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A THERVODYFAIMIC STUDY OF GASEOUS OXTDES
Richard Francls Porter
Radiation Laboratory and Departmen! of Chemistry and Chemical Engineering
University of California, Berkeley, Galifornia

December, 1953

ABSTRACT

This thesis is primarily a study of the gaseous étate of magnesium
oxide, Vapor pressure measurements on the solid oxide show that the
solid vaporizes mainly into molecular species, Spectroscopic experi-
ments have been conducted and have showﬁ that the kuown gaseous 12
electronic state of MgO0 ie ndt the principal vaporizing specie. 4
study of the ultraviolet bands, produbed.by'magnesium burning in air,
prove the ground electronic level of the molecule imvolved in this
transition is more important than the 12 state of MgO. Within experi-
mentel uncertainty the heat of sublimation obtained from‘vapérvpressure
measurements sgrees wilh a spectroscopically determined heat of subli-‘
mation of the unkngwn spewie involved in the ultraviolet transiﬁion,

The dissociation energy of Sn0 has been deﬁérmined by combining

, the heat of formation of 5n0 and a redeterminéd value of the heat of

sublimation of tin, The dissociation energy obtained thermochemically

agrees with a linear Birge-Sponer extrapolation fto the ground state

atoms,
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INTRODUCT ION

1-3

Recent reviews of the thermocheﬁical and spectroscopic data of
the gaseous alkaline earth oxidés have revealed several discrepancies
in the dissociation energies of these molecules, In general, heats of
dissociation obtained from vapor pressure meaéurements<do not agree
with spectroscopically obtained values, These reviewers point out
that where thermochemical data are available, with the exception of
Ba0O, the spectroscopic value is muéh lower than the thermochemical
vaiue. The spectroscopie walues obtained from Birge-Sponer extrapo;_
lations of the vibrational levels of the lowest known 12 states are

in some cases as much as three électron volts lower than the thermo-
chemical values, Vapor pressure measurements will give erroneous
heats when the principal vaporizing specie is unknown and an in-
correct one is assumed. On the other hand, spectroscopic values

may be far an exc¢ited state of the molecule and sincenthérmochemical
data refers to ground statesg_agreemeht would not be expected,

With a flame technigque Huldt and Lagerqvistl obtéined independent
values which in most cases agreed with values based on vapor pressure
measurements, If one accepts the high values>for tﬁe thermochemical
dissociation energy and the low value for the spectroscopic dissoci-
ation energy of the lZ states; then some molecule other than the 12
must be the principal gaseous specie, OSince vapor preséure data do
not eliminate the possibility of a complexAmolecule, the principal
vaporizing specie must be another electronic state of the monomer or
a polyatomic molecule, In their flgme work Huldt and Lagérqvist
considered only the monomer to be important and do not’indicﬁte
whether or not their results were sufficient to eliminate the

possibility of other molecules,’
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If a monomer were’susbeéted of being the maiﬁ spedie, the problem
of establishing'the true ground state would stili remain, »A fﬁrther
study of the spectra in a hope pf'finding'transitions invdlving the
ground state woﬁld.be neceééary. Other systems ‘such as the Uhanaljzed
bands obtained in absorption in flames by Barrow and Crawford® may
involve a lowér S£ate of MgO, ’BrewerB has pointed out that the ground
states of these molscules nay'Bé triplet instead of singlet states,
Correlation rules allow only triplet states to be ﬁroducgg from the
ground states.ofAthe free atomq,v

Evidence for the existence of polymers has been -shown by Aldrich,5
He was able to produce ions sﬁéh as Ba202+ in a mass spectrpgfaph, and.
hence the existénce of oxide dimers cannot afbitrari}y be dis&ounted,-
Breger and Mastick® have showm from theoretical bonding‘bonsiderations,
however, that such molecules as Mg,0 should have no ghémical importance,

in a hope of expiaining the natufe of the_gasebus state of these
oxides, a spécific investigation of MgO was initiated, ?hé folloﬁingr

equations show the various possible modes of vaporiZétion:

(1) Me0(s) = Mg(g) +x0,(g) + (1-2x) O(g)
(2) Mgo(s) = 1g0 (g, “2) "

(3) MEO(S) = Mg0 (g, X)

) 1g0(s) = 1/x(g0)_

X and (MgO)X represent possible gaseous electronic states of MgO
and polymers respectively, MgO(g, 12) refers to the gaseous 15 state
of Mg0 and 1g0(s) refers to the solid standard state. The pasic
problem is to determine which of these is the principal vaporization
process, The essential phases to be considéred then are:

(1) Does MgO(s) vaporize mainly to the elements or to molecules? |

(2) If MgO(s) does vaporize into molecules, is MgO (g,‘IZ) the

most important specie?
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(3) If Mg0 (g, 12) is not the principal specie, is there another
electronic state of MgO which is important or does the solid vaporize

into polyatomic molecules?
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T. VAPOR FRESSURE DETERMINATICNS

Direct wvapor pressure data for MgO have not been reported and the
gignifidant thermochemical data for the vapor is that repgrted by Huldt
and Lagerqvist.l. The vapor pressure of Mg0 was therefore measured Ey
the Knudsen effusion technique, The method measures the rate at which
a gas enclosed in a crucible effuses oﬁt:through a small orifice into
a vacuum and is based on the fact that the rate of effusion of a ﬁar-
ticular specie is propbrtional to its partial pressure, For vapor
pressure determinations the solid or liquid is heated iﬁ a Knudsen
cell to the desired temperature and the vapor effuses out the orifice
into a vacuum, As long as the hole in the crucible cover is small'as
compared to the cross sectional area of the crucible, thé gas inside
will aprroach the true equilibrium pressﬁre° The observed rate of
effusion is the sum of the rates of the individual atoms and molecules,
énd hence the weight loss per unit time is an integral quantity. For
MgQ, however, it is possible from known ﬁhermodynamic data to éalculate

