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HICH-TEMPERATURE STUDIES OF THE C5 MOLECULE
John Leland Engelke

Lawrence Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

April 30, 1959

ABSTRACT
The 05 molecule has been produced in thermel equilibrium with
graphite. The so-called C5 continuum hes been studied from 3700 A

to 4850 A end its unresolved structure has been shown to be part of
the C5 Swings bands. Evidence is presented that the transition 1is
lﬂh > lzg* and that the latter is the ground electronic state
of C3a The integrated absorption coefficlent of 05, in the gbove
spectral region; leads to an oscillator strength, £, of 0.2.

The temperature coefficients of absorption end emission intensities
were measured near 4045 A. The sbsorption experiment set a lower limit

to the heat of formation of C5’ AHOO = 181 kcal/mole. 'The value from

the emission experiment is 197 + 10 kcal/mole. By comparison with other

results in the literature, the best value for the heat of formation is

teken to be AH © = 189 + 5 keal/mole.



HIGH-TEMPERATURE STUDIES OF THE 05 MOLECULE
INTRODUCTION

The C., molecule has received considerable interest in recent yesars.

3
The definitive spectroscopic investigation by Douglas has shown that it

is a linear, tristomic radical snalogous to Cdeol The bond distance is
intermediate between that of doubly and triply bonded carbon atoms. And
the mass-spectrometric gstudies of Chupka and Inghram2 have shown that in
equilibrium with graphite at temperatures above 2&00°K, 05 is a more

important species than either C, or C-

2

The spectrum of 03 vwas first observed in the emission of comets,

where, for many years, it was known simply as the I'A4050" or "Swings bends."

3

There it eppears as a number of line-like bands extending from 3987 A to

LOT5 A. The first laboratory source used for the production of C3 was an

“interrupted discharge in methanenu Under high resolution, the discharge

spectrum appears discrete.®

The C3 emission from a graphite-resistence-tube furnace was first

observed by Gartono7 Phillips and Brewer have also produced 05 in a

graphite-resistance-tube furnace (King t’ype).,8 In addition to the discrete

bands, they observed a strong underlying continuum with 2 meximum intensity

*For a discussion of the earlier work on CB, the reader is referred to

the articles by HerzbergS and by Rosen and Swingsy6
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at 4000 A. and a -sécoﬁda.ry'maximm at 4300 A, Using-thé mess action law and
varying the carbon partisl pressure by means of a tantalum sleeve through
. ‘%fhich the casrbon had to di‘fﬁxée,- they were able to show that the continuous v
emission was elso pfodﬁced' by 03 ' | |
. An identica.l continuum has been observed, by Marr and Nicholls, to
accompany the Swinga ba.nds in the spectra from a fuel-»rich oxy-»acetylene
flameo.g . This is not too surprising, since the conditions in the flame are
quite similar to those in the»‘fumaceo The King _furnace is an equilibrium
source. The flame has been sﬂhcim to approximete equilibrium conditions and
the .tempera.t‘ure at vhich the bends and continuum appear is ebout the same
‘for both sourcesom | o ‘ _

The question to be asked ‘at this point is whether the observed -
e‘mission is a true diesociate contin_umn, or whether it is simply an
. ‘,,_unresolved discrete spectrmno A nore ccmplete understanding of the physical

and .chem;,eal_ properﬁies of the c

3 molecule will be obtained by answering

v this questione _ ‘ _

If the spectrum is, indeed, a true continumn, i“t. must be produced by
reccrmbination,,_ fc}.lowed by radiatipn, suc_h ag the _reac«’gign of (;_'2 and C
which has been suggested by _Marr,u or by some other mectjanigm involving a

repulsive electronic state of Cgo# If this ie the cese, then the super-

#8Buch mechanisms‘as electron reccmbination are not considered here, since the
énergy involved would be much greater. Also, Phillips and Brewer have shown >
that the continuum intensity does not d,epend on the electron partial pr'essur’e°
For a discussion of mechanisms which lead to continua, gee Hf:ar'zberg,l2

pp. 387-h37.
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position of the continuous and discrete spectra is an unfortunate

coincidence;, insofar as an investigation of the ground state is concerned.
If, on the other hand, the spectrum is discrete and is also part
of the same electronic band system which gives rise to the Swings band,
theﬁ the transition may be used to investigate this stable molecule in
its ground state.
Phillips and Brewer noted that the cpntinuum intensity was comparsble
5 SWan bands°§ This strongly

2
suggests that they did not observe & true continuum. They have also

to the total integrated intensity of all the C

shown, however, that even with a resolving power approaching the Doppler
width of a single line, the spectrum may not be resolvable. Such a
spectrum has been called a "pseudo»eontinuumo"D Phillips has also
studied the temperature coefficient of emission for s portion of the
continuum and finds that the excitation of the emitting state is not
great enough to be dissociatdve.~' | |

In both the work of Phillips and of Phillips and Brewer; the amount
of‘scattered radiation from the hot furnucce well was sufficient; so that
~even after correcting for it, some uncerteinty remeined, and the possibility
-that the spectrum was & true continuum was not completely eliminated.

The purpose of the preéent research was to obtain an unequivocal
answer &8s to the nature of the observed continuum. Experiméntally, two
complgﬁgly different techniques were used.

First, the absorption spectrum wes measured over most of the electronic
transition. By integrating the absorption coefficient over the frequency
intervel for which the absefption was measured, an order of magnitude
estimate could be made of the total number of absorbers in the lower state

of the continuum. From the known temperature and dimensions of the furnace



and from evailzble thermodynamic data, an independent esgtimate could be

mede of the number of molecules with various amounts of excitation which

would exist, in thermal equilibrium, in the furnace. The results of & ¥
compzrison between the measﬁred and the calculeted values has clearly |
indicsted that in the process of absorbing a quentum of 4000 A radistion,

the 05 molecule in the lower state of the so-called continuum.could not
dissociate.

The second technique used to investigate the natgre of the continuum
was to measure directly the heat of formation of the electronic states
involved in the. transition. This was done both in abgsorption and in
emission. That is, first the heat of formation of the lower state of
the pseudo-continuum was determined by meassuring the temperature coefficient
of sbsorption. Next, the temperature coefficient of the emission intensity
was measured. The results of the absorption and the emission experiments
clearly show not only that the trensition is discrete,»but that the
electronic states are the same as those of the Swings bands. Furthermore,

from the theoretical predictions of Pitzer end Clementi,>”

-and from the
egreemént between the heat of formation measured here and the ness-

spectrometer determination by Chupka and.Inghram,2 the transition is

characterized as lnu < > 12g+,'with the latter state as the ground

electronic state of C5°

)‘J
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Fig. 1. Energy level diagram for electronic states of C3.
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ENERGY LEVEL DIAGRAM

The energy level diagram shéwn in Fig. 1 has been included to illustrate
the various eiectronic states of C5 and their relationship to the observed
spectrum. It has been constructed from‘available experimental data and from
theoretical predictions. Instead of the conventional assignment of zero

energy to the ground state of the gaseous C, molecule, all energies are

3
takcn relative to graphite in its standard state. The plotted energies

then correspond to the stendard heets of formation for the various electronic
states of Cio |

The ground state has been placed at 8.20 + 0.22 ev. The rotational
assignments of the 4050 A band By Douglas and of the 4072 A band by Kiess
and Broida are based on the transition (1 in Fig. 1) being between a II
. end & L state.. From the rotational analysis alone, they could not tell
which sﬁate would be 1owér in energy.

Pitzer and Clementi have completed a rough molecular orbital (M0)
calculetion for 03915 They havé estimated the excitation for a number of
states, three of which are included in Fig. 1. The gfound stete configuration
beyond closed 13 shells is predicted to be cg(e), 0&(2), cgf(a), Hu(h),

c& (2) : lzg*o The other two states ere the only bound_states that are
likely to have completely allowed transitions with the ground stete. The
configuration « o » nu(h), au'(l), Hg(l) : lnu has a predicted excitation

of 3 ev, agreeing almost too well with the observed transition, %050 A _g
'qprresponding t0 3.06 ev. The configuration . o » Hu(j), auf(z), Hg(l) : lzu+

has & predicted éxcitation of 5.6 ev which, however, could be in error by

more than an electron volt.
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A rough attempt to observe the lzu* Comn ;Zg+ transition (2 in Fig. 1)
in the King furnace was made. A small quartz Hilger spectrograph was used
with EK I-0 UV plates. The light source was a bright xenon arc. Exposures
taken with the furnace sbove 5000°K showed strong absorption for wave
lengths shorter than about 2300 A. The furnace hed previéusly been baked
out for over an hour at temperatures from 5000°K to 51009K; however;, the
possibility thet the furnace contained some hydrocarbons cannot be ruled
outs With the furnace off, en equivalent exposure showed darkening of the
plate to about 1900 A as evidenced by the absorption of the Schumann-Runge
(3,0) and {4,0) bands of oxygen at 1046 A and 1923 A respectively. The
observed furnace absorption could very well be due to 03° It could also
be due to hydrocarbons or other cerbon species; or some cambination of
these. The nature of the absorbing species, however, must await further
work; such as QSserving the spectra under higher resolution or by measuring
the absorption intensity while the carbon partial-pressure is varied.

The energy level at 16,1 ev corresponds to the sum of the heats of
3 >

formation of C2 and C (monotomic gms) in their lowest states, P

I and
u
respectively. The rounded value of 200 kcal adopted by Stull and Sinke
was used for the heat of formation of c2° The heat of sublimetion of
carbon is now well established as 170 kcalalé The sum of these two heats
corresponds to a minimum value for the energy of a 05 repulsive or
dissociative state. The stomization of 05 to ground stete carbon stoms
(BP) would be higher in energy by the dissociation energy of C,. Any

degree of excitation in the dissociation products would correspond to
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o more highly excited stute than is shown and néed not be considered here.
The upper level of a true continuum must then be at least 16 ev.
If & predissociation were to explain the continuum, the predissociating
level would have to.be above 16 ev. Since the dissociating frapments
part withrvérious amounts of kinetic energy, the 16 ev must be considered
ag only a.lower limit for the occurrence of a dissoclative continuum.
A hypothetiéai state (H) has been placed at 13 ev, the minimum energy
that the lower state of a true continuum could have. The trensition
(3 in Fig. 1) would correspond to the continuum produced by & molecule
in state H absorbing & quantum of 4050 A radistion. The nature of state
H is unimportant. What is important is that fof an equilibrium system
at a temperature, T, the concentration of 65 in state H is related to
the concentration in the ground state, X, by the Boltzmemn factor
corresponding to the difference in energy of the twovstatese In the
chapter, "Absorption Spectrum," the concentration of the absorbing state
- as estimated from the integrated aﬁsorption coefficient - is coﬁp&red

with the predicted concentrations of states X and H.



APPARATUS
Purnace Description

The King furnace used in this investigation has been described
most recently by Hick317 and except for various modifications which
have been added through the years - ié the furnace constructed and
described by Brewer, Gilles, and Jenkinsol8 The furnace consists of
a graphite heater tube supported by split graphite bushings between
messive copper electrodes in a vacuum-tight, water~cobled brass chamber.

