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HIGH-TEMPERATURE STUDIES OF THE c3 MOLECtn.E 

John Leland Engelke 

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

April 30, 1959 

ABSTRACT 

The c3 molecule has been produced in thermal equilibrium with 

graphite. The so-called c
3 

continuum has been studied from 3700 A 

to 4850 A and its unresolved structure has been shown to be part of 

the c
3 

Swings bands. Evidence is presented that the transition is 

1 1 + II <-> E and that the latter is the ground electronic Gtate u g 

of c3. The integrated absorption coefficient of c3, in the (~bove 

spectral region, leads to an oscillator strength, f, of 0.2o 

The temperature coefficients of absorption and emission intensities 

were measured near 4045 A. The absorption experiment set a lower limit 

to the heat of formation of c
3

, ~0° = 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 

taken to be CH 0 = 189 ± 5 kcal/rnole • 
. 0 
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HIGH-TEMPERATURE STUDIES OF. THE C!l MOLECULE 

INTRODUCTION 

The C; molecule has received considerable interest in recent years. 

The definitive spectroscopic investigation by Douglas has shovn that it 

. 1 
is a linearj triatomic radical analogous to co2• The bond distance is 

intermediate between that of doubly and triply bonded carbon atoms. And 

2 the mass~spectrametric studies of Chupka and Inghram have shown that in 

a equilibrium with graphite at temperatures above 2400 K, c
3 

is a more 

important species than either c2 or c. 

The spectrum of c
3 

was first observed in the emission of comets, 3 

11 4 II II b ~ ll where, for many years~ it was known simply as the-~ 050 or Swings anas. 

There 1 t appears as a number of line .. like bands extending from 3987 A to 

4075 A. The first laboratory source used for the production of c
3 

vas an 

interrupted discharge in methane. 4 Under high resolution, the discharge 

spectrum appears discrete.* 

The c
3 

emission from a graphite-resistance~tube furnace was first 

observed by Garton.? Phillips and Brewer have also produced c
3 

in a 

graphite-resistance-tube furnace (King type).8 In addition to the discrete 

bands, they observed a strong underlying continuum with a maximum intensity 

*For a discussion of the earlier work on c
3

, the reader is referred to 

the articles by Herzberg5 and by Rosen and Swings.6 
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at 4000 A and a. seconda.ry ma.ximUm at 4300 Ao Using the mass action law and 

varying the carbon partial.· pressure by means of a tantalum sleeve through 

i.J 

Yhich the carbon had to diffuse, they were able to show that the continuous i' 

emission was also produced by c3o 

An identical continuum. has been observed, by Marr and Nicholls, to 

accom.pany the Swings bands in the spectra tram a fuel-rich oxy~acetylene 

flameo9 This is not too surprising, since the con<Utions in the flame are 

quite similar to those in the t"urnaceo The King fu;mace is an equilibrium 

source o The flame has been s.hown to approximate equilibrium conditions and 

the temperature at which the pands and continuum appear is about, the same 

10 for both source~~ 
-~ . 

The question to be asked at this point is wnethet' the observed 

~ssion is a true dissociate continuum, or whether it is simply an 

Wlresolved discrete spectrum" , A more c~lete understanding ot the physical 

and chemical. prt>perties of the q
3 

molecule np.. be obtained b;y ~ering 

this .questiono 

If' the spectrum is; indeed, a true oontinu~, it m.wst, be produced by 

recombination,~~ followed by radiation, such as the ;r>ea.ctic;:m of c2 and C. 

which has been suggested by Me.rr,11 or by some other mec~ni,sm involving a 

repulsive electroni,e state of c3.,* If this is the case, thtm the super-

~Such tllechanisms as electron recombination are {lot .considered here, since the 

energy involved would be much greater. Also, Phillips and Brewer have shown ,., 

that the continuum intensity does not depend on the electron partial pressure o 

For a discussion of mechanisms which lead to continua, see Herzberg,v 12 

ppo 387•437• 
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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 handjl the spectrum is discrete and is also part 

of the same electronic band system which gives rise to the Swings band, 

then the transition may be used to investigate this stable molecule in 

its ground state. 

Phillips and Brewer noted that the continuum intensity was comparable 

to the total integrated intensity of all the c2 Swan bandso
8 

This strongly 

suggests that they did not observe a true continuumo They have also 

shown, however, that even with a resolving power approaching the Doppler 

width of a single line 1 the spectrum may not be resolvable. Such a 

spectrum has been called a "pseudo .. continuum."13 Phillips has also 

studied the temperature coefficient of emission for a portion of the 

continuum and finds that the excitation of the emitting state is not 

14 great enough to be dissociat4ve. 

In both the work of Phillips and of Phillips and Brewerp the amount 

of scattered radiation from the hot furnuco ws.ll was sufficient, so that 

even after correcting for it., some uncertainty remained.~> and the possibility 

that the spectrum was a true continuum was not completely eliminated. 

The purpose of the present research was to obtain an unequivocal 

answer as to the nature of the observed continuum. Experimentally, two 

completely different techniques vere usedo 

First, the absorption spectrum was measured over most of the electronic 

transition" By integrating the absorption coefficient over the frequency 

interval for which the absorption was measured, an order of magnitude 

estimate could be made of the total number of absorbers in the lower state 

of the continuumo From the lmown temperature and dimensions of the furnace 
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and from available thermodynamic. data, an independent estimate could be 

made of the number of molecules ~11th various amounts of excitation which 

would exist, in thermal equilibrium, in the furnace. The results of a 

comparison between the measured end the calculated values has clearly 

indicated that in the process of absorbing a quantum of 4000 A radiation, 

the c_, molecule in the lower state of the so-called continuum could not 
) 

dissocintc. 