the equilibrium concentrations of Mg(g), 0(g), and O5(g). Eurthermore,

if these are the only important species, the observed préssure should

"be in agreemsnt with the ecalculated pressure,

Experimental
In the initial runs‘the Knudsen celis consisted §f tungsten

crucibles with tungsten covers, . In every case the empty crucibles

and the MéO were weighed separately before and after heating, The
crucibles were heated inductively in a vacuﬁm, the same'teehniéue as
that used by Brewer and Searcy.7 Pressures within the vﬁeuum gystem
varied from .1 to ?05 microns, increasing slightly at the beginninglof
a run and then rapidly decreasing, In later experiments the same

procedure was used wheh BeO and Zfoz‘cruciblés were used as containers,
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except that tungsten shields were used as heating elements, Crucibles
containing the MgO were placed inside slightly larger ones to prevent
them from being attacked by contact with tungsten radiation shields, The
MgO used was the Reagent Special grade of Baker and Adamson,

| Temperature§ were read with a calibrated optical pyrometer and the

proper window corrections wére"added, The uncertainties in the tempera-

L
"tures are not more than ten degrees,

Results_gg'Vapof Pressure Measurements
The tungsten crucibles proved teo be undesirable as containers for

Mg O, The results are shown in Table 1,

Table 1
Area of Total Weight Weight Loss of
Time Effusion Hole  Loss of Cell Crucible Alone
Run Temp, °k  (sec) in cm? ' in gr, in gr,
1 1970 3600 L0314 .010 _ 060
2 2110 3600 0314 L6 186
3 1960 5200 0314 110 - ,058

As is seen in Table 1, there is considerable attack of the crucible,
The reduction of MgO follows the general equation: W + xMgO = WO, + xiz(g).
If one assumes a value of x, the weight loss due to effusion of Mg(g) can

be calculated from the weight loss of the crucible alone, X-ray analysis

showed that collected portions of the effusate contained free tungsten

.and the only explanation is that there is appreciable volatility of WOX,

There is the possibility §hat JO{g) is formed, which, when collected on
a cool collector plate, disproportionates to W and WOZ. Phaseg other than
W appeared on the X-ray patterns but were not identifiable, Run 2 shows
that WO, does not completely vaporize, and consequently in Runs 1 and 2

the total volatility cannot be explained as simply the contributions
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from WO, and free Mg(g) even assuming x is 3. The MgO(s) must there-
fore contribute measurably to the total volatility,

More satisfactory results were obtained when Be0O and ZrO2
crucibles were used as‘®MgO containers, Table 2 shows the cémprehensive

results of the wapor pressure measurements,
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Table 2
S Py g
Time Area of = Weight (From (Calculated
Tenp, in Hole in Loss Rate Eq.) K w Theoretically)
Run °K Sec, om in gr. in atm, 1 2 in atn,
oLt 1 -5 R 5 b -6
1 2040 3900 L0177 025 4.5 x 10 1,1x 1 9,8 x 107% 6,6 x 10
2 2040 3900 L0177 018 3.3 x 1070 L1x 10 g8 x10% 6.6 % 2070
3 2140 9300 0177 A8, 1.4 ox 1074 1.6 x 10010 2,0x 1070 2.4 x 1077
- -/, : - -
4L 2200 3600 0177 A5 3.0x 107 7,7x1010  28x107°  5,6x 1070
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Runs 1, 2 and 3 were with BeO orucibles vhile Run 4 was vith a Zr0,
erucible, In all four runs BeQ covers were used, The holes in the
covers were ground as close as possible to knife edges. In Runs 1 and
2 the Mg0 charée was removed from ﬁhe éruciﬁle and weighéd separately.

The reportéd values gre,the weight losses of the MgO itself, The total

1 | -
weight losses of the cells were found to be slightly less than those of

the Mg0 itself. In Runs 3 and 4 the total lass of the crucible plus
Mg0 is reported as the MgO ﬁelﬁed:at the points of surface contact
with the crucibles and could not be removed ﬁpon cooling.'

_ The initial assumption is that only Mg(g), O(g) and O,(g) are
important, and the rate of effusion of Mg(g) is éimpiy the gram atoms
of magnesium vaporized per second, The pafiial préssurés of Mg(g)

wvere calculated from the rate equation

P (44he383) a

vhere R is the number of gram atoms or ﬁoles effusing per second, a
is the area of effusion hole injcm?, T the absolute temperature, M g
the atomic or molecular weight of the effusing specie,.and P its
partial préssure in atoms, Pressures calculated on this assumption

are shown in Column 6,

Comparison of Experimental and Theoretical Values

Fop

From known wvalues of - ( —— ) and AH it is possible to

298
calculate the equilibrium constants for the following reactions:

(1) Mgo(s) = Mg(g) + 0(g) " K = PMgPO, AH298 = 238,2 £ 5 keal,,
- ( BF2000 =~ 8H208 ) . 6,66 + .4 cal,/deg.
( Al ) é + 4 cal,/deg

(2) 1/20,=0 K, = PO/Pozl/z, BH g = 58,91 + ,12 keal.,

- ( “F2000 =~ 8H298 ) _ 15,2, & .1 cal./deg.
~3000 - |
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Knowing kl and K2 together with the auriliary condition that the raté of
effusion of magnesium must equal the total rate of effusion of oxygen
(as 02 and 0), welcan calculate the true théoretical’pressures of magnesium
ihside the Knudsen cell, | o

The value of -~ ( Fa000 - ,25 ) for MgO(s) was calculated from
Kelley's tables®*? and the salues for Mg(gl, O(g) and 05(g) were obtained

from tabulated values.lo The best accepted value of -143,7 £ .1 kcal.ll

12

for the heat of formation of MgO, and the most recent vdlue™™ for the

heat of dissociatioﬁ of Oé were used in the caléulations. For the heat

of sublimation of magnesium several sources of vapor pressure data were
.freateda 'Using Keliey's free energy fundtiohslBVtogethef-with the |
vapor presswure data we obtgined AH298 = 35.3.i 2 kcals ffom.the

measurements 6f Coleman and Egerton,l7 and AH298 = 35,4 t o5 kecals from

the measurements of Baur and Brunner°18 Combining these results with

the wvalue of AH298 = 35,9 keals, calculated.by Kellele frdﬁ measure—v
1 .
nents of Hartmann and Schneider, 7 we take a value of AH298 = 35,6
AFp = OH
.3 kecals, Slnce,r (T 298 ) is not strongly dependent on