Thermal insulation for the heater tube is supplied by five cylindrical
rediation shields surrounding a graphite spool. The inner surface of the
spool is protected from blistering end eroding by & 1-1/8 in i.d.
cylindrical insert or sleeve, which may be replaced readily whenever it
begins to show signs of wear.

fhe heater tubes were machined from 12-1/2 by 7/8 in. diemeter rods
of AGW*‘graphitec The tubes used ih this resesrch had thicker walls than
those which have generally been used with this furnece. A 3/8 in. bore
was drilled uniformly through the length of the tube. A six inch heating
zone in the center of the tube was maintained at a uniform tempereture
by tapering the ocutside diameter symmetrically from 3/h in. at the

center to 21/32 in. at the constrictions or points of minimum cross

section, which are located 3-1/k in. from either end. The diameter of

¥This graphite was cbtained from The National Carbon Compsany,

30 East 42nd Street, New York 17, N. Y.
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the tube inéreased to 7/8 in. in two eq;lal steps - at the constriction .
and at points 2-1/2 in. from either end., Tue shape of the hecter tube
was such that thermal conduction through the ends of the tube was
compensated for by a greater power dissipatibn at the constriction.
For further definition of the uniforn hot zone s cylindrical graphite
baffles - 1/2 in. long and with 1/8 in. holes drilled along their exes -
are placed inside the tube at the constrictions. The baffles also serve
to minimize d4ffusion of the gaseous species from the hot zone. |
The t’eméerature profile slong & well-designed tube incressed very
ré,pidly in going through the baffle to the hot zons. The AT écross the
- baffle amounted to sbout 500006 The temperature maximum wes generally
| found between 1/2 end 1 in. from the inner face of the baffle with a
temperature about 200° hotter than the bai’fle face. The 3 to & in.
region at the center of the furnace was about 200 to ROO cooler than the
maximum. The higher temperature nesr the baffle tended to campensate
for losses of carbon vapor by diffusion through the baffle.
The thicker-walled heater tube permitted temperatures up to 3100°K
‘to be maintained for seversl hours. Power requirements at these temperatures
vere sbout 40 kva. The potential drop across the furnace wes only about
16 volts, which was supplied by & 100-kva sﬁep-down transformer. “This
transformer was operated from & k4O volt, single phase source fused at -
100 amps. Temperature control was obtained by manually sdjusting a
Poverstaff connected to & control transformer; whose secondary was in

series with the step-down transformer. Now that power transistors are
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availsble which will carry 15 amps or more; it would be a relatively
simple matter to construct an automatic control loop.

A modification in the design of the furnace's window assemblies
has increased the flexibility with which the furnace may be operated.
Instead of the vindows:being stuck on with sealing wax, they are c¢clamped
between two O rings, thus permitting the furnace to be operated at
higher than atmospheric pressure. The windows used in this research
were 1/6 in. thick opticel quartz. They could easily be replaced and
cleaned. Two brass disks with 1/h in. apertures could be positioned in
the hore of the window assembly. The presence of these diaphragms
greatly helped in keeping the windows clean. I believe that cOnveétive
transport of grephite "dust" was greatly hindered by the two diaphragms
which formed a "sink" where the gas could stagnate and thus permit the
dust to settle. Multiple reflections of the light beam were avolded by

inclidﬁng the windows 2° from the vertical.
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Fig. 2. Schematic diagram of apparatus. See text for
meaning of symbols. .
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Instrumentation

The electronic detection equipment was constructed by Phillips and
has been described by himo19 Briefly, a 1P21 photomultiplier located on
the Rowland circle of a 3-meter, concave grating spectrograph generates a
de current'whigh is proportional to the intensity of the light hiﬁting its
photocathode. This current goes to ground through one of severel precision,
wire-wound, "load" resistors (See L.R. Fig. 2). The voltage drop across
the resistor is amplified after being changed to ac by a Brown "Cogverter"
or vibrator (CON.). The output from the amplifier* (AMP.), is converted
back to dec and used to drive a Brown "Electronic" strip-chart recorder,

- (REC.).

Several minor modifications of the electronics were made. In order
that sbsorption measurements could be made in the King furnace, it was
neceéééry to meagure the intensity of e light source shining through the
furnace ﬁithout megsuring the emission from the furnace itself. To do
this; & rotating sector was placed between the light source and the
furnace. (See SEC, Fig. 2). The ratio of open area to closed gmeacon
the sector was 47%, the semé as the ratio of "on" to "off" time of the
Brown converter. Also, by driving the sector with a synchronous motor,
the moduletion frequency was 60 cps, the same as the frequency of the
converter. Thus if the converter was by-pagsed only the‘modulated;;iéht

was amplified. So long as the light emitted by the furnace was not

#This is a power amplifier; the ,output voltage is actually less then the

input.
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sufficient to saturate the photomultiplier; it did not affect the recorded
intensity. The proper phase relation between the modulated light and the
amplifier -- more specifically, between the modulated light end the con- |
verter at the oﬁtput end of the amplifier -- Qas obtained by rotating the
sector motor until & maximum.response was obtained from-the reéorder.

A .1 uf capecitor (not shown in Fig. 2) was connected in parzllel
with the load resistance, and served to eliminate or filter any 60 cycle
“pickup in the signal from PM-1l. Obvioﬁsly, when PM-1 wasbto be used for
absorption measurements, this filter hzd to be out of the circuit. As &
result, the noise level was somewhat more of a problem with ac operstion
than it was with dc. The sensitivity of the apparétus was almost as high
for the ac sector method as it was for de, especially when the load
resistance was moderate. As the load resistance increasés, however, the
capacitive reactance of the coaxial cable from PM-1 became compareble
to the load and served as an ac short.

A channel for a second 1P21 photomultiplier (PM-2 in Fig. 2) was
added to the.apparatuso A separate set of load fesistors was included
since;, iﬁ general, signals from the two photomultipliers would not be of
the seme order of magnitude. Whereas PM-1 operated from a well-regulated
vhigh'voltage power supply, PM-2 had a box of ten 90-v B-batteries. The
two supplies were eqpaliy satisfactory.

This apparatus differs from a microsmmeter in one important respect.
A well-regulated signal, controlled by a Helipot, is used to compenséte
for the photomultiplier dark current. Dark current compensation was
checked before and after'each series of intensity measurements. Dark

current fluctuations were about 0.5 IU (intensity unit). One IU is defined



as 1% of full-scale deflection of the Brown recorder. The process of
adjusting the Helipot to zero IU, while the light beam was blocked off,
is referred to &s "zeroing" the instrument.

A method of measuring small changes of intensity wag investigated.
It consisted of calibrating the deflection produced by & certain change
in the Helipot setting. The zero could then be shifted off scale by a
known amount, up to 250 IU. Full-scale deflection; for example; could
then correspond to a change of intensity from 250 to 350 IU. For the
‘purpose of measuring sbsorption intensity, however, the gain in sensitivity
was not so great as had been anticipated. Experimentally, the noise level
of the 1P21 and the associated electronics increased slmost linearly with
the signal. Also, this method of operation made it difficult to check
dark.current cempensation. Thus, the method did not prove to be acceptable,
end the asbsorption measurements were made without shifting the zero off
scale. If more accurate absorption measurements ere required, a double-

beam instrument will probebly have to be developed.



Optical Arrangement

The optical arrangement thet was-uéed for absorption experiments is
shown in Fig. 2. A light source wes required that would be fairly intense
and whose intensity would remain constant' during en experiment. Tungstén
filement lamps are the most easily controlled light sources; various types
were tested. Since the lamp filement was to be focused on the slit of the
3-meter spectrograph, a vertical, straight-ribbon filament lamp was selected.*
The lamp (B in Pig. 2) was clamped rigidly in place in an sir-cooled housing.
The medium pre-focus base insured good electrical contact. An intense
source was obtained by operating the 6-volt lamp from & stabilized 10-v
dg supply which Worden has describedoao |

The lens L, formed en image of the lamp filament in the center of the
King furnace. Lens Ll then focused:the image onto the diaphragm directly
in front of the spectrograph slit Slo At the same time, Ll also focused
.on the diaphragm the image of the baffle at the rear of the heater tube
hot zone. Strictly speaking, if the baffle was in focus; the filament wes
not. However, the baffle was only & cm from the center of the furnace
and both Images were effectively in focus.

The importance of focusing the rear baffle on the spectrograph dia;hragm
is seen when one considers the intense black body emission from the furnace
walls. From geometricel optics, it can be shown that since the aperture
of the disphragm is smailer than the image of-the hole in the baffle, any
light ray from the furnace wall will fall outside the aperture, snd thus

be blocked from entering the spectrograph. Light from the walls, however

* General Electric Co., Type 18A/T10/1P.
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may still be ecattered into the optical ﬁeth b& iﬁperfections;in the
optics and by dust partlcles in the furnace, on the wlndow, or on the
lens. The amount of scattered light must be mlnimlzed, and the degree

to which I havelsucceeded in doing so will be seen later in the discussion
of the emission experiment; I_ha#e already discussed>how the diaphregms
in the‘window essembly cﬁt down on the amount of dﬁst in the furnace and
on the windewu They also{ along with ﬁhe baffle in ehe front of the hot
zone, reduce the amount of wall light getting to the window and the lens,
where it could be scattered° An additional baffle (for a total of three)

o further

placed in the front of the heater tube, as Hicks described;
reduced the scattered l:.gh‘c.° |

In order that the intensity of the light source (B) could be monitored
during an absorption experiment, four aluminized mirrors (M) were placed
around the furnace as shown in Figo 20 The two nearest to the.fUrnece
windows were only partially coated so that half of the light was
reflected around the furnace, whlle the other half was transmitted straight
throughrtb;the spectrographo The half-coated mirror to the rear of the
furnace also served to reflect the furnace emission to the second lPEl_
»photomultiplier » PM-2. The lens (LB_) focused the baffle in ‘the front
of the heater tube onto_a diaphragm plaeed'directiy in front of a narrow-
band-pass filter (F). An adjust'ablevslit '(55)' attenuated ‘the_ light
intensity hitting PM-2 to an acceptable amount.

The purpose of PM-2 was to monitor the temperature of the furnace.
Since it was not practical to measure the furnaee temperature with an

optical pyrometer during an absorption experimeﬁt, the response of PM-2
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as & function of temperaturé was determined before and after each
experiment. To do this, the lens ond mirror in front of the furnace
vere removed and the pyrometer sighted on the furnace wall through the
front window. The gas emission at the wave léngth of the narrow-band-
pass (NBP) filter was measured by PM-2 as the temperature of the furnace
was first increased and then decreaseciv Thus, during the a’bsorpt‘ion -
with L, and the front mirror replaced -- the furnace temperature could
be determined i‘rom the calibrated response of PM-2.