Ti·Le second technique used to investigate the nature of the continuum 

wa.s to measure directly the heat of formation of the electronic states 

involved in the.transition. ~nis was done both in absorption and in 

emission. That is, first the heat of formation of the lower state of 

the pseudo-continuum was determined by measuring the temper~ture coefficient 

of absorption. Next, the temperature coefficient of the emission intensity 

was measured. T"ne results of .the absorption and the emission experiments 

clearly show not only that the transition is discrete1 but that the 

electronic statee; are the same as those of the Swings band.so Furthermore, 

' . 15 from the theoretical predictions of Pitzer and Clementi, ,:and from the 

e.gree~nt between the heat of formation measured here end the mass-

2 spectrometer determination by Chupka and Inghram, the transition is 

characterized as lrr ~ 
u 

electronic state of C~· 

' 

l_ + 
::> -zg , with the latter state as the ground 
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Fig. 1. Energy level diagram for electronic states of Cr 
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ENERGY LEVEL DIAGRAM 

The energy level diagram shovn:1 in Fig. 1 has been included to illustrate 

the ve,rious electronic states of C.. 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 

energ~ to the ground state of the gaseous c
3 

molecule, all energies are 

·t;;:.ke:n. rclG.ti ve to graphite in its standard state. The plotted energies 

then correspond to the standard heats of formation for the various electronic 

states of c7. 0 

:; 

The ground state has been placed at 8.20 .:!: 0.22 ev. The rotational 

assignraents 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 IT 

and a E state.. From the rotational analysis alone, they could not tell 

which state would be lower in energy. 

Pitzer and Clementi have completed a rough molecular orbital (MO} 

calculation for c
3

•15 They have estimated the excitation for a number of 

states, three of which are included in Fig. 1. The ground state configuration 

beyond closed lS shells is predicted to be a (2), a (2), a .'(2), rr. (4), g u g •1 . 

a' (2) g 
1E +. The other two states are the only bound states that are 

u g 

likely to have completely allowed transitions with the ground state. The 

1 configuration ••• IT (4), a '(1), IT (1) : rr has a predicted excitation 
u u g u 

of 3 ev, agreeing almost too well with the observed transition, 4050 A 

c9rresponding to ).06 ev. The configuration • 0 0 n (:;), a .'(2), rr (l) u u g 

has a predicted excitation 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 ~ + <- 1-t + transition (2 in Fig. 1) 
u g 

in the King f'urnace was made. A small quartz Hilger spectrograph was used 

with EK I-0 UV plates. The light source was a bright xenon arc. Exposures 

0 taken with the furnace above 3000 K showed strong absorption for wave 

lengths shorter than about 2300 A. The furnace had previously been baked 

0 0 out for over an hour at temperatures from 3000 K to 3100 K; however, the 

possibility that the fUrnace contained ·some hydrocarbons cannot be ruled 

outo With the turna.ce off; an equivalent exposure showed darkening of the 

plate to about 1900 A as evidenced by the absorption of the Schumann-Runge 

(3,0) and (4,p0) bands of oxygen at 1946 A and 1923 A respectively. The 

observed furnace absorption could very well be due to c
3

• It could also 

be due to hydrocarbons or other carbon species, or some combination of 

these. The nature of the .absorbing species, however, must await further 

work, such as observing the spectra. under higher resolution or by measuring 

the absorption intensity while the carbon partial~pressure is variedo 

'!'he energy level at 16.1 ev corresponds to the sum of the heats of 

formation of c2 and C (monatomic gas) in their lowest states, 3rru and 3P 

respectively. The rounded value of 200 kcal adopted by Stull and Sinke 

was used for the heat of formation of c2 . The heat of sublimation of 

16 . . 
carbon is now well established as 170 kca.l" 'l'he sum of these two heats 

corresponds to a minimum value for the energy of a c
3 

repul.sive or 

dissociative state. The atomization of c
3 

to ground state carbon atoms 

( 3P) would be higher in energy by the dissociation energy of c2 o Any 

degree of excitation in the dissociation products would correspond to 
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c, more highly excited state than is shown and need not be considered here. 

~1e upper level of a true continuum must then be at least 16 ev. 

If a predissociation were to explain the continuum, the predissociating 

level would have to be above 16 ev. Since the dissociating frai?f!lents 

part with various amounts of kinetic energy, the 16 ev must be considered 

as only a lower limit for the occurrence of a. dissociative continuum. 

A hypothetical state (H) has been placed at 13 ev, the minimum energy 

that the lower state of a true continuum could have. The transition 

(3 in Fig. 1) would correspond to the continuum produced by a molecule 

in state H absorbing a quantum of 4050 A radiation.. The nature of state 

H is unimportant. What is important is that for an equilibrium system 

at a temperature, T, the concentration of c
3 

in state H is related to 

the concentration in the ground state, X, by the Boltzmann factor 

corresponding to the difference in energy of the two states. In the 

chapter, nAbsorption Spectrum1
11 the concentration of the absorbing state 

- as estimated from the integrated absorption coefficient - is compared 

with the predicted ~oncentrations of states X and H. 



\ 

" 

APPARATUS 

Furnace Description 

The King furnace used in this investigation has been described 

most recently by Hicks17 and except for various modifications which 

have been added through the years - is the furnace constructed and 
18 . . 

described by Brewer;$ Gilles, and Jenkins o The furnace consists of 

a graphite heater tube supported by split graphite bushings between 

massive copper electrodes in a vacuum-tight, water-cooled brass chamber. 

~1ermal insulation for the heater tube is supplied by five cylindrical 

radiation shields surrounding a graphite spool. The inner surface of the 

spool is protected from blistering and eroding by a l..,l/8 in i.d. 

cylindrical insert or sleeve, which may be replaced readily whenever it 

begins to show signs of wear. 

The heater tubes vrere machined from 12-l/2 by 7/8 in, diameter r~s 

of AGW* graphite. The tubes used in this research had thicker walls than 

those which have generally been used with this furnace. 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 temperature 

by tapering the outside diameter symmetrically from 3/h. in. at the 

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

section, which are located 3-1/4 in. from either end. The diameter of 

*This graphite was obtained from The National Carbon Company, 

30 East 42nd Street, New York 17, N. Yo 
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the tube increased to 7/8 in. in two eq-tJ.al steps - at the COP..striction 

and at points 2-1/2 in. from either end. Tlle shape of the heater tube 

was such that thermal conduction through the ends of the tube was 

compensated for by a greater pawer dissipation at the constriction. 

For further definition of the uniform hot zone, cylindrical graphite 

ba:ffies - 1/2 in. long and with 1/8 ino holes drilled along their axes • 

are placed inside the tube at the constrictions. T'ne baffles also serve 

to minimize diffUsion of the gaseous species from the hot zone. 