7
! T
temperature, the values at T = ZOOO°K were consideted constant over

a 200° range,
The three necessary relationships are:
(1) Pifo =
(2) PO/PO 1/2 = K,

and ng = 2Ry + RO’ whlch expressed in terms of pressures is ,-
2 o
©) f@g A= 2PO2 + PO
Mel/2 T /2 01/2

Partial pressures of Mg, O and O2 vere caleulated by guccessive
avproximations until two place accuracy was achieved, The values for

Mg are shown in . Columm 9,
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Comparison of Colummns 6 ahd 9 shows the observed éressures are
consistently a factor of five or six times higher than the theoretical
pressures, With the widest limits of uncertainty in the thermochemical
data the error in AF for reaction 1 at 2000°K is 1,3 keal, This
corresponds to an error in K, of about 40% and an error of 20% in the
calculated pressures in Column 9. On the other hand the wvapor pressure
measurements are reproducible to better than a factor of two., The
discrepancy therefore between the observed and caléulatedvpressures
in Columms 6 and 9 is not just accidental, The initial assumption
is consequently false and we are not permitted to assume that only
Mg(g), 0(g) and Oz(g) are the important vapor species, Molecular
species must contribute appreciably to the vapor and the solid does

not vaporize simply to the elements.,
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L FPAT OF SUBLITRTION CF MgC (g, ~2)

Having shown from the vapor pressure measurements/that MG (s)
vaporizes principaliy into molecular specles, the next problem is to
' consider the importa: ce of the lowest known 12 state of 1eC(g). The
method to be used is similar to that used by‘QfeWGr, Gilles ard Jenldns,
If an electronic state of the gaseous molecule in eguilibrium with the
solid emits a measurable amount of radiation, the heat of sublimation
of that particulgr state can be determined from the variation of
intensity with temperature. fhe transition to be treated is the
well~kn0wh 12*'-——) 12 transition of Mgl lying in the green region of
the gspectrum, The decired heat is the heat of sublimation of g0
(g, 15#) minus the excitation energy of the 12? as shown by the
following equations: |
(1) Mgo(s) = MgO (g, 13 ;8

1
(2) M0 (g, '2%) =0 (g, 3)  IH, = - hy

(3) Mg0(s) = MgO (g, 12),_AH3 = O + AH,

AHl is to be obtained grarhically, and this value togeﬁher with the

known excitation energy gives us O0H,,

-

Experimental
To obtain a heat of sublimation with variation of intensity with
tenperature the two following conditions are necessary:
(1) The gas must be in equilibrium with the solid,
(2) The temperature'must be high enough to populate the upper
eleétronic level sufficiently to produce an observablg amount of
emission,

The Fing type resistance furnace as described by Brewer, Gilles

and Jenkins was used as the heating unit for MgO0. The same type of
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graphite tubes was used except that the MgO could not be placed directly
into the tubes as it is reduced rapidly by the graphite at higher
temperatures, Instead the‘graphite tubes were lined with a ,002" sheet
of tantalum and a ,002" sﬁeet of tungsten was placed inside this tantalum
lining, The MgO was therefore only in contact with the tungsten,
Graphite reacting with the §§ntalum formed a TaC layer and the carbon
could not readily penetrate the tungsten., Consequently, except for
some attack by the tungsten, rapid reduction of the MgO was prevented,
After evacuvating the furnace, argon was passed in to decrease diffusion
of Mg0 vapor out the éndS'of the iube; An argon pressuré of .i to .2
é.tm° was sufficient. A 22 K.V.A. power source, producing 800 amps or
more in the graphite tubes,‘was required to produce the desired tempera-
tures, All temperatures were read with a calibrated optical pyrometer,
Twenty grams of pressed MgO plaqed inside the tungsten lining wouldr
flast for about an hour at temﬁeratures around 2500°K, .

Emitted light from the Mg0 vapor was passed on to the slit of a
3 meter concave grating spectrograph and reflected directiy on to an
RCA 1P 21 photomultiplier tube, Stray light émitted from.the sides
of the furnace tube was cut out of the beam to prevent high back-
grounds, The photo tube, amplifying unit, and recording device was
that described by Phillips.,l5 The photo tube was part of the‘seanning
device and could be set immediately at the desired wave length.
Several tracings of each spectral feature were'made at each temperature
until it was sure that equilibrium within the furnace had been attained.
A characteristic tracing of the 0,0 sequence of the 12* ~*~9r12 system
is shown in Figure 1, The actual dispersion of the grating is about
4A/mm in the first order whereas the scanner was set to a slow enough

speed to produte a spread of 10,64/inch on the tracing,
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Fig 1 - Frission tracisg of the 7,0 seouence of the green bands of
MgO vroduced from Mg vapor in eauilitrium with g0 solld
at T = 255094, Iotted lines represent limits of the trus
background,
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Calculations and Results

Tracings of the 0,0 sequence of the 3* ——3 3 transition of MgO
in equilibrium with the solid were made at various temperatures. The
heights of the 0,0 band heat at 5007,3A, as seen in Figure 1, were
measured from the lowest dotted line repreéenting the lowest extrapo-
lated background, The héights multiplied by the proper amplification
factor are proportional to the intensity of emitted radiation, The

intensities presented in Table 3 are the heights in centimeters,
Table 3

Relative Intensity'»

ToK ~ of 0,0 Band
2498 13,6
" 2488 . . 11,3
2488 _ 10,2
W
2533 23,0
2533 21,2
2528 21.8 )
2598 7440
2598 ‘ 66,0
2593 70,0
2648 - 128.0

. 2653 104.0

¥
4
3

The upper dotted line in‘Figure lvis an e#trapolation of MgH
rotational structure, the MgH appearing as an impurity in the
furnace, The variation in heights meaéured from fhe upper dotted
line is about 10% of the reported values. Thé true backgronhd lies
somewhere between the two dotted lines, At ﬁemperatures above 2650°K

the intensities diminish rapidly since the solid disappears at a rapid
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rate and equilibrium is not maintained.