During this work, twé different NBP filters were used. These
were second order interference filters* made by vacuum depositing twa
gilver films on either side of a thin transparént spacer. The filters -
have maximum transmittence at wave lengths 5175 A and 5640 A, with a
width at half intensity of about 100 A. These filters also have
windows ai;almmt 3600 A. The UV window was overlooked in the absorﬁtibn
experimeﬁts and although the 1P21 sensit'ivity is down, some of the signal
from 1?!4-2 may have been due to the 05 emiséion at thié wave length. For
the emission experiments, hovaver, the NBP filters were combined with
Hrat’gén filters, 58B and 22,%*% respectivelys This removed the UV
transmission completely. -

The two wave lengths of the NBP filters were selected 5o that PM-2

would respond to either the C, Swen (0,0) band or (0,1) band, depending

#Bausch and Lomb Optical Company
¥*Bastwan Kodak Company
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on the filter used. The advantage obtained by using the gas emission

from C, rather than the black-body emission from the wall for measuring

2
the temperature may be seen by noting the sensitivity with which the

temperature could be measured. Because of the large heat of formation

of C,., the intensity was observed to increase by about 1.4% per OK

2
with the 5175 A RBP filter in the neighborhood of BOOOOK, whereas the

intensity from a black-body would increasé only asbout half so rapidly.
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ABSORPTION SPECTRUM

The absorption by the hot gases in the King furnace heater-tube was
measured for wave lengths from 3700 A to 4850 A. The resulting absorptibn
spectrum was primarily due to the pseudo-continuum although molecular
features were also observed for 02 and CN. The apparatus, which was
described in the lasf: chapter?-» had & rotating sector which chopped the
light béam entering the furnace. Only the intensity of the modulated
light was recorded. tfhus the gas emigsion and scattered light _(frém dust
on the windowA and lens) did not dffect the measured absorption intensity.

Thé spectrum was obtained in two pérts -« first, from 3700 A through
4358 A, and then, after replacing the furnace heater-tube, from h358 A to
k850 A. 1In part, the wave length scale was determined by inserting a
mercury germicidal lamp* behind the rotating sector as the spectrophotometer
scanned through the 4358 A Hg line. In addition, the band heads for CN
at 3883 A and 02 at\ k737 A detehnined the rate of scan.

The 3-meter concave grating spectrograph was used in the first order
vhere it had a plate factor of 5.85 A/mm. PFrom the slit widths of 0.3 mn
and 0.1 mm used for the two spectral regions, one would calculate instrumental
widths of 1.76 A and 0.58 A, respectively. However, the response time of

the recorder was asbout 5 sec and, since the scanning rate was 84 A/mi_n,

the effective resolution was no better than 7 A. As a result, although

#General Electric Lamp, G4TA4/1.
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atomic impurities are known to be present; no atomic features were observed.
The contribution of such features to the tdtal‘absorption intensity, however;
is belleved to be negligible. vAlthough the'speétrometer rate of scan could
have been reduced to so little as 0.7 A/min, the rapid scan was used in
order that the furnace temperature would not change eppreciably during
the experiment.

The various intensities measured by the photomultiplier, PM-1, and
displayed on the Brown recorder chart will noﬁ be defined as:

V»Io ¢ The intehsity és meesured by the response to the modulated
signal from the tungsten filamment lemp after passing through the cold
furnace (i.e., before the furnace has been turned on).

I : The intensity of the same signal after it has been attenuated
by the hot gas in the furnace.

IR‘z The intensity of the reference sigﬁal which was reflected
around the furnace.

;A ¢  The sbsorption intehsity, a derived intensity equal to Io - I

In addition; intensities which will be used in connection with
emission experiments are:

Ie s The intensity of the gas emiésion from the furnace.

'IB ¢ The inteﬁsity of & black-body at the temperature of the furnsce.
IS ¢ The inténsity of light scattered from the hot furnace wall. |
For both of the absorption scans, it was necessary to measure Io as

& function of wave length, and to be certain that it did not change during

the absorption determination. To do this, I& and IR were recorded by
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alternately placing a shutter iﬁvfrcﬁt of thevlight beam feflected
around the furnace and then directly in front of the furhace window.
Again, the 358 A Hg line determined the wave length. After repeating
this three times, the furnace was filled to 5 cm Hg pressui'e with argon,
the power turned on, and the furnace brought to the‘desifed temperature.
When the temperature was ebout constent, the gcan motor was turned on. The
1nténsity, 1, was recorded as the spectrometer scanned from 3700 A to
4358 A. The scan took about 8 minutes during which time the. temperature -.
incressed by sbout 10°¢. In the séparate scan from 3358 A to k850 A,
‘the‘temperatureiincreased‘abcuthOoco At each end of the scﬁns; IR
wag measured while the furnace ﬁas‘onq ‘The furnace wéé‘then cooled and
the scans of Io and IR vere repeatedo |

By tracing each of the scans onto & single sheeﬁ, they could be
superimposed. The Hg 4358 A line and the dark current zero were used to
position each scan. The I, traces were constant to about I% The IR
trace before and during the absorption ghowed that I had not changed
while the furnace was on. The scan of the attenuated signal, I,_had
sbout 5% rms noise. A smoothed trace of I was made a#d ﬁhe &élue for
I/Io was determined at 50 A iﬁtervaiso IA the regions bf Ce and CN
features, the ratio vas determined for aaditianal vavéliengthso..Aftéf
convertipg the wave lengths to wéve numbers, the fesuits vere.éibtted
in Fig. 3. R |

- Temperature measurements were made for this experiment by sightiﬁg

a8 Leeds and Northrup optical pyrometer at the wall in the center of the

heater-tube. The reflection from the half-coated mbrror was used.
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Fig. 3. Absorption spectrum for C3.
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The temperature correction for this arrangement was determined before-
hand by placing a ribbon filement lasmp near the furnece window end
measuring the temperature of the lamp directly and by réflection. Because
the mirror only i'ef:lects sbout 50% of the light, the temperature correction
was ebout TOOOC' at _thé temperature of the e:vcper:i.men’c:°

After correcting for the mirror and window losses and for the NBS -
cglibraticn on the pyrometer, the average temperature was calculsted
to be 3105 + SOOKa However, a comparison of the observed absorption o
intensity, IA s at h@kB‘A with what would be expected on the basis of #hé
emission intensities (described below), would indicate that this temperature
is probably too low by 70°K.ov The discrepancy could be expleined in part
by the lerge temperature correction that was required. It might also be
due to the cone of iight, determined by the h§le- in the furnace bé,ffle s
not completely filling the pﬁcmeter lens. In view of this uncértainty,

the upper limit to the furnace temperature will be taken as 3200°K.



Integrated Absorption Coefficient

The integrated ebsorption coefficient is obtained by measuring the
area of the absorption spectrum in Fig. 3. From a well-known equation
relating the number of absorbers to the integrated absorption coefficient,*

an estimate c¢an be made of the C, concentration that was present in the

3
furnace when the spectrum was determined. This equation tekes the forms

Nf,ﬂ;’?:;‘ k(v)av = si-;xfln%;dy
where N is the concentration.in m.olecules/cm5 of the absorbing species,
f is the oscillator strength, v is the spectral frequency in cm"l, and
I/Io = e'kx, where k is the absorption coefficient and x is the path
length for absorption. Substituting the values for m and e,vthe electron
mess and charge, and ¢, the velocity of light ~-- converting to common logs
and taking the 6-in. hot zoné or x = 15.2 cm as the length of the

ebsorbing path we obtains

Nf = 1.72 x lollu/‘ log %— dy
©

The area, in Fig. 3, which was due to the 03 ebsorption was measured
with abplanimeter. Those portions of the spectrum due to CN and C2 were

excluded as shown by the dotted lipes. The UV limit to the measurement

*See, for example, Ref. 12, p. 382 or Ref. 21.



ves arbitrarily teken as 27,000 cm’;;ﬂéérfésponding to approximately
3700 A. Obviously, the absorption continues to shorter wave lengths.

Marr has given the limits fof‘the C., pseudo-continuum as 3500 A to

3
4600 Aoa This would indicate that the area measured here may be

about 30% too low. The red limit was ¢obtained by a linear extrapolation

=1

beyond 21,000 cm — which added about 1% onto the experimentally

observed absorption. The total integraﬁéd absorption to the red of

3700 A wes then found to be 165& cm lo

-1

absorbers/cmio The value of the oscillator

Putting the value of 163k cm — into the equetion obtained above

gives Nf = 2.8 x_lOlh

strength 1, is not expected to exceed unity for thé:total electronic
transition in vhich‘a single electron per absorbing molecule is being.
promoﬁed from one molecular orbitel to another. On this basis, the lower
limit for the concentration of C., that was present in the furnace may

3
14 5

be taken as N = 2.8 x 10° molecules/cm’.

Using @Hg = 189 kcal for the heat of formation of C; end inter-
polating the free energy functions given in Appendix B for the formation

of CE.from graphite, I have estimeted that the partial pressure of C3
at 3200°K is 8.07 x 10‘“ atmospheres. From the ideal gas law, this

ls.molecules/cm.ao Assuming that N = N,

corresponds to N, = 1.85 x 10
one ébtains a vﬁlﬁevof 0.2 for.the oécillatof‘strengtho

fhe concentraﬁion of C3 may Sé calculatéd from No and the
Boltzman equation for any state with excitation, €. In the chapter,

"Energy Level Diagram," the minimum excitation of the hypothetical state
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H, that would be required if the spectrum were a true continuum was

shown to be 13.0 - 8.2 = 4.8 ev. From this, the equilibrium

~¢/kt

concentration would be calculated es N, = No e = 5.7 x lO7

H
molecules/cm5°

The estimate of No is probebly not in error by more than a

factor of 10; due to uncertainties in T or aﬁgo For example, ﬂo

would be 2.5 times as large if T were 100° higher, or 5 times as
large if Hg were 10 kcal less. Clearly then, theﬁintegrated
abgorption coefficient has shown thet the pseudo-continuum could not

result from the dissociation of 630 In fact; the results strongly

suggest that the absorption is from the ground state of C The

30
temperature coefficient for either absorption or emission may

therefore be used to determine the heat of formation of 030
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HEAT OF FORMATION

- Experimental Procedure ‘

Temperature Coefficient of Absorption

The method for measuring ‘absorption. in the last ;:hapter was used
also for determining the temperature coefficient of absorpt:l_.ono Whereas
the temperature remained constent while the 'ﬁave length was varied in
- meesuring the absorption spéetrum, for the ﬁemperature coefficient the
reverse vas true. A more precise method. for measuring the. temperature
was required, however; and the second photomultiplier, PM-2, was
deVeiOped as & photopyrometer ~- as described in the section on the.
optical arrangemen{;., _ _

The :mercury germicidal lemp was again used to détemin_e the wave
length. The spectrogra.i)h was set on the peak of the Hg line at 4Ok6.6A.
The ‘8lits were opened to 0.55 mm, corresponding te 5.2 A. Thus, the
absorption was determined for ﬁhe region just to the violet of the cs
Swings band whose head is at &Gsﬁ Ao |

The 5175 A narrow-band-pass filter was used to define the wave |
length range measured by the photopymmet;-ere The measured intensity
is therefore, primarily due to the émission of the 02 {0,0) 8wan band.
The photopyrometer was calibreted by measuring the emission with
increasing and decreasing furnace temperatures immedistely before and

after the C, temperature coefficient was determined. The temperature

3
range of the calibration coincided with the range used in the absorption

experiment. The emission intensity as a function of t-émpere.tum vas-
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found to fit the linear equation log{IT) = 21.278 - 4.873 x 101‘/T with
a meximm uncertainty of 4% in the coefficient‘of 1/T. The temperature;
“in OK, corresponds to the temperature measured yith Leeds and ﬁorthrup
optical pyrometer SN Th0235, designated as pyrometer No. 2 in this
laboratory.