The temperature profile along a well-designed tube increased very 

rapidly in going through the baffle to the hot zone. T'.ae L!lr across the 

baffle amounted to about 500 °C., The temperature maximum was generally 

found between 1/2 and 1 in .. from the inner face of the baffle with a 

temperature about 200° hotter than the baffle face. ~1e 3 to 4 in. 

region at the center of the furnace vas about 20° to 40° cooler than the 

maximum. 'l'he higher temperature ttea.J:" the baffle tended to canpensate 

for losses of carbon vapor by diffusion through the baffle. 

The thicker .. walled heater tube permitted temperatures up to 3100°K 

to be maintained tor several hours. Power requirements at these temperatures 

were about 40 kva. The potential drop across the furnace was only about 

16 volts, which vas supplied by a lOO .. k\ra step-down transformer. This 

transformer vas operated from a 440 volt, single phase source fused at 

100 amps. Temperature control was obtained by manually adjusting a 

Powerstaff' connected to e. control transformer 1 whose secondary was in 

series vith the step~down transformero Now that power transistors are 

j .. 

tl 
oat 
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available which Will carry 15 amps or more, it would be a relatively 

simple matter to constru_ct 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 windows being stuck on with sealing wax, they are clamped 

between two 0 rings, thus permitting the furnace to be operated at 

higher than atmospheric pressure. The windows used in this research 

were 1/6 in. thick optical quartz. They could easily be replaced and 

cleaned. Two brass disks with 1/4 in. apertures could be positioned in 

the bore of the window assembly. The presence of these diaphragms 

greatly helped in keeping the windows clean. I believe that convective 

transport of graphite "dust" was greatly hindered by the two diaphragms 

which formed a "sink" where the gas could stagnate and thus parmi t the 

dust to settle. Multiple reflections of the light beam were avoided by 

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

1 
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Instrumentation 

The electronic detection equipment was constructed by Phillips and 

has been described by him.19 Briefly, a lP2l photomultiplier located on 

the Rowland circle of a 3-meter, concave grating spectrograph generates a 

de current which is proportional to the intensity of the light hitting its 

photocathode. This current goes to ground through one of several precision, 

II II ( R ) wire-wound, load resistors See L. • Fig, 2 • The voltage drop across 

B II II the resistor is amplified after being changed to ac by a rown Converter 

or vibrator (CON.). The output from the amplifier* (AMP.), is converted 

back to de and used to drive a·B:rown "Electronic" strip-chart recorder, 

Several minor modifications of the electronics were made. In order 

that absorption measurements could be made in the King furnace, it was 

necessary to measure the intensity of a light source shining through the 

furnace without measuring the emission from the furnace itself. To do 

this, a rotating sector was placed between the light source and the 

furnace. (See SEC, Fig. 2)" The ratio of open area to closed areacon 
' 

the sector was 471t; the same as the ratio of "on11 to 11off" tilne of the 

Brown converter. Also, by driving the sector with a synchronous motor, 

the modulation frequency was 60 cps, the same as the frequency of the 

converter. Thus if the converter was by-passed only the· modulated l.i.gJit 

was amplified • So long as the light emit ted by the furnace was not 

*This is a power amplifier; the ,-:>utput voltage is actually less than the 

input. 



sufficient to saturate the photomultiplier; it did not affect the recorded 

intensityo The proper phase relation between the modulated light and the 

amplifier -· more specifically, between the modulated light and the con-

verter at the output end of the amplifier -- was obtained by rotating the 

sector motor until a maximum response was obtained from-the recordere 

A .1 ~f capacitor (not shown in Fig. 2) was connected in parallel 

with the load resistance, and served to eliminate or filter' any 60 cycle 

pickup in the signal from PM-1. Obviously, when PM-1 was to be used for 

absorption measurements, this filter had to be out of the circuit. As a 

result, the noise level was somewhat more of a problem with ac operation 

than it was with dco The sensitivity of the apparatus was almost as high 

for the ac sector method as it was for de, especially when the load 

resistance was moderateo As the load resistance increases, however, the 

capacitive reactance of the coaxial cable from PM-1 became comparable 

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 apparatus. A separate set of load resistors was included 

since, in general; signals from the two photomultipliers would not be of 

the same order of magnitude. Whereas PM-1 operated from a well-regulated 

high voltage power supply, FM-2 had a box of ten 90-v B-batteries. The 

two supplies were equally satisfactory. 

This apparatus differs from a microammeter in one important respecto 

A well-regulated signal, controlled by a Helipot, is used to compensate 

for the photomultiplier dark currento Dark current compensation was 

checked before and afte~ each series of intensity measurementso Dark 

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

f. 
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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 as "zeroing" the instrqment. 

A method of measuring small changes of intensity was investigated. 

It consisted of calibrating the deflection produced by a certain change 

in the Helipot setting. The zero could then be shifted off scale by a 

known amount, up to 250 ro. Full-scale deflection, for example, could 

then correspond to a change of intensity from 250 to 350 IU. For the 

purpose of measuring absorption intensity, however, the gain in sensitivity 

vas not so great as had been anticipatedo Experimentally, the noise level 

of the lP21 and the associated electronics increased almost linearly with 

the signal. Also, this method of operation made it difficult to check 

dark current compensation. Thus 1 the method did not prove to be acceptable, 

and the absorption measurements were made without shifting the zero off 

scale., If more accurate absorption measurements are required, -a double

beam instrument will probably have to be developed. 
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QpticalArrangement 

The optical arrangement that was used for absorption eXperiments is 

shown in Figo 2o A light source was required that would be fairly intense 

and whose intensity would remain constant during an experiment. Tungsten 

filament lamps are the most easily controlled light sources; various types 

were tested. Since the lamp filament was to be focused on the slit of the 

)-meter spectrograph, a vertical, straight-ribbon filament lamp was selected.* 

The lamp (B in !Fig. 2) was clamped rigidly in place in an air-cooled housing. 

The medium pre•focus base insured good electrical contact. An intense 

source was obtained by operating the 6-volt lamp from a stabilized 10-v 

de supply which Worden has desc:t'ibedo 20 

The lens L
2 

formed an image of the lamp filament in the center of the 

King furnace. Lens ~ then focused the image onto the diaphragm directly 

in front of the spectrograph alit s1 • At the same time, t
1 

also focused 

on the diaphragm the image of the baffle at the rear of the heater tube 

hot zone. Strictly speaking, if the bafne was in focus, the filament was 

not. However, the baffle vas only 8 em from the center of the furnace 

and both images were effectively in focus. 