, 1
Determination of AHj for reaction (1), MgO(s) = ¥gO(g, ~Z¥),

To obtain the heat of sublimation of the 3* state, a ;E:: plot,
which includgs the variation in heat capacity with temperature, was
mde instead of a simple AF/T vs, 1/T plot. |

From thermodynamics we have the relationship: ,

d(AF/T)/aT = - BH/T? | (1)
and since the intenéity of emitted radiation is proportional to the
coﬁcentrafion of 12* we have a second relaficnship: AF = -RT In P12*=
-RT In k1T, k belng the proportlorallty conSuant From the relation-
Shlpo AH - AH998 ‘éh 4Cp dT, and from known heat capa01t1es of the

solid and gas: we obtain for reaction (1):

BH = Mgg = 5.21T = 487 x 107302 - 1.48/7 x 105 + 2100,
The heat capacity for MgO(s) was taken from Kelley's Table,8 For the
gas we are considering a singlekvibrational level of a particular
electronic state, and hence vib;;tional and elegtronic tefms do not
contribute to the total heat capa&ity. A rotational contribution
should be included bu} since only a few rotational levels are involved
in forming the heat of the band, is small as compared to the trané-
tional term, Therefore a Cp of 5/2R was taken for the gas.
Substituting AH into the equation (1) and integrating we obtain:
o4 X 105
AF/T = (BHpgq + 2100)/T + 5,21 In'T + .87 x 1077 - gz + const.

Setting OF equal to ~RT In k IT and letting - ( AHpgq + 2100)

be' E , we get: | ' T

DHygg + 2100

+ const,

E =~ - + const, = 4.575 log I + 16,55 log T
5 .
+ .87 x 10737 - -;Zé_;_fg;

T
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The slope of a E vs. 1/T plot gives us AH298. The valuves of E :

calculated from the averaged sets of data presented in Table 3 are shown:

in Table 4.
Table 4
TOK EE
2,88 63,08
2533 ‘64.67
2598 67,20

2648 68,58

The E : vs. 1/T plot is given in Figure 2 in which the same weight is
given to each point, From the slope of the line we obfain AH298 = 230

1
"keals, To obtain AH, for reaction (3), MgO(s) = Mg0 (g, “Z), we sub-

3
tract the sum of the electronic and rotational energies of the 12*. The

~electronic energy calculated from the band origin is 57 keals, The
ba;d head forms approximately at the rotational level J =v40 giving a
rotational contribution of 2,7 kcals, We therefore obtain for the heat
of sublimation of Mg0 (g, 12) a value of 170 keals, |

Uncertainties in the heat of sublimation,

In general with a limited mumber of points it is difficult to
obtain accurate heats, A smell uncertainty in the slope of the line.
will produce a large uncertainty in the heat, In this case there is
an uncertainty of lQ keals, alone in establishing the best position
of the curve, B | ‘ '

Errors may also be due to temperature gradients along the gréphite
tube, In order to minimize this vncertainty the g0 was placed in the
eentral uniformly heated portidn of the tube, In'making the temperature
measurements the optical pyrometer Qas focused directly onto the hot

1 .
surface of thengO and the temperature was observed to be constant. over
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the total surface area, Temperatures read on an exposed central portion
of the graphite tube agreed with readings on the surface of £he Mg0;
and since the hot graphite approaches a black body fadiator, it was
presumed that the Mg was also radiating as a black body. |
Reduction of the MgO by tungsten produces a solid oxide of tungsten
and eventually the Mg0 will be compléﬁely reduced. As long as solid
MgO is still present, however, the true equilibrium pressure of. MgO
vapor will be maintained. At lower temperatures the reduction is slow
enough to allow time for several tracings at each temperature,
The temperature range which can be studied is limited since at
lower temperatures the amount of emission is too small to observe
while at higher temperatures the gas will not reach its true equilib-
rium pressure and‘the‘oPserved intensities will be too small, A plot
of this type will therefore tend to give low results if the pointsvat
high temperatures are treated equally with points.at loﬁer temperatures,

Conéequently we shall take the AH298 of 170 kcals, as a lower limit,
Conclusions

The heat of sublimation of MzO (g, 12) has been obtained
graphically and found to be: 8H,q )/ 170 keals.
From Kelley's tables®?? we obtain for the reaction,

. _ ¢ BFy000 = AH2o8
MgO(g) = Mg0 (g: E), ( 5000 )

Using 0H,gq » 170 kecals, and setting AF equal to - RT 1n PlZ we

~10
calculate Pl ( 10

atms, at 2000°K, Comparing this value with
the pressure of Mg(g) in Colum 9 of Table 2, we see that Mg0
(g, Z) is even less important than Mg(g) and also cannot. be the

principal vaporizing specis,



.
Ll Nl

ITI, THE ULTRAVIOLET B4ID SYSTEM

The 37004 band system appearing in emission from maghesium burning
in air and also in abscrption in flames containing magnesium4 will now
be considered. Although the hands are complex and have not been analyzed,
there are good reasons to suspect from the various ways they have been
produced that they either involve electronic states of MgO or states of
a more complex molecule containing magnesium and oxygen, If ‘this
transition occurs with equal or greater intensity than the ~2Z¥ _m_>

Z transition, we ought to obgerve it in Xing furnace as we did the
green bands and further ought to bhe able to study the states involved
in the transition, Experiments were therefore undertaken to obtain
the 3700A bands both.in emission and absorption under equilibrium
vapor conditions and to study the importance of the lowest electronic

) 1
state of the transition relative to MgO (z, “2).