The form of the calibration eqpation_was suggested by noting thet

the logarithm of the C,. partial pressure should vary.linearly with 1/T.

2
The slope of the calibration curve, however, would have to be sbout 10%
larger to agree with the heat of formation of C,o A small, but
reproducible amount of scattered light -- which has & smaller temperature
coefficient corresponding to that of a blackobody -= would account for
the observed calibration equation. Regardless of the source of radiation
used with the photopyrometer, however, the importent thing to note is that

by measuring the intensity during the absorption experiment, the temperature
cdﬁld‘bé calculgted with a fair degree bf accuracys

. As in the determination of the absorption spectrum, the intensities
Io and IRVwere measured before the furnace was twrned on and again after
it had cooled. These intensities were measured with the spectrometer
photomultiplier (PMel)‘set at 046.6 Ao. The previously degessed furnace
was then filled to 10-cm Hg pressure with argon and heated to 2800%
at which temperature about 2% absorption was observed, The temperatuire
of the furnace was gradually increased; by steps, to BOhOOK where s
meximum ebsorption of 22% was observed. At each point the furnace
was equilibrated -- as determined by the constaﬁcy of the signal from

the photopyrometer. And the intensities I and IR of the modulated light
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‘shining through and around the furnace respectively were recorded.
similarly, the absorption was determined for various temperatures
‘as the furnace was cooled. The constancy ofﬁ Ip insured that the
intensity Io had not changed while the furnace was on. |

The results from this determination of the temperature coefficient
of absorption will be discﬁssed, along with the emission results, at

the end of this chapter.



Temperature Cogfficient of Bmission

In this section will be described the experimental determination
of the temperature coefficient for C3 emission. A portion of the
spectrum was selected which had strong continuous emission but which
was free from any aﬁparent band heads. Iﬁ the last section it was shown
for Ca that the scattered light would cause an error in the determination

of the heat of formation. For C, the scattered intensity is corrected

3

for by assuming that it behaves as a black-body with a small but

constant emissivity, i.e., as & "gray-body.” That this can be done

has been demonstrated with PM-2 at the wave lengths of the c2 Swan

(0,0) and (0,1) bands, from which the effective emissivity was calculated,
In planning the emission experiment, I had hoped that by simultaneously

measuring the emitted intensity of 03 with photomultiplier PM-1, and of

02 with PM-2, that it would be possible to determine accurately a

differenée in their respective heats of formation. Hicks showed that

various systematic errors were eliminated when he determined the

17

difference in energy between the C, singlet and triplet systems.

2
For example, small changes in the temperature profile of the heater tube,
errors in temperature measurement; and slight deviations from equilibrium
would affect the intensities of both carbon species in the same way.

For the difference method to be effective, however, thefe should
be no seriocus factor affecting one intensity and not the other.
Unfbrtuﬁately, the methods for measuring the intensity of 02 involved

factors for which adequate correction could not be made. These factors

were the scattered light correction and self-ebsorption correction.
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Although the Qe measurements cannot be used as originally
intended, they have still proven uséful'fcr determining the scattering
correction for 03 and for aemonsfrating that there are no seriogs
errors in the experimehtal results.

The experimental arrangement differed in several respects from
that used for the absorption measurements (see Fig. 2). In this one,
the four mirrors, the rotating sector; and the tungsten ribbon filament
lamp were removed. The optical pyrometer was rigidly fixed behind the
furnace;, replacing the lamp. In order that the 6ptics of the pyrométer
would’be completely filled with light from the inside of the heater tube,
a slot was cut in the rear baffle, giving it the appearance of a key.
hole, - | |

"fhe lens L.; focused the image of the key-hole baffle onto a

1
diaphragm in front of the spectrograph slit Sl, with a magnification
factor of three. bThe 1/8-in. aperture in the diaphragn thus fermittéd
only a small éentral portion of the gas emission to enter Sl‘and '
blocked out the emission from the hot furnace wall.

One of the half-coated mirrors was placed between L, and Si at -
an angle of hSO to the optical path. The transmitted light was focused
on the diaphragm as described sbove. The photomultiplier PM-2, which

was used to monitor the temperature for the absorption experiment, waé
| placed so that the reflected light could be detected. A diaphragm |
was placed in front 6f,PM-2 in order that the reflected baffle image -«

focused on it by L, -- would be apertured the same as it was at slo-

1
Before the temperature coefficient could be measured, a method

had to be developed that would correct for the scattered light. The



experiment that demonstrated how this correction could be made will
now be described. The 5640 A WBP and Wratten 22 filters had been

mounted in front of FM-2 with the idea that by measuring the C. Swan

2
(0,1) transition, & much smaller self-absorption correction would be
required. Fortunately, fbr‘the present purpose, the 02 intensity
was only iﬁportant et the higher temperatures, while the intensity
was almost entirely due to scattered light at the lower ﬁemperatures
of the experiment. The intensity was measured with FM-2 for about

80 different temperatures scattered throughout the range of 2590°K
to 3100°%K. When log I was plotted versus 1/T, the slope of the cﬁrve
at lower temperatures agreed with the slope calculated from Wien's
equation for a black-body at the wave length of the NBP filter.* By
extending the black-body slope to higher temperatures and assuming that.
the scattered light would continue to have a black-body characteristic,
the 02 contribution to the measured intensity could be determined.
From this, a AH, for C

£ 2
considering the magnitude of the scattering correction.

was found that was quite reasonable,

The actusl magnitude of the scattered intensity compared with a
bleck-body was determined by measuring the emission from a Tel plug-
placed in the center of the furnace. The scattered intensity was found
to be 0.5% of the intensity of the plug that previously hed been shown
to emit as a black-body. The scattered light, therefore, behaves like
a "gray-body”" with a smell but constant emissivity. The actual value

for this effective emissivity depends on the optical arrangement and

¥For the wave lengths and temperatures used in this research, Wien's

equation agrees with Planck's radiation law to within 0.0%%.
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the amount of duét on the window and lenso;-If the light were to be
scattered by particles of dust suspended or floating in the furnace,
the emissivity‘would probably vary with:tempera’cure° This possibility
is considered, however, in the discussion of results.

After this experiment, the 5175 A NBP and Wratten 58 B filters
were replaced in ook of PM-2 so that the greater reletive contribution
of the 02 Swen (0,0) band would be measured. |
For the determination of temperature coefficient of C3; the
spectrograph was set and focused t6 give 4000 A in the second order
with a plate factor of 2.8 A/mm. 81it settings of 0.50 mm for the
spectrograph and the photomultiplier PM-1 were used because this
permitted the amplifier to be operated on a stable gain setting over
the entire range of intensities encouhteredo The deviation from
linearity was less than 1% for the amplifier.

Positioning PM-1 at the desired wave length was done by scanning
through the how A H'_g line 'emittéd by the germicidal lamp.‘ It is
interesting to note that the measured width at half intensity, 1,h7 A,
agrees quite well with what one would calculate from the known slit
widths and plate factor. The scan was stopped when the slit of PM-1
wag centered on MiOkL . TO + .02 A,

- In order to correct the C3 intens;ty for self-absorption, we must

know the intensity of emission that a black-body would have if measured

under the same conditions. Therefore, the first part of the emission
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experiment was the measurement of the intensity from a TeC plug flaced
in the center of the furnace. The plug was 1/8 in. thick and stood

1/k in. high. A small hole was drilled in one surface. The plug was
carborized in the King furmace by slowly increasing the temperature to
BOOOOKo Even though the golducolored_plug does not have an emissivity
of unity, it emits as a black-body when pleced in the center of the \
heater tube, as verified by the blending of the hole and the surface.

A deviation of 5°K from black-bddy would have been detected.

After measuring the black<body emission at & humbe;‘of temperatﬁres
from 2215°K to 2680°K, the Tl plug was removed from the furnace without
exposing the graphite to airo After degessing at the highest température
of the experiment, the furnace was filled with srgon to a pressufe of
10 cm, which, when heated; increased to a conatant.15w16 om Hg pressure,
The intensities measured by the two photomultipliers were alternatéi& B
recorded as the temperature of the furnace was varied., The temperatafes
were weasured by sighting pyrometer No. 2 through the keyhole baffle
upon the central hot zone of the heater tube. About ten minutes af%éﬁ
I adjusted the power input to the furnace, the temperature had generally
stabilized, end the C, and C, had reached equilibrium as indicated By
the recorder tracing. At each power level, the intensity was measured
for another ten minutes, with the pyrometer readings being taken every
minute., These readings were averaged to give the furnace temperatﬁrg
correspoﬁding to the measured emission intensity. The recbr&ing

channel was switched alternately belween PM-1 and PM-2 about every two
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minutes. The power input would then be changed and the procedure
repeated at a different temperature. 8o that certain systematic
errors would be minimized, the furnace temperstures were selected

in a random fashion.



Treatment of Results

The heat of formation of C3 is the heat of the reaction:

3C (graphite) = 05(g)e

A fundemental essumption for the presént measurement of this heat is
that relative concentxgpiops of Cjat different temperstures can be
determined from the measured intensities in absorption and emission.
In ebsorption, the measured quantity, log IO/I, is proportional
to the concentration of the absorbing species (Beer's lew). If the
true absorption ccefficient -- as measured with a spectrograph of
infinite resolving power -- varies greatly over the frequency of the
observed feature, then the sppsrent absorption coefficient must be
corrected for the true profiie of the fe&tuﬁe°25 Plates teken with
a resglging power approeching the Doppler width, however, shovw less
than 10% structure on top of the pseudo~continuum at the wave lengths
of this research. Thus the average ebsorption, as measured, is
expected to agree with the abgorption determined by integrating over
the true profile. This also applies to the quantity Ie/IB, which will
be used to correct the emission intensity for self-asbsorption. The
concentration of 05 in the furnace is therefore proportional to
log Io/Ia The results from the determination of the temperature
coefficient of absorption are given in Table I. The equation for
é; from which the values in the table were calculated, is derived in

the next section.
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Teble I

temperature coefficient of absorption

Results from the determination of the

Sequence

O,

T, K

2807
2907
2913
2930
2962
2969
2972
3003
3008
3033
3035
3037
30k0

16.135
16.73%6
16.787
16.869
17.032
17.070
17.059
17.226
17.257
17.359
17.389
17.392
17.416

1/T x 10

3,562
3,440
3.k33
3.413
3.376
3.368
3.365
3.320
3.32k
30297
- 3.295
3.293
3,269
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‘The concentration of C5 in the upper state of the transition is
proportional to ;My the intensity due to molecular 05 if self-
absorption were not present. Floyd and King have applied a self-
absorption correction to CRQI‘ based on the work of Smit025 Their
equation, in terms of the nomenclature used here, is Ie/XB s ) - e'IM/IB,
vwhere I_ is the emitted intensity after correcting for scattered light
and IB is the intensity of a black-body &t the same temperature. Re-
arranging and taking the logarithm gives I, = wlnlnﬁlal e/ ;tB)o
Expanding the logarithm and factoring Ie/IB from the expansion, one

obtainsg
. 2 3
¢ X . I
1 7e 1 "e v i "e.
IM Ie(l*':?: ‘f;#} ;?‘%“ooo) 13(1'&“2 MIB}o
B

The error introduced by the approximation is less than 1%, if the

self-absorption correction, S. A. = Eé/QIBg is less than 10%. Thus,

IM could be calculated for each temperature of the emission experi@ento
The logarithm of the black-body intenéity wag obtained from the

equation log Iﬁ~a 9¢7Th - 1.5 x 1oh/r, which was derived by fitting

the Wien's law slope (1.4380 x 108/20303 x Y08k T0 = 1.54k x th),

to the experimentsl determination of IB at 4Ohh,70 A. The best wisual

estimate for the slope of a line through the experimental points

(temperature range, 2215°K to 2680°K) was 0.65% less than the

theoreticel slope, 1:6., 1.53% x 10%, This indicates that an experimental

determination of MH; at least in this temperature range, would only be

in error by 0.65%, due to uncertainties in the calibration of the optical

pyrometer. The error introduced in the measured AH by extrapolating the
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“above equation for log IB up to,5072°K = the mgximum.temperature of the
emigsion exﬁeriment -~ is not seiious becausé the scattering and 8. A.
corrections calculated from I}3 are small.