The importance of focusing the rear baffl.e on the spectrograph diaphragm 

is seen when one considers· the intense black body emission from the furnace 

walls. From geometrical optics, 1 t can be shown that since the aperture 

of the diaphragm is smaller than the image of the hole in the baffle, any 

light ray from the furnace wall will fall outside the aperture, and thus 

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

* General Electric Co., Type 18A/Tl0/J:P. 

J 

,_ 
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may still be scattered into the optical path by imperfections in the 

optics and by dust particles in the furnace, on the window, or on the 

lens. The amount of scattered light must be minimized, and the degree 

to which I have succeeded in doing so will be seen later in the discussion 

of the emission experiment. I have already discussed how the diaphragms 

in the window assembly cut down on the amount of dust in the furnace and 

on the window. They also, along with the baffle in the 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) 

placed in the front of the heater tube, as Hicks described, 17 further 

reduced the scattered lighto 

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 2. The two nearest to the furnace 

windows were only partially coated so that half of the light was 

reflected around the furnace, while the other half was transmitted straight 

through t~::the spectrograph., The half-coated mirror to the rear of the 

furnace also served to reflect the fUrnace emission to the second 1P21 

photomultiplier, PM-2. The lens (L
3

) focused the baffle in the front 

of the heater tube onto a diaphragm placed directly in front of a narrow

band-pass filter {F). An adjustable slit ·(s
3

) 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 furnace temperature with an 

optical pyrometer during an absorption experiment, the response of PM-2 
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a.s a function of temperature was determined before and after each 

experiment. To do this, the lens and mirror in front of the furnace 

were removed and the pyrometer sighted on the furnace wall through the 

front window. mile gas emission at the wave length of the narrow-band .. 

pass (NBP) filter vas measured by PM-2 as the temperature of the furnace 

was first increased and then decreased. Thus, during the absorption --

with L
1 

and the front mirror replaced -- the furnace temperature could 

be determined from the calibrated response of PM-2 .. 

During this work, two different NBP filters were used. These 

were second order interference filters* made by vacumn depositing two 

silver films on either side of a thin transparent spacer. The filterff · 

have maximum transmittance at wave lengths 5175 A and 56~ A, with a 

width at half intensity of about 100 A. These filtel"S also have 

' 'Windows at" about 3600 A~ The tJV window was overlooked in the absorption 

experiments and although the 1P21 sensitivity is down, some of the signal 

from PM-2 may have been due to the c
3 

emission at this wave length. For 

the emission experiments, however, the NBP filters were combined with 

Wrat,en filters, 58B and 22,** respectively~ This removed the UV 

transmission completely. 

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

would respond to either the c
2 

Swan (0,0) band or (0,1) band, depending 

*Bausch and Lomb Optical Company 

**Eastman Kodak Company 

._, 

I 

' 
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on the filter used. The advantage obtained by using the gas emission 

from c2 rather than the black-body emission from the wall for measuring 

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

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

of c2, the intensity was observed to increase by about 1.4~ per °K 

with the 5175 A NBP filter in the neighborhood of }000°K, whereas the 

intensity from a black-body would increase only about 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 5700 A to 4850 A. The resulting absorption 

spectrum was primarily due to the pseudo-continuum although molecular 

features were also observed for c2 and CN. The apparatus, which was 

described in the last chapter; had a rotating sector which chopped the 

light beam entering the . furnace. Only the intensity of the modulated 

light was recorded. Thus the·gas emission and scattered light (from dust 
I 

on the windov and lens) did not affect the measured ~bsorption intensity. 

The spectrum was obtained in two parts -· first, from 5700 A through 

4558 A, and then, after replacing the :turna.ce heater-tube, from 4558 A to 

4850 A. ln part, the wave length scale was determined by inserting a 

mercury germicidal lam~ behind the rotating sector as the spectrophotometer 

scanned through the 4558 A Hg line. ln addition, the band heads for CN 

at 5885 A and c2 at 4737 A determined the rate of scan. 

The 3-meter concave grating spectrograph vas used in the first order 

where it had a plate factor of 5.85 A/mm. :,rom the slit widths of' 0.3 nnn 

and 0.1 nun used for the two spectral regions, one would calculate instrumental 

widths of lo76 A and 0.58 A, respectively. However, the response time of 

the recorder was about 5 sec and, since the scanning rate was 84 A/min, 

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

*General Electric Lamp, 04T4/l. f 
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atomic impurities are known to be present~ no atomic features were observed. 

The contribution of such features to the total absorption intensity, however, 

is believed to be negligible. Although the spectrometer 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 appreciably during 

the experiment. 

The various intensities measured by the photomultiplier, PM-1 1 and 

displayed on the Brown recorder chart will now be defined as: 

I
0 

The intensity as measured by the response to the modulated 

signal from the tungsten filament lamp after passing through the cold 

furnace ( 1 o eo , 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 g The intensity of the reference signal which was reflected 

around the furnace. 

The absorption intensity~ a derived intensity equal to I - I? 
0 

In addition, intensities which will be used in connection with 

emission experiments are: 

I The intensity of the gas emission from the furnace. e 

~ The intensity of' a black-body at the temperature of the furnace o 

18 The intensity of light scattered from the hot furnace wall. 

For both of the absorption scans, it was necessary to measure I as 
0 

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

the absorption dete~ination. To do this, I
0 

and ~ were recorded by 



alternately placing e. sh11tter in front of the light beam reflected 

around the furnace and then directly in front of the furnace window o 

Again, the 4358 A Hg line determined the wave length.. After repeating 

this three times, the furnace vas filled to 5 em Hg pressure with argon, 

the power turned on, and the furnace brought to the desired temperature. 