Experimental

The techniquefused to produce the 1yx —_— 12 bands was also
successful in studying the ultraviolet system, Light from the g0
vapor én equilibrium with the solid was passed on to the slit of the
3 meter grating and reflected onto a  1P28 photomultiplier tube, S1it
widths of .1 mm were required to give a reasonable response by the
rhototube, A quartsz optiéal system was used throughout the ultra-
violet experiments, OSeveral tracings at temperatures about 2600°K
betwee; wave lengths of 3800 and 3600 Angstroms were made in order
to locate the bands., BSeveral molecules and atomic features appeared
on the emission tracings; and after identifying the impdrtant atomic
lines, the bands were defihitely shown to be the ones obsgerved by
Barrow and Crawford.’ Hgure 22 is a reproduction of ﬁracinés made

at two different temperatures, The recording device was set to
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produce a dispersion of 42,3.A/inch on ‘the tracing paper.,

For absorption experiments a xenon lamp with a high effective arc
temperature in this wave length region was used as a source, Parallel
light from the source was passed through the balcium-fluorite windows
of the furnace and on to the slit of the spéctrograpﬁ. Figure / shows
tracihgs oflthe-s transmitted light fram the xenon lamp with abéorption
by the MgO vapor at two different furnacé temperatures., The absorption
features in Figure 4 are seen to be»juét the reverse of the emission
features in Figure 3a, On this low dispersion thegtracings show only
an integrated shape of absorption features, and small fluctuations in

the lamp intensity are also present,

Intensity Comparison of the Two Band Systems

From a comparison of rates of rise in intensities with temperature
" for the two band -systems we can qualitatively establish vhich of the
lower.states involved in the transitions has the smaller héat of
sublimation, |
Simultaneous tracings were made for both the green and ultra-
violet systems, The furnace was fifst brought to the desired tempera-
ture and held constant to allow the MgO.vapor.to'equilibrate with the
solid, The spectrograph was adjusted to permit siudy of both regions
with one setting, The seanner was first set at approximately )\ 5000
and a tracing of the green system was made, The scanner‘was then set
at approximately A 3700 and a tracing of the ultraviolet region was
taken, Several tracings of each system were made at a particular
temperature until equilibrium was established»and tracings of each ,
system were reproduced with the same shépe and magnitude, The
furnace temperature was then changed and another series of tracings

were made, Figure 3a is a reproduction of two tracings of the ultra-
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3650 3700 3750 3800 3850

A

Intensity tracings of light transritted from.a xenon larp
through Mg® vapor showing absorvtion of radiatiocn by the
vavor  The npper tracing as mefe +t T = 23209¢ and the
lower at 1 =2L20 K. Dotted lines are zero light reference
lines !



violet region, ahd Figure 3b shows two ﬁracingg of the greeh systen,

The solid lines are tracings made at T.= 2600°K vhile the tracings shown
by dotted lines were made at T = 2550°%, The backgrounds are extrapo-
létions of the observed backgrounds .

First we consider the excited states and the reactionas

]

(1) go(s) =% (g) BH,

(2) Mgols) = 10 (g2, 13%) GH, ¥

n

X(g)* represents an excited state of the unknown molecular specie,

Frofi thermodynamics we have the relationships:

AT %
a (=1l) AHL %
T .. 2 (1)
ar T2
AF _*
d ( - ) AH %
T )
- = - _§: (2)
47 T

Setting AFl 134

where I, and I2 are the intensities of the ultraviolet and green
wt

* equal to -RT In k., I.T and AFZ* equal o kzIéT,

systems respectively and k; and k2 are the proportiona}ity constants,

we obtain from equations 1 and 2:

K d (In IlT) ; AH# _ )
a7 72 (3

a(ln I.T AH
i (%)

aT T2

For comparison purposes in the ultraviolet system we will
consider the strong molecular features in the region of,* 3720 as
seen in Figure 3a, The features appearing at approximately /\3840
contain the strong % — 3po transition of magnesium and cannot

bc used, For the green system we will treat the sequence of bands
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beginning at )\ 5007.3. Using the areas enclosed by the solid and
dottedilines as measures of integrated intensities for both systeﬁs,

we find

bt

-
-3
i}

2600°K 2, T = 2600°K
= 1,6, T = 2,0 -
2550%K 2, T = 2550°K

It

Ll

-]

-
3
[}

We see that the green system is rising more rapidly with temperature

than the ultraviolet systemn, Expressed'mathematically,

I . T . o
1, T = 2600°K < To, 7 - 26000k oy 40n TyT) <d(ln 1,1)

) aT — =
I, T - o, T = 2550°K | ar

2550°K

~ Therefore, from equations 3 and 4 we may also write:

BHqp* ‘ < OH ¥
Assuming the ultraviolet bands involve a monomer of. Mg0 we can plot
log 11/12 vs. 1/T and obtain from the slope the differénce in heats
of sublimation of the two excited electronic states, A plot of this
type was made using the integrated intensities from the tracing$ shown
in Figure 3a, and a‘diffsrence of roughly 50 kcals, was obtained,
‘With an estimated uncertainty of 20 kcals, we have:
R BHy¥ "= OH,* - 50 keals,
To obtain a relation between the héats.of sublimation of the lower

levels we subtract from AHl*'and AH,_* the electronic energies, The

2
reactions ares: _ .
(3) Mgo(s)
(4) Mgo(s)

h

MgO X (g) AHJ_

1
Mg0 (g, “Z) AH2

it



¥ () rerresants the leuer state of the unknown moleculsr specie,
The energy fer the %) is 57 keals, For X¥ we sholl toke the origin

Faln . " 1 R poi oy - S T N v gy ol y
of the «gysiem 2b )\ 3700 piving 2o celscbronie energy of 77 keals,

SH, = &H % «~ 77 keals,

LbH = AH_* - 57 leals,

I3

Since OH. % = AH?* -50 % 20 keals., we obtein the relation:
ad -
A, = O6H, ~ 70 + 20 keals,
Showing the lowsr level of ultraviolet system lies significantly lower

1

than the lower level of the green systen,

4
(=)

Conclusion and Discussion

The 3700a bands, originally produced in emission from burning
ﬁagnesium and in ah<orption in flames containing magnesium, have been
produced in absorption and emission in equilibrium with solid HgO,
A comparison of intensities of the ultraviolet and greén systens
has shown the lower staté of the ultraviolel system to have 2 smaller
heat of sublimation than the 12 state by approximately 70 kecals.
These results show the pressure of the unknown molecule to be

' 1
sicnificantly greater than that of the ~2 and sugsest the possibility
tﬁat the unlmown molecule is the principal vapor specie,