The scattered intensities were célcu;ated from the equation,
log Is = log IB - 2,700, which corrésponds to an effective emissivity,
I/I,, of 0,204 for the scattered light. The constent, 2.700, was
determined by fitting a line with the Wien's law slope to & plot of

log I ., versus 1/T in such a way that at the lowest temperature of

as
the experiment, I ‘was 64% of the total measured intensity Im ens’

8.8

Further datae used in determining the scattering contribution was
obtained from the intensity meesured by PM-2 with the 5175 A NBP and
Wratten 58B filter combination (effective wave length of 5180 A).

The intensity 'measured by PM-2 was & combination of intensity
from the Swen {0,0) band of C, and from the scattered light at 5180 A.
Log I was plotted ageinst 1/T, the measurements having been made con-
currently with those of Cy 8t 4OL4.TO As  The asymptotic approach of
the plotted points at lower temperatures to the Wien's law slope for
5180 A was somewhat more apparent than 1t was for 030 The effective
emissivity for the scattered light was again fixed at 0.20%. With
the scattered intensity determined in this way;, the maximm contribution
to the measured intensity was found to be 8].%o A certain degree of
freedom is possible in positioning the log IS curves. 'i'hey could not-
be raised by more than 0.091 logarithm units, however, or the scattered
intensity would exceed the total measured intensity at the 1owes\i;
temperature. The other extreme would be to neg?l.ect the scattered 1igh’c

correction entirely.
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The intensity of 03

Is from the measured intensity. Log Iu‘was obtained by applying the

self-absorption correction to Ieo The intensity IM is proportional

emission, Ie’ wags calculated by subtracting

to the concentration of excited 35 in the furnace. The measured aad

calculated quantities for the emission experiment are given in Table II.
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 Poble II

Results from the determination of the

temperature coefficient of emission

e U 1 kool
log I, #S.A. log I, 2; 5% 1ov,9K

3072 9820

O .

Seqpenge T, K Imeas IS Ie

12 2619 20.6 15.1 5.5

1 2643 35.4 17.2 18.2 The scattered intensity is greater

5 2652 38,3 17.9 20.4 than 25% of the measured intensity
34 2692  L42.1 21.8 20,3 for temperatures less than 2750%.
-6 2704k  68.5 23,1 LS.k As discussed in the text, data sbove
11 2720 68.3 25.0 k3.3 the dashed line are not included in
13 2720 52.6 25.0 27.6 the sigma plot.
37 2728  70.9° 25.9 k5,0
29 2762 154 34 120 4,225 0.36 2,081 19.979 3.59h

9 2820 328 h1 287 4,316 0.70 2.461 20.401 3.535
10 2874 602 50 552 44Ol 1.10 2.747 20.718 3.%80
14 2877 620 51 569 4,507 1.12 2,760 20.736 3. 476
16 2891 810 54 756 L4335  1.40 2.884 20.871 3.459
15 2898 860 56 80k L.hh6 144k 2,911 20.903 3.451
21 2926 1390 63 1327 L.4O7T  2.12 3,132 21.145 3,418

T 2029 1480 64 116 4,505 2.22 3,160 21,178 3.1k
20 2931 1440 6 1375 b.506 2,15 3,148 21.166 3.412
19 2937 1530 68 1h6k  L.517 2.23 3.175 21.198 3.405
30 2938 1430 66 1364  L4.518 2,07 3.1hh 21,167  3.hoOk
31 20k 1530 67 1463 L.527 2.17 3.17h 21.202 3,398
18 20k6 1680 68 1612 .53 2,36 3,217 21.245 3,30k
17 2951 1660 69 1591 LS4l 2.29 3.212 21.246 3,389
22 2951 1810 69 1741 4,541 2.50 3.252 21.286 3,389
23 2957 1980 71 1909 §.552 2,68 3.293 21.332 3,382
26 2960 2020 T2 1948 4,558 2,70 3.302 21.341 3.378
32 2983 2880 79 2801 4.899 3,52 3.462 21.522 3,352

3 2998 3340 8k 3256 623 3.88 3.520 21.590 3,336

8 3000 3760 85 3675 4,603 .58 3,585 21.655 3.333
36 3001 3510 85 3425 4,629 %,02 3,552 21.622 3,332
33 3012 4060 89 371 4L.648 L6 3,618 21.698 3,320
24 3020 4780 92 4688 4,662 5,10 3.693 21.779 3,311
25 3024 4830 93 k737 4,668 5.10 3.608 21.789 3,307

1 3051 6339 103 6236  h,713 6.0h 3,821 21.927 3.278
27 3056 8470 105 8365 k722 7.92 3.955 22,067 3,272
35 3065 7700 108 7592 L.733 T.02 3.909 22.026 3.265

2 3066 7586 109  ThTT o738 6,88  3.903 22.025 3.262
28 112 9706 h.7h8  8.67 h.025 22,145 3.255

)
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Sigma Plot for Absorption Experiment

The heat of formetion of c3 may be expressed as

AAHT = My + Acpr, - (1)

where Aﬁi is heat that would be obtained if the heet capacity were
congtant to zero QKQ Substituting AHT into the van’t Hoff equation

and integrating, yields:

o0

in P3 - —ﬁg InT=« g;; + const. (2)

The concentration of 05 was shown to be proportionsl to log IO/I for the

absorption experiment. Therefore P59 the partiel pressure of C3 in the
lower state of the transition, is proportional to T log Io/Ia Converting
to natural logarithms, noting that 2.303R is equal to h.575, and combining

constant terms - the éxpression defining sigme is obtained as:

. I o0
}:w log log s= + (1 = —=£) log T = - £E£~ '+ constant. (3)
S R h.575 T

The value seleéted for the heat capscity of 03 depends upon the
* assumptions made concerning the nature of the obaserved transition.
The total heat capacity should be used if the transition contains
contributions from overlapping sequences in each of the vibrational
modess On the other hand; the heat capacity should be reduced about
2R if only progressions or sequences in the bending vibration are important.
¥With the mean temperature of the experiment taken as 5000°K, the

difference in AH, based on the two assumptions is only 0.2 keal/mole.
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me latter sssumption was thought t_’é be applicable when the éigma
plot was constructed and Acp was calculated to be -8.50 eus The coefficient
for the log T term in Eg. (3) was therefore taken ag %.277. The values
calculated for & are listed in Table I and are plotted as a function of
1/T in Fig. bs The order in which the intensities were measured is
given by the sequence numberss The value a£ 2807°K has been omitted
from the sigma plot because & small error in the meesured intensities
would produce a large error in log 1 O/L |

| From the begt visual estimate for the slope of the .s:;gma» plot and
from Eq. (1), the measured heat MBOOOOK is »found to be 174.8 kcé.i/mole,
This is the heat of formation qf’ 63 in whé.tever states contributed to
the measured absorption intensity. The effective excitatiaﬁ is determined
by the relative contribution of each of _these‘ states to the intensity.
This heat 1s the standard heet of formation of C, only if the effective
excitation is the same as that for the entire electronic tremsition.

The latter is simply thé heat content for vibration end rotation
(24 keal/mole at 3000°K)-

- The spectroscopic informetion is not available for a direct
calculation of the effective excitation. That this exc¢itation, however,
probably doee not differ appreciably from the heat content for_' vibration
and rotation will now be demonstrated. | |

It appears certain that RT sghould be included for rotation. For
example, in their analysis of the 4050 A band, Kiess and Bfoida observed
en average of ten rotationsl lines per angstrom from the band head to

26

the lest viaible line in the R branch. From the observed blending
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Fig. 4. Sigma plot for absorption experiment.
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of lines in the pseudo-continuum, it would not be unreascnabie to assume
thgt about ten different bands were contribvuting to the cbserved |
absorption. The spectrograph band pess was 3.2 A. Therefore, the
assumption is made that the contfibution from the various rotation
states was the same as one would obtain by measuring a single, complete
band. | |

The amount of effective vibrational excitation is more difficult
to determine. It is apparent that more than one vibrational level is

contributing tc the absorption. The C, molecule has two stretching

>
vibrational modes, vy and V33 and a doubly degenerate bending mode, véo
From the vibrationel frequencies estimated by Pitzer and Clemeutils
one can celeulete thet an appreciable portion of the 03 is in excited
vibrationsl levels. For example, et 3000°K less than 10% is in the ten
‘lowest levels and only 1.5% is in the lowest or (0,0,0) level. A
vibrational scheme is suggested in Appendix D and is based on the band
hends reported by Kiess and Broida¢26 Segpencea in each of the
vibrational modes are prominant as one might expect from the nearly
equal bond distances reported for the upper aﬁd lower stetes. The
underlying pseudo-coniinuum is undoubtedly composed of many’additional
overlapping seq_uencc\a“s° Because of these sequences, the measured
absorption will involve the various excited vibrational levels, and
the contribution to the intensity may be expected to parallel the
distribution function. Thus the effective excitation of"bhevGA3 is

approximately equal to the heat content for vibration and rotation.
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The standard heat of formation of 33 as determined by the
absorption experiment is therefore OK = 174.8 keal/mole.
Ffor & similar experimental determination &t 4071 A, which unfortunately

had a much poorer temperature celibration, the measured heat was about.