When the temperature vas about constant, the scan motor vas turned ono The 

intensity, I, was recorded as the spectrometer scanned from 3700 A to 

4358 A· The scan took about ~minutes during which time the temperature -

increased by about 10°Co In the separate scan from it-358 A to 4850 A, 

the temperature increased apout 50°Co At each end of the scans, 1a 
was measured while the furnace vas ono The f'urna.ce was then cooled and 

the scans of 1
0 

and 1a were repeatedo 

By tracing each of the scans onto a single sheet, they could be 

superimposedo The Hg 4}58 A line and the dark current zero were used to 

posi t1on each .sce.no The I
0 

traces were constant to about 1~. 'rhe ~ 

trace before and during the a,bsorption showed that 1
0 

had not changed .. 

while the turna.ce was on. The scan of the attenuated signal, 1, had 

about ':fl,. rms noiseo A smoothed trace of I was made and the value for 

I/I
0 

was determined at 50 A interve.lso In the regions of c2 and CN 

features, the ratio was d.ete$ned for additional wave lengthso After 

converting the wave lengths to wave numbers, the resul.ts were plotted 

_Tem;perature meas\#'ements were made for this expe:riment by sighting 

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

heater-tubeo The reflection from the half-coated mror was usedo 

f 
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Fig. 3. Absorption spectrum for C
3
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The temperature correction for this arrangement was determined before-

hand by placing a ribbon filament lamp near the furnace window and 

measuring the temperature of the lamp directly and by reflectiono Because .. 

the mirror only re~lects about ~ of the light, the temperature correction 

was about 700°C at the temperature of the exper:tmento 

After correcting for the mirror and window losses and for the NBS 

calibration on the pyrometer, the average temperature was calculated 

0 to be 3105 + 50 Ko However; a comparison ot the observed absorption -
intensity, IA, at 4045 A with what would be expected on the basis of the 

emission intensities (described below), would indicate that this temperature 

is probably . too low by 70°K.o. The discrepancy could be explained in pert 

by the large temperature correction that was required.. It might also be 

due to the cone of light, determined by the hole in the furnace baffle,' 

not completely filling the pyrometer lens o in view of this uncertainty, 

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

/ 
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Integrated Abso::Ption Coefficient 

The integrated absorption 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 can be made of the c
3 

concentration that was present in the 

:furnace when the spectrum was detenrdned. This equation takes the fo:rm; 

2 2 J 
Nf =; Jk(v)dv ~ ~ 

tte tte x 

I 
ln r dv 

0 

where N is the concentration in molecules/em; of the absorbing species, 

-1 f is the oscillate~ strength, v is the spectral frequency in em , and 

I -kx I I = e 1 where k is the absorption coefficient and x is the path 
0 

length for absorption. Substituting the values for m and e, the electron 

mass and charge, and c, the velocity of light -- converting to common logs 

and taking the 6-in. hot ~one or x • 15.2 em as the length of the 

absorbing path we obtaing 

. 11! Nf = 1.72 X 10 I 
log r dv 

0 

The area, in Fig. ;, which was due to the c
3 

absorption was measured 

with a planimeter. Those portions of the spectrum due to CN and c2 were 

excluded as shown by the dotted lil)es. .The Wl limit to the measurement 

*See; for example, Ref. l2JI po 382 or Refo 21. 

\ 
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vas arbitrarily taken as 27;000 c~ ··, .corresponding to approxilnately 

' 

3700 A. Obviously, the absorption continues to shorter wave lengths o 

Marr has given the limits for the c
3 

pseudO-continuum as 3500 A to 

4600 A. 22 '!'his would. indicate that the ~ea measured. here may be 

about 3(1fo too low. The red. limit was obtained by a linear extrapolation 

beyond 211000 cm·l which added about l~ onto the experimentally 

observed absorptiono 'rhe total integrated absorption to the red of 

3700 A was then found to be 1634 cm-1• 

Putting the value of 1634 cm-l into the equation obtained above 

gives .Nf = 2.8 X 1014 absorbers/ cm3 
o The value of the oscillator 

strength f, is not expected to exceed unity for the total electronic 

transition in w'hich a single electron per absorbiD.g molecule is being 

promoted. from one molecular orbital to another. On this basis, the lower 

limit for the concentration of c
3 

that vas present in the 1'urnace may 

be taken as N • 2.8 x 1014 molecules/em'. 

Using ~~ = 189 kcal for the heat of formation of c3 and inter

polating the free energy functions given in Appendix B for the formation 

of c
3 

from graphite, I have estimated that the partial pressure of c
3 

at .)200°K is 8.07 x lo-4 atmospheres. From the ideal gas la:v, this 

corresponds to N = 1.85 x 1015 molecules/ cm3. Assuming that N • N , 0 . . . 0 

one obtains a value of 0.2 tor the oscillator .strengtho 

The concentration of c
3 

may be calculated from N
0 

and the 

Boltzman equation for any state with excitation, Eo In the chapter, 

"Energy Level Diagram," the minimum excitation of the hypothetical state 



H6 that would be required if the spectrum were a true continuum was 

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

~e/kt 7 concentration would be calculated as NH = N
0 

e = 5·7 x 10 

molecules/ cm3• 

The estimate of N is probably not in error by more than a 
0 

factor of 10, due to uncertainties in T or M~. For example, N 
0 

0 would be 2.5 times as large if T were 100 higher~ or 5 times as 

large if' H0 were 10 kcal less. Clearly then, the integrated 
0 

absorption coefficient has shown that the pseudo-continuum could not 

result :trom the dissociation of c
3

• In fact, the results strongly 

suggest that the. absorption is from the ground state of' c
3

.. The 

temperature coefficient for either absorption or etnission may 

therefore be used to determine the heat of' formation of' c
3

• 



E;perU1ental ?rocedure 

T~rature Coefficient of Absorption 

'l'h.e method for measuring absorption in the .last chapter vas used 

also tor determinine; the temperature coefficient of absorptiono Whereas 

the temperature remained constant while the wave length vas varied in 

measuring the absorption spc!te~1 for the temperature coe.f:f'icient the 

reverse we.s true o A more precise method. for measuring the temperature 

was required, hmtever, and the aecond photomultiplier, P.M-2, was 

developed as a. photopyrometer ,._ as described in the section on the. 

optical arrangement., 

The. :<:morcury germicidal lamp we.s again used to determine the wave 

.lengtho The spectrograph vas set on the peak of the Rg line a.t 4046o6Ao 

The slits were opened to Oo55 mm, correspOnding to 3 .. 2 Ao 'l'hus, the 

absorption was determined for the regi.on just to the violet of the c
3 

SWings band whose head is at 4050 Ao 

The 5175 A narrow-band-pass filter was used to define the wave 

length range measured by the photopyrometero The measured intensity 

is therefore, primarily due to the emission of the c2 (o,o) SWan be.ndo 

The photopyrometer ~ calib~ted by measuring the emission with 

increasing and decreasing 1'"urnace temperatlll"es immediately before and 

after the c
3 

temperature coefficient was determined,., The t-emperature 

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

experiment" The emission intensity as a function of temperature was-



found to fit the linear equation log(IT) = 21.278 - 4.873 x 104/T with 

a maximum uncertainty of 4% in the coefficient of 1/T. The temperature$ 

. i 0 n K, corresponds to the temperature measured with Leeds and Northrup 

optical pyrometer SN 749235P designated as pyrometer No. 2 in this 

laboratory. 