On the tenta*tive assumption that a wmonomer is the principal
vaporizing specie, we can calculate 2 heat of sublimation from the
vapor presswre data shown in Table 2, taking the weight loss due
mainly to MpgC(s). Table 5 gives results of such calculations. An
electronic rcontribution should alsc be included in the free energy
fuactions in Table 5 if the vaporizing specie is a multiplet
electronic state, If the molecule isg a 35 state of MgO, the

guantity RT 1n3 should be added to the tabulated wvalues of AH?98'



.
AF, o AH298 .
) Mg in Keals,

PMgO in At!‘n-sg T
Mg0(g) Mgo(s) = MgO(g)

TOK (Calculated from Rate Eq.) MgO(s)

i)

2040 5.8, x 1077 41,66 123.5
2040 4,20 x 10™7 41,66 124.8
2140 - 1,84 x 10™% 41,33 125,2
2200 3.81 x 1074 41,13 125,1

Averaging the results of Table 5 we obtain a heat of sublimation
of 124 + 2 kecals, Comparing this with the experimentally obtained
| value of >/l70 keals, for the heat of sublijrzation of the 12 state of
.MgO we see the principal vaporizing specie must be at least 45 kecals,
lower than the lZ'. state., The ground level of the ultraviolet
transition has been shown to be 70 £ 20 kecals, lower than the 12 state,
The thermochemically obtained heat of sublimation and the heat of
sublimation of the unknown molecule determined spectroscopically,
therefare, are the same within the experimental uncertainties, and
it is reasonable to conclude that the unknown molecule isvthe
principal vaporizing specie, Even if the spectrum pertained to a
polyatomic molecule, the same general conclusions could be drawn.

Huldt and Lagerqvisﬁ4 obtained a thermochemical value of 542
e.V, for the dissociation energy of Mg0O, With the same heats of
reaction used previously and with this value for the dissociation
energy we calculate a heat of sublimation of 118 keals, This is

4 kecals, from the uncertainty limit of the value obtained here,
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ihe Ultraviolet Sancyg on “ligh Disnesrsion

A
Murther investigation of the uvllraviolet band system is necess ry
in order to identify “he molecular stabes involved in the transition,

On low dispersion the bonds are too complex to rermit a vibrational or

. . - . .ot ,
rotationrni anrlysis. Jarrow and Crawford™ me many band heads bub

did not have sufficient resolution to atiem-t a vibrational snalysis,
e bands into distinct sets of soqa“ncea,
but over-all little work hos bzen dene on the ultraviolet system, In

a hope of obtaining further informition about the electronic states

involved in this transition we have obtained the bands azain under

o, 2
Eroserimental

ALl spectregrans werce mde with 2 21-foot

&
£

rrating, ruled with

/ spersion of .67i/mm 2t A3700 in

e

20,000 lines/inch, giving n linear d

“

shteen~inch photographic plate was placed on

the sccond order, An el

C

S

the Rowland circle with the center of plate al anproximstely AB’?EO

so as to include a2 rance between )\3600 and )\3900, Fastman Kodak

1

I a-o plates were used and found to give sharn contrast, The three
following methods of excitation were used:
(1) Burning Magnesium

Lightv fron the burning end of a thin piece of rrnesium ribbon
fed through a quartz tube was focused directly onto the slit, The
height of the gquartzs tube could bhe adjusted to allow only selective
portions of the flzme to focus on the slit, but the erratic burning
of the ribbon would not allow complete exciusion of continuous

d

lJu

g

radiation from the glowing mass, S1it widths of .05 mm with an
exposure time of ten minutes were required to give ohservable spectral

featuresz., In soms cases burning pellets of mignesium, which give a



brighter instantaneous source, werz used:; bot in 2cxgrounds

2l aenninies of banag arpeared

were too high, On the best niats
with partially resolved rotatisonal siriv-iurs, but overslapping of many
vibrational bands forbid a vibrabtion:zl analysis,

(2) Magnesium Arc

Magnesium electrodes of one-half inch diameier and aprroximately
3" long were fastened to the clamps of » conventional iron are, The
arc was powered by a 220 volt DG sourcs, The green portion of the arc
was focused onto the slit, and the position of the arc could be
adjusted to allow only a ceriain portion to be exposed to the slit,

The arc could be run for only 3C scconds at a time as the electrodes
became overheated, In some cases the arc went out by itself after a
few seconds because of g0 formation at the surface of the electrodes,
Slit widths were 0,05 mm and the total exposure times were about 10
minutes., Backgrounds on the rlates were considerably reduced and
rotational structure Qas more obvious than on the exposures with
burning magnesium, lMany impurity lines and bands also ap-eared,

Bands of CN sere particularly strong, and presence of these impurities
would not permit an analysis,

(3) Thermal Excitation

The bands were obtzined in emission and absorpiion in the manner
previously described,

(2) For emission the Mgl was brought fo temreratures of about
2550°K, and light from the vapor was focuzed onto tae slit, Vith a
siit width of C,03 an exposure time of 25 mimites was vequired,

(b) For absorpition a xenon lamp wag usad as a source of

continuun, An Mgl temrerature of 25%C°H wog found fo be the most

x’b
e
w
e
Q
%
m
o
s
by
o]
c
)
@

ideal for reversal of the bands. This temperalure
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effective lamp temperature and still high enough to produce a large
concentration of vapor, The slit width was again C.03 mm, At this
terperature the solid (g0 lasted about 40 minubtes which was a

sufficient exrosure time,

Description of the Ultraviolet Dands

Spectro~rans of the bands obtained under high excitation as in
the case of burning magnesiunm and magnesiun arcs are too complex to
nermit é vibrational analysis by themselves, The spectrograms
obtained under ecuilibriun vapor conditions, however, are considerably’
less conplex since only lower vibrational levels are populated and
only 2 few of the rrincipal bands appear. In our analysis of the
bands we will treat them as we would 2 simple diatomic spectrum,

ssuming a monomer of 1ig0 is involved in the transition, From the
vibrating frequencies of the singlet state of g0 we would expect
this molecule to have = vibrating frequency between 800 and 500 cm—l°
The spacing between the 0,0 band and the 0,I band would therefore be
of the order of 100 ingstroms, Close examination of all the plates
shows, not one, but several sets of seguences scparated by appréxi-
nately this distance. If the moleculé is a simple monomer, the only
conclusiqn is that more than two electronic states are involved in
the transition, The splittings are too great to be simply multiplet
splittings, Three measured sets of secuences are shown in Table 6,