10 keal/mole lorger.
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Sigme Plot for Emission Experiment

fhe form of the gigma equation for an emission experiment is
similar to the one used in the last section. The measured intensities,
after correcting for scattered light and self-absorption, are proportional
to the 05 concentration in the upper electronic state. Therefore, the
heats in Eq. (1) apply to the upper state and will be marked with an
() to indicate this. The partial pressure of e3 in the upper state
is simply proportionsl to IKT, where log "IM is given for various
values of T in Taeble II. Again, the order of ohservation is given by
the sequence numberss Teking log P' = ‘vlog k:;uf: = log IK + log T + const,
and substituting this into Bq. {(2), leads to the sigma equation for

emission, viss}

Z <log T, + (1) logTe - —ie + const. (%)
: v . 4,575 T

The stretching frequencies were again omitted in calculating the
heat capacity of C5° From the discussion of the effective excitation
this eppears to be a misteke. The use of the total heat capacity,
however, would have an insignificant effect on the measured heat compared
with other unéertainties. Thus with 8.34 eu for AGP, the coefficient
of log T was calculated to be 5:197. The values of L' calculated with
Eq. (&) are listed in !i‘ablé 1T and have been plotted against 1/T in
?igo 5. Only those points have been included for which the intensity
of scattered light was less then 25% of the ‘measuréd intensity, so that
the slope would not be gz?eatly affected by uncertainties in the
scattering correction. The average temperature of the emission

determination was tiaken as 300@°Ko
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Fig. 5. ‘Sigma plot for emission experiment.
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The slope of the sigma plot leads to s measured heat, méw@ox,
of 261.56 keal for the emission experiment. From this, the effective
rotetion-vibration excitation for the upper state should be subtracted,
followed by subtraction of the term value for the transition. The
la’cter may be taken as either the energy corresponding f.o the wave
length of the emission, 404%.70 A, or to the k050 A band origin at
24676 em™L, the difference being only 0.12 keal. The band origin
#ill be used giving an electronic excitation of 70@, 5h keélu

The band pass of the épéctrograph was 1.4T A, 8o that the
-effecmve excitation due to rotation will again be taken as RT in
the heat content. The ‘Besﬁ, that can be done for vibration is to
aseume that the effective excitation is the aamé as it was for the
ground electronic stete. This is partislly justified by the fact
that the bond distance is only 1.87% la.‘r‘gef in the upper sﬁateo%

The rotation-vibration éxeiﬁation will therefore be taken to be the
same as it was for the sbsorption experiment.

The order of subtracting the electronic and rotation-vibration
excitation is not important, but it is more convenient to subtract
the electronic term value first; because the resulting heét may then
be compared with the Hy, measured in sbsorption. The result is 261.56 =
T70.54% = 191.0 kcal per mole. As was found in absgorption, this heat
corresponds to the standard heat of formetion of {25&@ 3@66%; because
all of the vibrational modes are expected to contribute to the
effective excitation. If; on the 6ther hand, one assumed that the
stretching modes were not importsnt; the measured heaiz would be
increased by 7.6 kealo



Sumnary of Resulis

The results obtained for the heat of formation of 65 are
summarized in Teble III, along with spectroscopic information
characterizing the messurements. The stendard heats of formastion
at zero OK have been calculated by subtracting /.\H,; - AHE = ~6.2 keal/mole
from the meesured heats. The heat content date were obtained from

Table V (Appendix B) for Cy, and from Stull end Sinke®! for graphite.



fable III

Results .of the hest of formation determination for *03

Method Y 2 i ’ e
Angstroms : keal/mole

Absorption  Lok6.6 3.2 17%.8 181.0
BEmission Ok .70 1.47 191.0 197.2




DISCUSSION OF RESULTS

The principel causes of error in a second law determination of-'
reaction heats are temperature dependent. A straight line may be
fitted to a sigma plot with very little scatter of the experimental
results about the line and yet have considerable uncertainty in the
slope. One such temperature dépendent error is in the calibration
of the optical pyrometer.

The pyrometer No. 2 was compared with pyrometer No. 3, SN 7093571,%
which recently had been calibrated by the National Buresu of Standards
{Jenuery, 1958). Hicks has shown an eppreciable temperature dependent
~ error in an earlier NBS calibration by noting that the effective
tranemission of the neutral filter for the "XH" scale -- as calculated
from the calibration - varied greatly with temperatire.’! The current
calibration does not haeve that defect. A measure of the maximm une
certainty in the measured heats; due to errors in this calibration, was
obtained from the experiment on the emission of the TaC plug. The
agreement between the log I versus 1/T slope and Wien's law slope was
0.65%. Because of the slow variation of the neutral filter transmission
with temperature, the experimental heats are pﬁobably not in error by

more than 1%, due to the temperature calibration.

%A constant 129K difference was found between the two pyrometer “XE'
scales over the temperature range of interest, pyrometer No. 2 reading

higher,



The temperature calibration is based on the Internstional Temperabure
Scale (118, l9h8)028 At temperatures above the Gold point; the ITS and
thermodynamic scales divezfgé, owing %o ﬁncertainties' in the Gold point
itself and also in the defined velue for the second radiation constant
-‘(.C"e = 19.&580)?; A theimodynamic quantity based on the latter scale «-
such as & dissociaﬁiar; energy defexmined spéctroscopically -« may differ
apprecisbly from the same quantity calculated from data based on the ITS
scales Because of the ekperimen‘&al aifficulties involved in m'easuring‘
reaction heats at high £emyerature s the discrepancy between the two
scales hes not been too seriouéa As more accurate heats are determined,
and as reseayrch is done at even higher temperatures, the discrepancy wi’li
become inereasingly apperent. -
| A more serious type of temperature dependent erfo_r that must “be
considered for the pfésent résearch, concerns the approach to equilibrium

of the €. concentration in the furnace. Gaseous carbon species ere

3
notorious for théir low evaporation coefﬁéients;; Much of the diﬁ’iculty
that was 1.eneeunterea in determining the heat of sublimetion of graphité
was »due to this.

3 pertial pressure actually
o‘oﬁained relative to the equilibrium value, the King furnace hot zone

For the purpose of calculatihg the C

mey be considered to be a cylinder, 6 in. long and 3/8 in. diameter.’
‘The baffle faces at each end of the hot zone were about 200° cooler

. 3 forme‘d; by the su‘bl’imaticn of the
graphite from along the c¢ylinder wall diffuséd through the inert gas

then the hot zone itself. Thus, the
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(15 em Hg pressure of argon) and condensed on the faces of the baffles.
On this basis the partial pressure of 03 mey be calculated as a function
of distance along the tube and for various reasonable values of the
evaporation coefficient. The details end results of this calculation
are given in Appendix A.

Thornvand Winslow heve estimated an evaporation coefficient for C3

of 0008029 It is probably not less then 0.0l. From Table IV in the

Appendix, it can be seen that even for an evaporation coefficient of 1o’h,

the measurement of the heat of formation of 63 would not be apprecisbly

affected, In fact, the effect of the evaporation coefficlent is so smell
that some thought must be given to the possibility that higher polymeric
species of carbon -~ in particular; (:,5 -Q may be cohtributing to the
observed emission.

The evaporation coefficlent of C. is undoubtedly less than for C

5 3*
but the diffusion coefficient will alsoc be less. The net effect may be

that 05 epproaches its vapor pressure because of its low diffusion
coefficient in the argon. The heat of formation has not been meagured
for CS’ but from the predictions of Pitzer and Clementi, its equilibrium

pressure may even be greater than for C Their prediction of the

5.0

5 is not so precise that one would necessarily

expect the spectrum to overlap that of’c5, although it may do so. The

energy required to excite C

mss action experiments by Phillips and Brewer indicete that the furnace
emission {and therefore, also absorption) is predominantly 03 at the
wave lengths used to measure temperature coefficients in the present

work. The heat that was measured is, therefore, the average of the
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heats for 05 and 05 -~ the welghting depending on the relative

intensities of the two species. The contribution of C5 to the measured

heat ié thought, to be smell, although the final enswer on ‘ﬁhi‘é point

must aweit further knowledge of Cse
Several experiments are suggested for the investigation of the

}0'5 ,spe-ctrmnq mhe intensity should be measured at varlous wave lengths

for which ebsorption in the furnace hes been observed {including the

far U.V.) and for vé‘ri-ous partial pressures of carbon. That is, the

| mess acﬁﬁ.on law should ﬁe ap;élied (eit.hex? in emission or absorﬁioﬁ_)"

at wave lengths where Cs may be impartant By repesting this experiment

» wit.h different preasums of inert gas in the f‘urnace 3 the contributiens

dus ta ¢, and € may be s&parated because at some pressure, the Cs

3
partial preésurz would be appreciably lover than its equilibrimn
@1‘&8’8“1"89’ while the 65 would still be nesxr equilibrim§s This fel}.m
_ _'from the 1ower evaporation coefﬂcient for °5° Although iﬁ‘ is ambtm
¥ that one could detemine the heat vit.h sufficient accuracy to differentiate
betwaen G

3
temyeraturee ey also be desirable.

and e s mpea.ting the ma ae‘aian ex;geriment at different

A passible gource of errox‘ that wou}.d cauge the heat determined from
the absorption experﬁment to be significantly 1mf without apprecia‘bly
a&’feetm the -emisaion heat, invclves the neture of the_ geattered lighta
This 3.15111: wés agsumed to be scat»’ceiad by dust on the window and lens,
and nét from dust sugpended in the ﬁzrnaceo On this sssumption, no
.-comction was made' of 'the intensity measured in ébéorptién; bacause
the light beam ﬁéuld .be attenuated the seme with the fuinece on as with

it off.,
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The intensity of scattered light was shown to vary as & black-body.
Thus at 3000°K, the scattered intensity doubled for ebout every 200° rise
in furnace temperature. A more rapid increase would have been cbserved
if the furnece dust contributed appreciebly because the concentration
of dust would be expected to increase with temperature. Since only a
small emount of the observed scattering can be due to dust in the furnace,
the scattering correction for emission is not appreciably affectédo

The effective emissivity for the totel scattered light was found to
be between 602% and 0.5% in several different experiments. If we assume,
as an upper limit, that 0.1% corresponded to scattering from dust that
was present only while the furnace was on -- then the heat measured in
absorption would be too low by 13 keal.

A similar source of error is from atomic impurities in the graphite.
The intensity from atomic emission is always'high when & tube is first
heated. Most impurities qQuickly diffuse to cooler regions of the tube
where they deposit as a shiny coating. Photographic plates teken with
the 21-foot grating spectrograph have shown that the only significant
atomic emission in the spectral regions used for determining the heat
for 05 are from potassium and iron.

The intensity of any atomic impurity as messured by spectrogréph
A (in this case, the 21-ft spectrograph) is diluted by a factor,
AA%/A;A (Li - Ayt AAB) when measured by a specfraphotcmeter B, that
has a much larger instrumental width, AhBu The wave lengths hi and AB

refer to the wave length for the impurity and the wave length setting
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of the spectrophotometer. This is the situation with respect to the

| measurement of tﬁe C, intensity.

3
The darkening on a typical plate teken on the 21-ft spectrogreph
end due to the K kO4h A and K 4047 A lines* was barely visible above

the background from C. when the furnace was 5000°K. The ratio of the

3
instrumental widths, AAB/AAA, wes sbout 100 for the absorption

experiment and 200 for the emission experiment. Therefore; the emission
by potassium has a negligible effect on the measured 05 intensity.