'rhe form of the calibration equation was suggested by noting that 

the logarithm of the c
2 

partial pressure should vary. linearly with 1/T. 

The slope of the calibration curve, however, would have to be about 1~ 

larger to agree with the heat of fomtion of c2• A small, but 

reproduc1ble amount of scattered light -- which has a smaller temperature 

coefficient corresponding to that of a black-body -~ would account for 

the observed calibration equation. Regardless of the source of radiation 

used with the photopyrometer, however 11 the important thing to note is that 

my measuring the intensity during the absorption exper1ment 1 the temperature 

could be calculated vi th a fair degree of accuracy., 

As in the determination of the absorption spectrum, the intensities 

I and I_ were measured before the furnace was turned on and again after 
0 !{· 

it had cooled. These intensities were measured With the spectrometer 

photomultiplier (PM-l) set at 4046~6 Ao The previously degassed ·furnace 

vas then filled to 10-cm Hg pressure with argon and heated to 2800~ 

at which temperature about '21o absorption vas observed!) The tempera.tu re 

0 of the furnace was gradually increasedp by steps, to 3040 K where a 

maximum absorption of 22!{o vas observed" At each point the furnace 

was eqUilibrated "'"' as determined by the constancy of the signal from 

the photopyrometer. And the intensities X and ~ of the modulated light 



shining through and around the furnace respectively were reeorded. 

Similarly, the absorption vas determined for various temperatures 

as the furnace was cooled. The constancy of ~· insured that the 

intensity I
0 

had not Changed while the furnace vas on. 

The results from this determ1nation of the temperature· coefficient 

of absorption vill be discussed, along with the emission results, at 
. 

the end of' this chapter. 



~35-

Tem~rature Coefficient of ~ssion 

In this section will be described the experimental determination 

of the temperature coefficient for c
3 

emission. A portion of the 

spectrum was selected which had strong continuous emission but which 

vas free :from any apparent band heads o In the last section it was shown 

for c2 that the scattered light would cause an error in the determination 

of the heat of formationo For c
3 

the scattered intensity is corrected 

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

" n tm...- t b constant emissivity1 i.eo» as a gray-bodyo .,~t his can e done 

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

(0,0)' and (0,1) bands 41 from which the effective emissivity was calculated"' 
-

In planning the emission experiment, I had hoped that by simultaneously 

measuring the emitted intensity of c
3 

with photomultiplier PM-1, and of 

c2 with PM-21 that it would be possible to determine accurately a 

difference in their respective heats of formation. Hicks showed that 

various systematic errors were eliminated when he determined the 

. 17 difference in energy between the c2 singlet and triplet systemso 

For example, mna1l changes in the temperature profile of the heater tube, 

errors in temperature measurements; and slight deviations from eqUilibr1tun 

would affect the intensities of both carbon species in the same wayo 

For the difference method to be effective» however, there should 

be no serious factor affecting one intensity and not the othero 

Unfortunately, the methods for measuring the intensity of c2 involved 

factors for which adequate correction could not be madeo These factors 

were the scattered light correction ,and self~a.bsorption correction. 
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Although the q
2 

measurements cannot be used as originally 

intended, they have still proven useful for deter.mining the scattering 

correction for c
3 

and for demonstrating that there are no serious 

errors in the experimental resultso 

The experimental arrangement differed in several respects from 

that used for the absorption measurements (see Figo 2) o In this one, 

the four mirrors, the rotating sector, and the tungsten ribbon filament 

lamp were removedo The optieal pyrometer was rigidly fixed behind the 

fhrnace, replacing the lampo In order that the optics of the pyrometer 

would be completely filled with light from the inside of the heater tube, 

a slot was cut in the rear baffle, giving 1 t the appearance of a key 

hole. 

!he lens L
1

, focused the image of the key-hole baffle onto a 

diaphrS.grn in front of the spectrograph slit s
1

, with a magnification 

factor of three. The l/8-ino aperture in the diaphragm thus permitted 

only a small central portion of the gas emission to enter s1 and 

blocked out the emission from the hot furnace wall. 

One of the half=coated mirrors was placed between L1 and s1 at 

an angle of 45° to the optical patho The transmitted light was focused 

on the diaphragm as described above o The photomultiplier PM-2, which · 

vas used to monitor the temperature for the absorption experiment, vas 

placed so that the reflected light could be detected;, A diaphragm 

vas placed , in front of .PM-2 in order that the reflected baffle image 

focused on it by L1 -- would be apertured the same as it was at s1 o · 

Before the temperature coefficient could be measured, a method 

had to be developed that would correct for the scattered light o The 
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experiment that demonstrated how this correction could be made will 

now be described. The 564o A tmP end Wratten 22 filters had been 

mounted in f'ront of PM-2 with the idea that by measuring the c2 Swan 

(0,1) transition, a much sma.ller self-absorption correction would be 

required.o Fortunately, for the present purpose, the c2 intensity 

was only important at the higher temperatures, while the intensity 

vas almost entirely due to scattered light at the lower temperatures 

of the experiment o ~e intensity was measured vi th PM-2 for about 

80 different temperatures scattered throughout the range of 2500°K 

to 3100°Ko When log I vas plotted versus 1/T, the slope of the curve 

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 c2 contribution to the measured intensity could be determined. 