411 of the band heads presented in Table 6 were observed in
thermal abscrption, If the bands were distinguishable on other
plates, the other methods of excitation are also listed, The

. L ' . 4
measurenents in general agree with those of Barrow and Crawford,™



1st Sequence Methods Direction 2nd Sequence Methods  Direction
1 Heads of of Heads of of
A V Excitation Degradation ‘ 2 Excitation Degradation
3721.,41  26863,9 1,2,32,3 v 3626,73  27565.2 3b '
3731.75 26789.5° 1,2,3a,3b v 3659,95 27315.0 3b R
3742,27 267142 3a,3b v ' ’
Syecten  3751.33 26649.7 3a,3b -V 3rd Sequence
I 3759,38  206552,6 32,3h \Y _ 2 leads
3766,50 265L2.3  1,2,3a,3b R A |
3772.56 ?6497 6 1,2,3a,%b R 3646 .84 25988 ,0 3a,3b ?
377543 __ 26459 1,2,3a,3b R 3854.81 25934.3 32,3b ?
——_—r “oad )
3725,7 26833 1,2,32,3b v
1st Sequence 2nd Sequehce
2 Heads. 9 Heads
Syotent - ”‘ . ,
I 370/ 26989, b v 2702.4 26291 32,3b v
2655, 2 9”0);. 3b v 3792,8 26358 2a,3b v
3636,57 27118,3 3b v 37S8L,5 26416 3a,%b v
1st Secuvence 2nd Sequenée
Heods Unlesi-nated Heods Undesignated
R N
System 3793,3 GL10 1,2,3a,3b R 2684, 7137 3 R
I1I 3004 o4 26276 1,2 R 3691,27 27084 2b ?
3805,4 - 20271 1,2,32,3b R
810.2 0237 1,2,% R
,;1;.7 26200 1 | R?
,__‘*___s__76 MM?/.L‘?Q 1 R?
Tusle G, llihols of Excitation ars: (1) Burning lmgneciw, (2) Magnesium drs, (3a) Thermal
Enfgrion, {3h) Thermal Alzorplion.
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The most oubstanding ssguence beging ub Ajﬁﬁl. (n th2 abgorption
spectrograms several menbers of the senuence ap-ecar, The members con-
verge off toward the red while the first nerhers are cbviously shaded
toward the violet, The third =znd fourth members of the seguence are
barely visible on the emission syectrograms cbtained by burning mag-
nesium, e see, therefore, a sequence of bands initially shaded to
the violet, becoming ' headless, and finally shading toward the red.
The sixth member of the sequence appears Quite intense on the emission
spectrograms and indeed is shaded to the red. TFrom this we can con-
clude nearly equal rotational constants for the two states, Bi =£'B£.
From the direction in which the bands are progressing we can also
conclude: N ! < W', inother iﬁteresting feature is that the band

1

heads at A 3’7~_L.49, A 2725,7 and A3731.75 each have multiple com-
ponents, an indicatlon of multiplet states with Hund's case (b)
coupling,

The second system has two sequences of comparable intensity both
degrading and provres‘*inﬂ toward the violet, g' ) .J' ) I"

A third system has one intense sequence of bunds ai;A3798
shaded and progressing toward the red and a second weaker sequence at

)\3684 also shading and progressing to the red, This shows us:

2vsnoana o,
3 3 3

3 3 7
Cther weaker bands also appear in thermal absorption but were

not measured, Some of these may be members of the systems already
nentioned or may be nart of another system, In order to explain the
presence of so many bond systems as part of a simple diatomle spectrum
we are forced to recognize the existence of several electronic states,
Cne explanation is that there are two wrper electronic states lying

close together and two lower states lying close tozether., Correlation

rules 2llow a 23 and ’n state to form from the ground state magnesium
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and oxygen atoms, An alternate explanztion is that the molecule is

polyatomic and we are observing more than one mede of vibration,

Considering all aspects of the spectrum, however, the former solution
P s )

o S 16 . , s
appears to be the more feasible, Verhaeghe™ 1is also of the opinion
that several states are involved,

A provisional vibrational scheme is given for system I in Table 7.
We have taken the intense band at,‘%3721 as the beginning of the C,0

sequenée. This scheme must be talen tentatively until the numbering

of the bands is definitely established,
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(SV)

We" =902,
we' = 817,

| 26863,9 (875,9) 25988.0

(801,5)

26789.,5 (355,2)
(775,7)

27565,2 (851)

XeWeat 13
Xe‘we' = ()05

2592443 .
(779.9)
26712
2664,9,7
26592.6
(722.4,)
. t
27315.0 (772.7)  26542.3 F
26497 .6
26459

Table 7
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involved in the ultraviolel transition "5 been shown to bz more

important than the known lZ state of 1gC, and there is strong evidence
indieating this unlmown electronic specis is the principal vaporizing
molecule, The specirun of the ultravioclet honce is not inconsistent
with a simple diatomic spectrum if we recognize the poseibility that
several electronic levels are involved in the transitioz}o

Treating the unknown molecule as the principal vaporizing monoﬁer,
using the heat of sublimation shown in Table 5 and the experimental
determined value for the heat of sublimation of the 12 stete, employing
the correlation rules and using the frequency measurements in Table 6,

we can set up the following energy level diagram for the gaseous

molecules,

. t =
3n and 32 {: v 0

. 26564, cm."l
yn =0
3n and 32 ]
125 keals, = 5.4 €oV. - 2> 170 kcalsog? Toh €.V,

g0 (s)
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A rotational anslysis of the ultraviolet spectrum would give us a
moment of inertie which would be more conclusive in identifying the un-
known molecule., Even on the high dis;ersion.obtained here, however,
fhe rotational structure was only partially resolved and attenpts at a
rotaztional analysis were unsuccessful, A study of the iscteope shift
would also give us sdditional information about the molecule, A third
method to distinguish a monomer from a polymer is to study the inten-
sities of the ultraviolel and green bands together under equilibrium
vapor conditions, at constant tecmperature, bul varying the thermo-
dynamic activity of the solid 1{g0. The chemical equations are:

1/x (1%g0)_ (g)
x
1/x (1%g0)_ (a)

i
i

(1) 150 (s, activity 1) = Mg0 (g, *2)

(2) g0 (s, activity 2) = 0 (g, 12)

1
]

The thermodynamic relationship is:

1/x
Py
2 (activity 1)
3
' 2 (activity 2) ) T

P
(I'*gO)X (activity 1)

F (Mgo)X (activity 2)) T

ar expressed in terms of intensities:

: 1/%
Il I(“EO) (activity 1)
% (activity 1) _ x
I1 T
2 (activity 2) ) T (Mgo)x (activity 2) ) T

Comparing the intensities of the two band systems at different
activities of the solid will give a value for x, The method descfibed
in previous sections could be used here agzin except that in this case
we yould vary the activity of MgO instead of the temperature, The
problen would be to find substances which will dissolve solid MgCl at

higher temperatures but will not chemically react with it,



VI, THE EAT OF CUTLT'RTICK OF TI

AND THE DTISSCCTATICH TITRGY CF Sn0
Introduction

Brewer and bhstickzo have reviewed the data in the literature on
the heat of formation of gaseous Sn0 and have combined thié value with
a value of the heat of sublimation of tin to obtain the heat of dis-
sociation of the SnO molecules to the gaseous atoms, This value was
found to be in close agreement with the linear Birée-Sponer extrapolation21

<2 have reéently

of the vibrational levels of Sn0., 3Barrow and Drummond
reconsidered these calculations and by use of a lower heat of subli-
mation of tin have claimed that the data indicate a linear Birge-Sponer
extrapolation to an excited tin state rather than to the ground state
tin atom,

In an effort %o resolve this difference the heat of sublimation’
of tin was redetermined by measurements of the vapor pressure using the
Knudsen rethod., The vapor pressure of tin has been debtermined

. ' . 23 . 2 - e D
previously by ‘Jartenberg, ™ Greenwood, 2y Marieck, 5 Ruff and Bergd&ml,“6

r

. 27
and Granovskaya and Lyubimov,

-

Table & indicates the temperature ranges uzed in some of the

of

(=

previous investigations, the nethod of study, and the average hea
sublimation at 298°H derived from these results using free energy
functions, Heats calculatsad from the vapor pressure data of Ruff and

'
Bergdahl and Granovskaya and Lyubimov are 54 and 55 keals, respectively.
Of these previous deterninations, all of the methods used except that
by Harteck and Granovslkaya and Lyubimov are suhject to a very serilous

error vecause tin forms a volatile oxide SnC which is much more

volatile than the metal,



Temperature Averaged AHpgg
Invesgtigator Range °K Hethod in Keal, ™"
Von Wartenberg 14,00--1640 Flow System 61
Greenwood 224,0-2380 Observation of 65
Boiling Toint
Harteck 1300~1450 Knudsen 73
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Thus an-- method which does not completely eliminate the presence of
¢ymen in the form of elemental oxypen or wa'er cr carbon dioxide is

1iahk

2z Lo glve results which are much too high, Comparison of the
results of Table 8 shows that the methods which do not rigorously
elininate oxygen do in fact give much too high vapor pressure, Harteck
uszd an effusion method in vacuum which can avoid this error because
“ne oxygen can be completely removed by evacuation, Since the Knudsen
2o hod appears to be the only one which is likely to give reliable

resuits it was used also in this work,

Experimental

The apparatus and procedure described by Brewer and Mastick29
were also uéed for this work, The Knudsen cell was made of graphite.
For the lids, graphite; tantalun éafbide and tantalum were used with
varying hole sizes, The vapor pressure was.determined by measuring
the weight loss of the inudsen cell after diffusion had proceeded
for aprroximately two hours in:the average run., The results are
tabulated in Table 9,

The crucible covers in Runs 1 and 2 did not have knife-edge
holes in them and consequently the flow of gas was restricted and
lower pressures were observed with correspondingly higher heats,

The free energy functions used for these calculatioﬁs were
obtained from Brewer?8 Tt was assumed that monatomic tin was the
main gaseous species; The recent study of tin vapbr in the mss
spectrometer by HonngQ would substantiate the assumption that monatomic
tin is the main speqies.‘ Averaging the results of Table 9 yields AHSQS =
70 * 2 keal, for Sn(s) = Sn(g). This new result agrees quite closely
with that obtained by artecl and iz the same heat of sublimtion of

. ‘20
"tin as that used by Brewer and “lastick, Thus the validity of the
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linear Birge-Sponer extrapolationzl for tin oxide is substantiated,

The Knudsen technique will give pressures lower than the equilibrium
pressure only when the accomodatimcoefficient of the vanorizing specie
is considerably lower than unity, The relationship between the actual
pressure inside the cell and the true equilibrium pressure as given by:
Peg, = P (L + a/aA), where Peq. is the true equilibrium vapor pressure,
P is the actual preséure, a the cross sectional area of the orifice,

A the cross sectional area of the crucible, and a the accomodation
coefficient, In runs 3, 4, 5 and 6, the ratio of hole to crucible
area, a/A, was .02, In order to be off by a factor of two or more to
the true equilibrium pressure the accomodation coefficient must be
equal to or less than .02, The accomodation coefficient was checked
by measuring the degree of bouncing of tin atoms off of a platinum
collector plate, 4 negligible amount of tin was observed to bounce
off, The accomodation coefficient, therefore, was considered to be
close to unity and the actual pressure inside the cell must closely
approach the true equilibrium vapor pressure,

<0 have pointed out that the fourth group

Brewer and Mastick
oxides appear to give very satisfactory linear Birge-Sponer extrapo-
lations assuming that the extrapolations go to the ground atomic state;
The present work reconfirms this for SnO, Also, as pointed out by
Brewer,BO recent work on GeO by Jolly and Latimer and work by Gilles
and Wheatley onITiO have confirmed the wvalidity of the linear Birge-
Sponer extrapolations for these molécules. In every inastance where

data are available for fourth group oxides this extrapolation appears

to work quite well,
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