The emission by the Fe %045.8 A line was somewhat stronger when
photogrephed on the 21-ft spectrograph. A rough determination of the
intensity indicated that it weas probebly not more than ten times the 05
intensity, when the furnacevwas'BOGQOK,-and that it did not increase
significently with temperatureo Therefore; in terms of the intensities
measured during either the sbsorption or emission experiment -- after
applying the dilution factor -- the contribution of the Fe impurity is
estimated to be about 1% et 3000°K, and appears to be slowly varying
with temperature. This is an upper limit to the Fe contribution; because

the furnace had not been degassed so well as for the measurements of the

hesat.
The uncerteinty in the emission heat due to the scattering

correction will now be considered. In the last chapter, it was shown

thet log I, could not reasonably be increased by more than 0.091

S

*The spectral range in the emission experiment did not include the

ﬁOhT A line.
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logarithmic units. The resulting scattering correction would increase
the measured heat, at most, by only 2 keal., Neglecting the scattering
correction completely would decrease the heat about b kcal, and at the
same time introduce & noticeable curvature to the low temperature end
of the sigma plot. Neglecting the self-ebsorption correction would
decrease the heat by only 5 kcal. Therefore, a small uncertainty in
the correction itself will have a negligible effect on the heat. The
resulting uncertainty in the emission heat; owing to the scattering
and self-absorption corrections; is therefore + 3 kcal.

The principal source of uncertainty in the ebsorption experiment
-- agide from the fact that dust and Fe in the furnace would cause the’
measured heat to be too low «- was in the determination of the temperature
from the photopyrometer. A k% uncertainty in the slope of the calibration
equation produced an uncertainty of 8 kcal in the measured heat. The
scatter in the sigma plot gave about 6 kcal, while the uncerteinty in
the effective excitation may be taken as & kcal. Combining these
estimetes with the uncertainty in the optical pyrometer -- and the
possible lowering of the heat by Fe and by scattering -- the total range
of uncertainty in the heat measured in absorption is estimated to be
from plus 20 keal to minus 10 keal.

The temperature range of the emission experiment was about twice
vthat of the absorption experiment. Because of the larger heat that
wag measured; however, the scatter of the emission results in the sigma
plot produced an uncertainty of about 7 keel. Combining this with
the uncertainties due to the effecti#e excitation, optical pyrometer
calibration, ahd scattering correction -- the total uncertainty is

estimated as + 10 kCal,
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CONCLUSIONS

The standard heat of formation for the 'C':5 molecule has been
determined from measurements of the temperature ..coeff‘icient of spectral
intensity. The intensities were measured both in absorption and in
emission. The heat measured in absorption was found to be AHS = 181 kecal
per mole. The range of uncertainty in this value is plus 20 kecal to
minus 10 keal per mole.

The heat of formation, determined in emission, is AHg = 197 + 10
kcel per mole., A greater degree of reliability has been place& on this
value because of a tendency for several temperature dependent errors to
cancel one another. |

The heat capacity, _heat content, entropy, end free energy functions
for C5 have been tabulated for temperatures from 2000°K to %000°K

{See Table V in Appendix B). These quantities were calculated, in part,

by Pitzer and Clementi;ls

and corrected for certain errors incorporsted
in existing tables.®*
The quantities in Table V were used to correct the heats of

formation of C, reported by Thorn and Winslow>® and by Chupke and

3
Inghramoa Their heats have therefore been put on an equivalent basis
with the heats determined in this research. Their corrected values will
be given for comparison. The details of the calculation are reported

in Appendix C.

*gee, for example, Ref. 27.



Thorn and Winslow's value is Aﬁz = 188 keal per mole, obtained
from a Knudsen experiment in which the sum of the effusing carbon species
was the experimentally observed quantity. The most reliable value for

the heat of formation of C, comes from the mass-spectrometric determination

3
by Chupka and Inghram. They report both second and third law velues,
which, after correction are 192 + 10 kcal and 187 + 7 kcal per mole,
respectively.

The agreement among the vearious determinetions is well within the
reported uncertainties. This is especially encouraging when one
considers the differences among the various experimental techniques
~ that were employed.

This author feels that the best value for the hest of formation of
03, on the bagis of date now avallable, is Aﬁg = 189 + 5 kcal per mole,
at least when used with the heat content data quoted in Table V.

FProm the interrelation of the following dsta, certain conclusions

. pseudo-continuum.

5
1. My velue of the heat -~ as determined by the intensity in

are reached concerning the nature of the C

emission end absorption of a portion of the continuum -- is essentially
in agreement with the heat determined by the mass~spectrometer.
2. This agreement supports the findings of Phillips and Brewer that
the pseudo-continuum was produced by cjo
3. The value of the oscillator sirength for the pseudo-continuum,
as determined by comparing its integrated ahsorption coefficient to the

concentration of C,,1is reasonable. The concentration was calculated

3)
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from Pitzer and Clementi’s free energy function and cag = 189 keal.
k. The calculstions of Pitzer and Clementi have indicated thet

the ground stete of C, is & lzzvatate and that no other low-lying

3
states sre to be expected. They glso predict a %nuvstaﬁe with about
3 ev excitation, but no other state that would have en mllowed trensition
to the ground state with comparablé éxciﬁationa And finallys |

5. The rotational enalysis and 1§o€0pic studies of the k050 A |
Swings band by Dduglas were baséd on a transition between & I and
e r state and Were. shown to be produced by 030 The B value leads to

a2 bond distence for C, that is in agreement with the bond energy

3
calculated from A&g = 189 keal.®

Therefore, we conclude that the pseudoccontinuﬁm is from CB; that

the trensition is lﬁ <?*~>~18; ; that the trangition of the Bwings bands

is identical; and that the lz;g 1s the grownd state for Cs.
vTherdifierences in the sppearance of the c3 spectfum produced by
various sources mey now be explained. The emission from comets has
very low rotational excitastion. Relétively few vibrational levels
contfibute; Probably only those levels having strong transitions with
the lowest vibrational level of the ground state are important.
The discharge spectra have a somewhat greater rotational excitation
but still do not involve many excited vibrational levels. These spectra
from flemes, furnaces and other sources that approach thermal equilibrium

are much richer. The strongest bands may be followed to somewhat higher

#The average bond energy is (3 x 169.58 - 189)/2 = 160 keal. The bond

distance is 1.281 A.
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J values, but the principal reason for the greater complexity comes
from the population of & large number of excited vibrational levels.
The importance of closely sgpaced sequences in the spectrum may
be seen from the vibrational scheme presented in Appendix D. Only
transitions involving the lower few vibrationzl levels produce
recognizable‘band heads. Many sequences, however, originate from
excited levels. These seguences overlep and blend together giving
the unresolved structure referred to as the pseudo-continuum. The
Swings bands are simply prominent features of the same electronic

transition that produces the pseudo-continuum.
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APPENDIX A

The Effect of the Evaporation Coefficient on Equilibrium

The derivation of the differential equation used to cslculate the
deviation from equilibrium in the furnace was based on a detailed mess
balance of the vaporization and condensetion of 03 at each point along
the axis of the hot zone and on the steady state diffusion, through 0.2
atmospheres of argon; to the end of the hot zone where it condensed.

The equation for mass transport is:
ha.33YM/T (@ Peg = @ P) S /fax =8 4aq (5)

where the expression on the left is the difference between the amount

of C, in g/sec'evaporating and condensing between x and x + dx, per unit

3
length of'hot zone. The equilibrium pressure, Peqf and the pressure
obtained in the furnace; ny>are in atmospheres. The evaporation
coefficient, o, and condensation coefficient, o', will be assumed to
be equal. The vaporization area, Sc, is measured from the center of
the furnace {x = 0), to the baffle at x = £, The portion of the equation
with the molecular weight,‘u, the absolute temperature, T, and the
conversion constant has the usual form for evaporatién calculations.

The right hand side of the equation gives the difference between
the amount of 05 leaving the infinitesimal volume at x + dx end the

amount entering at x, by diffusion. Sc is the cross-sectional srea



~T0=

and g is defined as:
=~D_dil% = w M& ’ (6)
4 ax RT & ° '

where D is the coefficient of molecular diffusion of 03 through the
excess argon and the differentials are the concentration gradienﬁ and
pressure gradient along the axis of the tube.

Instantaneous mixing in thé infinitésima.l volume, dx, is assumed,
thu; avoiding the problem of radial diffusion and the corresponding
pressure drop from the wall to the axis of the tube: By defining the
gquantity,

a‘sv RT

¥ = bho33 NWT -, (7)
£5, DM v

Eq. (5) takes the form

a%p
X 2 2
ol

. (8)

which is a nonhomogeneous, linear, differential equation of second
orderor I | |

%rom standard methods for solving differentia; equations, the
general solution fof Eqg. (8) is obtained asi
| : kx -kx

'PX = Peq + Cl e + C2 e .

By applyirg the boundary conditions that Px’“ 0 at x = £, and that
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Px is less than Peq for all values of x, the arbitrary constants are

kf
1 5 = "Peq € ", The problem has thus been

solved and the final form of the equation is

found to be C, = O, and C

- k(x-1)
Px/Peq =1-e .

The numericel solution of this equation requires an estimate of
the coefficient of interdiffusion, which maey be obtained from the

equation¥*

2
oy + 1) 835

The value of N, the concentration of argon corresponding to 0.2
atmospheres at 3000°K, is found to be 4.9 x 10*7 atoms/cm;, which is
much larger than the concentration nl of 03° The aversge velocitie;
are, respectively, 1.26 x 10° and 1.33 x 10° cm/sec. The viscous

diemeter of 5.15 A was estimated for C, by multiplying the value for

3
CO, by the ratio of their bond distances. Using 3.67 A for argon,

the average value, 812,'was taken as 4,42 x 1()“'8 cm. From this, the
diffusion coefficient was calculated to be 28.7 cm?/seco Taking the
values fog SV/Sc es 32, £ = 7.62 cm, and T = 3000°K, the value for

k, defined by Eq. (7), is calculated to be 70N a. The approach to
eqnilibri%? for the C3 partial pressure, based on the diffusion through
0.2 atmospheres of argon, has been calculated for several positions

2 <k
)

in the furnace and for eveporation coefficients of 1, 10 , 10°  end

10-60 The results ere presented in Table IV.

*See Ref. 30, pe TS5
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~Table IV

Values calculated for Px/ P eq for various values of the

evaporation coefficient. The ratio is zero at x = T7.62 em

from center of furnece in cm

~ Distance %

o _ _
0 2.62 5.62 752
1 1,000 1.000 1.000 0,999
1072 1,000 1,000 1,000 0.503
107 00995 0;970 0,753 0.068
1070 0.41k4 0,148 0.009

0.295 .
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APPENDIX B

Table of Thermodynamic Properties of the C_ Molecule
P

The need for dn internally consistent compiletion of thermodynamic
data cannot be stressed too stronglyo. Such a compilation>for the elements
is that of Stull and Sinkeo27 One difficulty with this kind of compilation
is that "the best availeble data" do not stay so for long. |

The data for C3 in the above were calculated from the degeneracy
and vibrational constants estimated by GlocklerOBl Unfortunately, these
are in error. The ground state is lz, and therefore singly degenerate.
This has an effect of lowering the calculated velues of AST end the free
energy function by R 1n 5. These quantities must also be reduced
because the vibrational frequencies used by Glockler were too low.