From this, a ~f for c2 was found that was quite reasonable, 

considering the magnitude of the scattering correctiono 

The actual magnitude of the scattered intensity compared with a 

black-body was determined by measuring the emission from a TaC plug 

placed ~n the center of the turnaceo The scattered intensity was found 

to be Oo5~ of the intensity of the plug tnat previously had been shown 

to emit as a black .. bodyo The scattered light, therefore, behaves like 

a 11 gray-bodytt with a small but constant emissivityo 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 0.03%o 
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;, ' 

the amount of dust on the window and lens. · If the light were to be 

scattered by particles of dust suspended or floating in the furnace, 

the emissivity would probably vary with temperature. 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 :flroal.of PM-2 so that the greater relative contribution 

of the c
2 

SWan ('O,O) band would be measured. 

For the determination of temperature coefficient of' c
3

, the 

spectrograph vas set and focused to give 4000 A in the second order 

with a plate factor of 2.8 A/rmn. · Slit settings of 0.50 n:m for the 

spectrograph and the photomultiplier PM-1 wer~ used because this 

permitted the amplifier to be operated on a stable gain setting over 

the entire range of intensities encountered. The deviation from 

linearity was less than 1~ for the amplifier. 

Fositioning PM-1 at the desired wave length was done by scanning 

through the 4047 A Hg line emitted by the germicidal lamp. It is 

interesting to note that the measured width at half intensity, 1.47 A, 

agrees quite vell vi th what one would calculate from the known slit 

widths and plate factor. The scan vas stopped when the slit of' PM-1 

was centered on A4044.70! .02 A. 

In order to correct the c
3 

intensity 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 emissio~ 
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experiment was the measurement of the intensit;y from a Te.C plug placed 

in the center of the furnaceo The plug was 1/8 in. thick and stood 

1/4 in. high, A small hole was drilled in one surfaceo The plug was 

ca.rborized 1n the King furnace by slowly increasing the temperature to 

0 3000 K, Even though the gold=colored plug does not have an emissivity 

of' unity» it emits as a black~bod.y when placed in the center of the 

heater tube9 as verified by the blending of the hole and the surfaceQ 

A deviation of 5°K from black~bddy would have been detectedo 

After measuring the black.£body emission at a number of temperatures 

from 2215<1c to 2680°K1 the Te.c plug was removed from the furnace without 

exposing the gra.phi te to air. After degassing at the highest temperature 

or the ex.periment, the furnace vas filled with argon to a pres.sure of 

10 em, which, when heated, increased to a constant 15 .. 16 em Hg pressure~~ 

The intensities measured by the two photom.ultipiiers were alternately 
·--

recorded as the temperature of the furnace was variedo The temperatUres 

were measured by sighting pyrometer Nco 2 through the keyhole baffle 

upon the central hot zone of the heater tube" About ten minutes after 

I adjusted the pover input to the furnace 9 the temperature had generally 

stabilized, and the c
2 

and c
3 

had reached equilibrium as indicated b¥ · 

the recorder tracing. At each power level., the intensity was measured 

for another ten Jllinutes 1 with the pyrometer readings being taken ever.J 

minute. These readings were aver-a.ged to give the furnace temperature 

correspOnding to the measured emission intensity. The recording 

channel was switched alternately between PM~l 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. So that certain systematic 

errors would be minfmized, the furnace temperatures were selected 

in a random fashion. 



Treatment of Results 

~1e heat of formation of c
3 

is the heat of the reaction~ 

3C (.graphite) = c
3
(g). 

A tundament.al ass~tion for the present measurement of this heat is 

that relative concent.~tions of c3 at differ~t temperatures can be 

determined from the measured intensities in absorption and emission. 

In absorption, the measured quantity, log IJI, is proportional 

to the concentration of the absorbing species (Beer's law). If the 

true absorption coefficient .... as measured with a spectrograph of 

infinite resolving power -- varies greatly over the frequency of the 

observed feature, then the apparent absorption coefficient must be 

corrected for the true profile of the feature. 23 .Plates taken with 

a resolving power approaching the Doppler width, hOWever, show less ... .;.; 

than 1~ structure on top of the pseudo~continuum at the wave lengths 

of this research. Thus the average absorption, as measured, is 

expected to agree with the absorption determined by integrating over 

the true profile. This also applies to the quantity I/"La, which will 

be used to correct the emission intensity for self-absorption. The 

concentration of c
3 

in the furnace is therefore proportional to 

log IJl· The results from the determination of the temperature 

coefficient of absorption are g1 ven in Table I. The equation for 

:b from which the values in the table were calculated, is derived in 

the next section. 



fable I 

~· 

Results from the dete~ination of the 

temperature coefficient of absorption 

Sequence 'l', ·OK IJI ~ 1/T x 10 4 

0 2807 1.020 16.135 ;5.562 
1 2907 1.069 16.736 ;.~40 

12 2913 1g077 16 .• 787 ;.433 
11 2930 l.o090 1.6.869 3o4l3 
2 2962 1.126 17o032 ;.;76 
10 2969 1o137 17.070 ;.:;68 

' 2972 1.132 17.059 ,3.365 
4 3003 1.189 17.226 :;.;5() 

9 ;o08 1o192 -\ 17.237 3·324 
5 3033 1 .. 249 17.359 3o297 
6 3035 1.268 17.389 3·295 
7 3037 lo270 17 ·392 3o293 
8 3040 1.285 17 .. 416 ;.289 



The concentration of c
3 

in the upper state of the transition is 

proportional to ~~ the intensity due to molecular c
3 

if self-

absorption were not presento Floyd and King have applied a self

absorption correction to CN24 based on the work of Smito25 Their 

equationp in terms of the nomenclature used here, is IJIB = 1 - e -r..JIB, 

where I is the emitted intensity after correcting for scattered light e 

and 1a is the intensity of' a. 'bla.ck=bod;y at the same temperatureo Re .. 

arranging and taking the logarithm gives JM i:l "'~ln(l .. IJ'I8). 

Expanding the logarithm and factoring Ie/IB tl'Q1I1 the expansion, one 

obta.insg 

The error introduced by the approximation is less than 10/o, if' the 

self-absorption correction, So Ao • l/21a1 is less than lQ%., Thus, 

1w could be calculated for each temperature of' the emission exper.t~nt. 

