTS AND GONCLUSIONS

Tha behavior of FQ gaa at highar taaperaturas was atud=
lad by observing tha prassurag in'a syaﬁam like that dascribad
‘previoualy. ,Prom sach observed pressurs{_tha tem@era»uﬁe of
 the heatad 2bne, room temperature, ﬁnd the variaus?volumes of
the system, one may calculate a*valﬁe for b(Fé); The reasults
of such caleulationa are presanﬁa& 1n,Tab1a 4. 1In Figﬁré 2
areg plotted the curve fcr an i&@al a8 in the aystem atudied
and the exparimantal pointa cbservad fcr aame of the runse
On the basis of the values calculated, ‘one would comelude that
D(Fg) 1s about 36 kilocaleries per mole usiﬁg the data from
Pigure 3 and Figure 4. The saveral points for whieh no ca1~
culatlon is possible (obsarved’ pressure less,khan‘the caleuw
.lated ideél“ﬁfesaure)‘ﬁendfta iﬁdieata no detectable dissocie= o
ation at these'temperatureé,‘aﬁdithué;'an"evénfhigher‘valué‘ |
for B(Pn)  In most of these aases whaﬁe a E(Fg)ﬁéalculation
is not. poasible, tha pogsible arror 1n reading the Lura gauge ‘
is anough to allow for this oecurrence* -

The fluorine used for study was obtained framxtha Panh«
'aylvania Salt Manufacturing Company and had these specifiea~
tionst . L
| Fp - 96.6% (by welght)
Og and inerts - 2,87 (by weight)

HF - 0.6%(by welght)

The absorption spectrum at room temperature was found to‘égraef



Table 4

m——

Computation of D(F,) from Pressure Measurements

0.58" Hg | Vp

P, = = 238.64 cc.
T, = 2980 K, N Vm = 5.55 co.
vy = 255.28 ac.  Vp = 10.09 ce.
P , S . -log K D(Fp)
0,55 301 . 300 | |
0.59 314 - 305
072 ®e5 @25
0.85 415 330 0,09 1.545  .oa 20
0.85 502 . 355 ST
0.95 501 855 0,00  s.102 27
1.10 628 Cs0 S
12 608 385
125 723 a5
26 ms a2
1.35 708 - 410 0,05 2,34 . 34
1,35 716 45 0,04 2.4z 36
1.48 815 440 0,01 3,00 44
1.60 810 488  0.12 1.86 37
1.80 860 450 0,21  1.59 %6
B, = O.30"Hg o
0,95 626 445 0,57  1.69 35

1,00 828 443 0,46  1.46 53
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with thet found by Sprenger, Taylor, andivqn,Waréenbérg‘(Sg)
and Bndanatain, Chong, and Jaékﬁach (9}, 2nd the maximum ab=
sorption was located at 2850420 4°, ,ﬁm,,indicai;wn of other.
impuritiaa was found; w Cea ‘ |

' Tha absorpﬁian at higher tamperaturaa waa nah vary wall
chafacterizad since the Teflon ggakets‘reggted slightly with;‘
the F, and the pressure as:read 6n.£ha:Dura‘gauge:c?uld not
be taken as indicative of the,fluariné‘prasqny'; However,
for runs 1n whichthatampergtﬁrézﬁéeama as high éarséso‘ﬂQ,
no appreciable difference in thé’é@ﬁﬁnt of absmfptian was
noted at‘thé'ﬁiffafant taﬁp&r&tﬁfaSJas méasﬁred;on the‘yhoto- 
graphic plate, Thus, no‘ﬁoncluéiﬁﬁsfrevarﬁing-the dissoci~ ‘
atlon energy of FQ ware pﬁsaible from thia axperiment‘
| In both of the experiments perfazmed, one of the major ‘
‘problems was Lo prevent the reaction of Ty with the containar.
‘ Whan a tube was filled w;th new Fz, a decraasa in presaure
was observed as the tube raactad,.but eventually a consbant
pressure was obtained and heating and coélingfied to the
same fiﬁbrine praessure 1In the c¢losed coppsr cylindaéa ‘Tﬁg
absorptlon cell with CaF2 w1ndows and Teflon gask&ts appeared
~to react with the fluorine, and, afﬁer being heated, ﬁsually‘
deﬁelopad a slight leak. In some of the gbaprﬁtiﬂn pictgrés,
bands belleved to be due to ozone were observed after the
tube leakad and oxygen and water vapor had antered the syatmn.

On the basls of ths expariments performed, 1t is balievad

that D(Fg) = 361 5 kilocalories per mole« The spagtrcscopicv



data on C1F indlcate either 3546 or 40.2 kilécalor,ieé per |
mo‘la.‘ gnd 'th'é hot wimya’tu&ias, QQ ’{7. i@‘ramk (17} tend to con=-
firm the higher valugg in the ﬁpini;cn e‘f‘th& ‘a‘umé‘r, the
best value for sz) 1s 40%2 kil;;»c‘al_.ories per mnl&. o
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ﬁUGGE&TEB’FUTURE‘RESE&RCH

Thﬂ experimants perfarmsd in this rasearah indleate two
methods uf attackimg the problam of datenminaﬁinn of ﬁ(b )
but neilther mathad has baan devalopad to the extanﬁ uf giving
rqaulta which are as acourate as those obtained from good
apeotroaoopie'and tharmdehamiaaIVQaﬁa. The mﬁjar problem"f’
arising in any stuﬂy of elther Fg or H? 1s that of fin&ing a
sultable container for the gase Gappar ar~monal appaar to be
satisfactory metals for use with these gases but the bash
gasket material, Teflon, is nob very‘aatisiactmry at alavaﬁed
tambaratﬁras’in the praasnce’af’FQ.V‘GaFé is belleved to be
completely satisfactory as a‘matérial far'windbwé,in abSorﬁu
tlon cells. | | k"‘

For future researeh;"the methoas of attack for de termin-
Ing D(PQ) which saeﬂ:to be moat promising %o tﬁa author are:

(1) measurement of tha presaurewtamperaﬁure relationship
for fluorine gas as done in- this researsh but with an apparatus
haviné 8 larger heated volume and,with more sensitive pressure
measuring devices. If pcasibla, the measurements should be.
made‘on & system contalning Fo which could be heated all ovar,
“thus eliminatling the abrraetions“fdr different‘ZQnes at dife
ferent temperatures. A monel sylphon bellows which would
move ln énd out with praessure variations 1is suggested a8 &
container for such a study. |

(2) determination of the heat of formation of BrF so
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ﬁhat 1t'06uld be uaed'in«caﬁbinat ion witn ﬁh& 8paetroscopic’
data of Brodaraen amd Schumachar (11) for eomputing E(Fg).

(3) further study of the absorptian spectrum of Fy u sing |
diffarent containars and gasket matarials in the attempt to
deﬁarmtne huw thia absarption varia& with temparahure and
to use thia Information in an-interpratatian‘of the changes
acﬁually’taking p1aca‘with1n'théfflﬁéﬁine molecule Wihh'rislﬁg

temperature.
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