Pitzer and Clementi have estimated the vibrational frequencies
for C, end find v) = 1300, v, = 550 and v, = 2200 em™ where v, is for
the doubly degenerate bending m,odeol5 It is interesting to note that
if the bvending force coﬁstant for 03 is assured to be the same as for
CO,; the seme type of calculation leads to v, = 565 e,

| Values for the high temperature heat content, entropy, and free
energy functions have been calculated by Pitzer and Clementi and are
listed in Table Vols The corresponding values have been calcplated
for 298015°K as well as the heat capacity for each temperatﬁreo The
free energy functions for the formation of 05 from its reference state

(graphite) elso have been included. The Stull and Sinke values were

used for graphite and extrapolated by a smoothed extension of their
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aifferences at 100° intervels. Fickett and Cowan have calculated
values for the héat content and eﬁtropy of graphite at hOOOOKo52
The free energy function calculated from their data is only 0.08 eu

less then the value used here.

Table V

Thermodynemic properties of the Cs molecule

K, Hy ‘.Hg, 8 :ff;_%_ﬁ;l '”(AF;;é ;)
298°15 9.39 2319 50,76 42.98 38.87
2000 -;&035 24420 Th.03 61.82 45.82
2500 1h.5h 31644 77.25 6k.59 45,39
3000 .6k 38851 79.89 66.93  us.ok
3500 .71 L6288 82.18 68.95 BT 1

4000 .75 53652 8h. 14 70.73% o 34
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APPENDIX C

Values of AH® Obtained from the Literature

The thermodynamic properties in Appendix B are used to correct
the heats of formation for C5 aé reported by Thorn and WinsloweT
and by Chupke and Inghramo2 The latter authors report values determined
by both the slope method (Aﬂg = 200 + 10 keal) and the sbsolute pressure
method (Aﬂg = 199 + 7 keal), that is, the second and third law methods,
respectively.

Chupka ané Inghrem state that they used Glockler's free energy
functions to obtain their third law value. If the temperature of their
determination is assumed to be 2MOO°K the experimentally observed value
mey be reconstructed. That is - ZAOOOK/T = 32,40 eu, which corresponds
to a pressure of 8.3 x 10'8 atmosphere

- Interpolation of the free energy functions for the reaction
listed in Table ¥V, leeds to the value, 45.50 eu, for 2400°K. By
edding to this the - ZMOOOK/T’ Just determined and multiplying by T,
I obtain Aﬂg = 187.0 kcal per mole for the corrected third law heat of
Chupka and Inghrem.

Thesé authors do not state the value for the heat content that
tﬁey used in obtaining the second law velue of AHZ, but from the slope
of their sigma plot, bne would estimete that they have reported a value

about 10 kcal too high. Fortunately, Thorn and Winaslow have reported an




"expression obtained by a least squares treatment of Chupks and
Inghrem's original datas, thus salvaging a determination that
nust be considered excellent in all other respects. The expression

is log I.'T = -41174.5/T + 20.258 from which the experimental heat

) 3
. _ e}
is calculated to be AﬁehOGOK

and from Stull and Sinke for graphite,

= 188.4 kcal. Using the hest content
data from Table V for 03,
Aﬂghooox w Aﬂg is calculated to be =3.5 kcalo\ Subtracting this
from the corrected experimentsl value, I obtain Aﬂg = 191.9 kecal
per mole for the second lew determination of Chupke and Inghram.
Thorn and Winslow also give a similer expression for the

logarithm of the C_ partial pressure, obtained by subtracting the

3
contribution of C and €. from their experimentally observed total

2
pressure. The expression is log Ps = -40296.0/T + 9.811 from which
they obtain AHZ&OOQK = 18h.k keal per mole and Sguoo°x s TT.41 eu.
The valué‘of AHZ&OOOK - Anz is again taken as -3.5 kecal; thus giving
the corrected value as Aﬁg-a 187.9 kcal per mole. It is interesting
to note that their value of the entropy agrees within 0.6k eu with
the interpolated value in Table V, but is 4.7l eu below the value
given by Stull and Sinke.

The resulting heats of formation of 63, calculated from the

experimental determinations of these authors; and referred to zero

OK on the basis of the properties listed in Table V for Cj’ and Stull

and Sinke for graphite -~ are summarized as follows:

A°
o]
kcal/mole
1. Chupka and Inghram, third law 187.0
2. Chupka and'Inghram,~second law 191.9

3. Thorn and Winslow 187.9
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APPENDIX D

A Buggested Vibrational Scheme

By assuming certain values for the vibrational frequencies, a
reasonable structure for the 03'spec£rum way be synthesized., Although
the details of this structure cannot be expected to be correct the
4gfoss features can be used to explain the observed complexity.and the
types of transitions that may be cbtained.

The starting point of this synthesis was the observation by
Kiess and Broide of a number of apparent band heads from 363k A to
4160 A°26 They have noted wave number differences of 133, 264, and
523 cm”l between many of these heads. Although it is tempting to
associate the larger of these with the bending frequency, more careful_
consideration shows that this is not possible. For the 523 cmml to
correspond to the bending frequency, progressions would be required
in which vy changed in unitaiy steps. Sponer and Teller have shown that
for the transition to be allowed, v
13

, and also v, must change by an even

2 3
The observed differences are essentislly integrel

number of gquante.
multiples of 130 ém”lo This probably corresponds to a difference in
vibrational frequency between the two states, the spectrum being
formed by sequences.

The band heads reported by Kiess and Broide may be arranged in

several sequences. A few of these will now be given with the differences

between succegsive heads in cm“l placed in parentheses.
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07510(132)27378(130)272h8(156)27u2(135)26977(3x131)26585 00 025471(129)
25342(141)25201{ 135 )25066( 127 )24939( 127 ) 24812( 126 ) 24686( 136 ) 24550( 129)
24421(128)24293(135)24158(128)24030.

26u21(130)26291(1&8)261&5(1&1)260029o025170(1&5)25027(1&7)2&8Uo(1h5)
24735( 141 )24594 .

26912(167)26745(160)26585{164)26421 .. . .253T4(173)25201(174)25027(175)
24852(166)24686; 25107(168)24939(181)24758(164)24594(173) 2421,

27112(200)26912. . .25342( 195 )2514T{ 201 ) 2hok6{ 211 )24735( 185) 24550 «

The pattern is by no means perfect. Nor should one expect it
to be. Undoubtedly a number of accidéntal.spacings have been included
and each group may actually be composed of several sequences. It
appears that 03 will have to be produced with low excitation before
a vibrational assigmment can be made,

Reasonable values for the differences in vibrational frequencies

mey be inferred from the above list. For the purpose of synthesizing

a spectrum, it is essumed that Av, = 170 cmwl9 twy = 130 em™ and

= 200 cmwl The values estimated by Pitzer and Clementi for the

2y °
Y5
ground state vibrational frequencies are usedol5 The frequencies for

the two states are teken to be:

vi = 1130 em™t vé = 420 cmﬁl - Vé = 2000 cm™
v; = 1300 cmﬁl' ' vg = 550 Gmgl v;‘a 2200 cm™L.

The bond energy is probably greater for the lower state, as may be
inferred from the slightly smaller bond distance. Therefore the

frequencies were assumed to be smaller in the upper state.
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In Fig. 6 a portion of the spectrum has been constructed based
on the above ffequenciese Transitions involving states with more
than 5000 cmnl of vibrational excitaﬁion have been omitted. The
spectrum has also been kept relatively simple by the requirement that
EANl + Awe + hAN5 = 0, + 2 vhere the Av's are differences in the
vibrational quantum numbers for the upper and lower states.

The sloping straight lines correspond to sequences in each of
the vibrational modes starting from the transition listed at the left.
Each trensition is labeled with two 3-digit numbers that designate
the number of vibrational quante in the three vibrational modes of
the upper and lower states. The letter a, b; or ¢ indicates the
value +2, 0, or -2 respectively for the above summation. An energy
- scale has been placed on the right to give the séparation in cm'l'
between the band in question and the principal or 000-000 bend which
hes its head et 24686 cm™>. The abscisse indicates the vibretional
running numbers for each ¢f the sequences. These running numbers
indicate the increments in the vibrational quantum numbers above
the sterting member for each sequence. For example; the 000-000

transition is the starting point for the following sequences:

Sequence in v, ¢

lg 000“'000, 100‘“100; 200"2000 000

Sequence in v 000-000, 010-010; 020-020:000

o
Sequence in v33 000-000; 001-001, 002-002:.00¢

Another example of a sequence in v, would be: 002-140, 012-150, 022-160....

2
Each point of intersection of the atraight lines with integral values

of the vibrational running numbers repreésents an R-branch band head.
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Therefore, associated with each point there is a P, Q; and R branch
which is degraded toward the red. The maximum intensity for a branch
occurs with the rotational quantum number, J = 50 when the temperature

1 to the

is 3000°K. The maximum intensity occurs 92, 50, and 9 cm’
red of the band head for the P, Q, and R branches of the 4050 A band.

The genéral appearance of the synthetic spectrum would be
modified slightly if additional states had been included. The complexity
of overlepping sequences would increase to the violet of the system
origin {positive energies of separation). On the other hand, additional
trangitions to the réd would tend to spreéd out more.

The transitions for which the vibrational gquantum numbers do not
change would be expected to be more intense on the basis of the Franck-
Condon principle. Because the nuclear separation is slightly larger
in the upper state the transitions to the violet may be relatively
intense.

The intensity distribution in the C_ spectrum is quite reasonsble

3
on the basis of the synthetic spectrum and the above discussion. The
4050 A band {i.e., 000-000) and the 4072 A band (probably 010-010) are
sufficiently intense to stand out above the pseudo~continuum. The
pseudc«continuum is formed by the blending together of many weaker
bands. The observed intensity decreases rapidly to the red but more
gradually to the violet. Finally, the secondary maximum of intensity
observed by.Phillips and Brewers at 4300 A agrees quite well with the

greeter density of transitions at about -1200 ent in the synthetic

&3



w1l e

spectrum. Transitions with Awl = -1 or sz = -2 are important for

the formation of the secondary maximum.
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1500
TRANSITION — —— SEQUENCES in V| ~
SEQUENCES in V2 ’
------ SEQUENCES in V.
% - g% : A 3 1000
200 - 020 &
100 - 000 a’ Sn
020 - 000 &
002 - 060 &
002 - 140 &
oko - 100
260 - 002 \ 500
002 - 220
k00 - 080 \_
w0 - 002
002 - 300
060
4]
BAND HEAD
ENERGY, cM™!
=500
-1000
-1500 -
|- -2000
-2500
0 | 2 3 4 5 6 7 8 9
VIBRATIONAL RUNNING NUMBER
MU=-17234
Fig. 6." Synthetic spectrum for C,. Band head energies ~

relative to the 000-000 transition are plotted
for sequences involving states with not more than-
5000 cm © excitation. '
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