The loga.ri thm of the black .... bod.y intensity was obtained from the 

equation log ta· = 9o774 "" L544 x 104/T, which was derived by fitting 

the Wien~s law slope (la4,SO X l08/2o;Q} X 4044o70 = 1.,544 X 104), 

to the experimental determination of' ~ at 4044o 70 Ao The best Visual 

estimate for the slope of a line through the experimental points 

(temperature range, 2215"K to 268o'X) was 0~65% less than the 

theoretical slope)' i ~e. P lo 5}4 x 104., ~is indicates that an experimental. 

determination of .6H, at least in this temperature range, would only be 

in error by Oo65~1 due to uncertainties in the calibration of the optical 

pyrometero The error introduced in the measured .DR by extrapolating the 
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a above equation for log 1a up to 3072 K ... _ the maximum temperature of the 

emission experiment -- is not serious because the scattering and s. A. 

corrections calculated from IB are small. 

The scattered intensities were calculated from the equation, 

log Is e log la "' 2 .. 700, Which corresponds to an effective emissivity, 

I 5/'Ia1 of Oo20~ for the scattered light.. The constant, 2.,700, was 

determined by fitting a line with the Wien's law slope to a plot ot 

log Imeas versus 1/T in such a way that at the lowest temperature of 

the experiment 1 Is was 641» of t}fe total measured intensity lmea.s. 

Further data used in determining the scattering contribution was 

obtained from the intensity measured by PM ... 2 With the 5175 A NBP and 

Wratten 58B filter combination (effective wave length of 5180 A) .. 

T.he intensity measured by PM-2 was a combination of intensity 

from the Swan (01 0) band of c2 and from the scattered light at 5180 A. 

Log .I was plotted against 1/!1 the measurements having been made con .. 

currently with those of c
3 

at 4044o70 Ao The asymptotic approach of 

the plotted points at lower temperatures to the Wien's law slope for 

518o A was somewhat more apparent than it wa~ for c
3

• The effective 

emissivity for the scattered light was again fixed at o.2Q%. With 

the scattered intensity determined in this way j the maximum contribution 

to the measured intensity was found to be 81~. A certain degree of 

freedom is possible in positioning the log 1a curves. They could not 

be raised by more than 0.091 loga.ritbm units, however, or the scattered 
', 

intensity would exceed the total measured intensity at the lowest 

temperature. The other extreme would be to neglect the scattered light 

correction entirely. 
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!he intensity of c
3 

emission, Ie, vas calculated by subtracting 

1
8 

f'rom the measured intensity o Log 1M ·was obtained by applying the 

self-absorption correction to Ie· 'l'he intensity ~ is propOrtional 

to the concentration of excited c
3 

in the·· furnace. The measured a1 d 

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

Results from the determination of the 

temperature coefficient of emission 

\-1 

1 4 ~ .. 1 Sequence 0 I Is Ie log l:e tfos .A. log~ 'L T, K me as .·'' T X 10 ' 

12 2619 20.6 l5o1 5·5 
4 2643 35o4 17~2 18.2 The scattered intensity is greater 
5 2652 :;8.3 17·9 20.4 than 25% of the measured intensity 

34 2692 42.1 2lo8 20.:; for temperatures less than 27509K. 
6 2704 68.5 23.1 45.4 As discussed in the text, data above 

11 2720 68.:; 25o0 43·3 the dashed line are not included in 
13 2720 52.6 25o0 27o6 the sigma plot. 
37 2728 70•9' 25o9 45o0 
. - - - -- - -- - - - - - ~ - ~ - - - ----- - - - - - - - - - - ~ - - -
29 2782 154 34 120 4.225 o .. :;6 2.081 19·979 3·594 
9 2829 328 41 287 4.:;16 0.70 2.461 20.401 3·535 

10 2874 602 50 552 4.401 1o10 2.747 20.718 :;.480 
14 2877 620 51 569 4.407 1.12 2.760 20o736 :;.476 
16 2891 810 54 756 4.433 1.40 2.884 20.871 :;.459 
15 2898 86o 56 804 4.446 1.-44 2.911 20.903 :;.451 
21 2926 1390 63 1327 4.497 2.12 3·132 21.145 :;.418 
7 2929 148o 64 1416 4.503 2.22 )o16o 2lo178 3.414 

20 2931 1440 64 1Yt6 4.506 2.15 :;.148 21.166 3.412 
19 2937 1530 68 1464 4.51.7 2.23 3ol75 21.198 :;.405 
30 2938 1430 66 1364 4.,518 2.07 3.144 2lo167 3.404 
31 2944 1530 67 1463 4 .. 527 2.17 3·174 21.202 3·398 
18 2946 1680 68 1612 4o534 2.36 )o217 21.245 3·394 
17 2951 166o 69 1591 4.541 2.29 :;.212 21.246 3o389 
22 2951 1810 69 1741.. 4o541 2o50 :;.252 21.286 3ft389 
23 2957 1980 71 1909 4.552 2.68 3·293 2L332 3·382 
26 296o 2020 72 1948 4.,558 2.70 3o302 21.341 3·378 
32 2983 2880 79 2801 4.599 ;.52 3.462 21.522 )o352 
3 2998 3340 84 3256 4.623 3o88 3·520 21.590 }.3~ 
8 3000 376o 85 3675 4.603 4.58 3o585 21.655 3·333 

36 3001 3510 85 3425 4.629 4.02 3·552 21.622 ).332 
33 3012 406o 89 3971 4.648 4.46 3o618 21.698 3.320 
24 3020 4780 92 4688 4.662 5ol0 3·693- 2L779 ;.311 
25 3024 4830 93 4737 4.668 5ol0 3·698 21.789 3·307 
1 3051 6339 103 6236 4o7l3 6 .. 04 3.821 21.927 ;.278 

27 3056 8470 105 8365 4.722 7·92 3o955 22.067 3o272 
35 3063 7700 108 7592 4o733 7o02 3·909 22.026 ;.265 
2 3066 7586 109 7477 4.,738 6.84 3·903 22.025 3.262 

28 3072 9820 112 9708 4 .. 748 8.67 4.023 22.145 ).255 
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Si~ Plot for Abso!Ption Expertm~rit 

The heat of formation of c
3 

may be expressed as 

where ~ is heat that would be obtained if the heat capacity were 

constant to zero ~. Substituting~ into the vanft Hoff equation 

and integratingg yields& 

(1) 

00 ~ 
ln P "" .....J2 ln T ·t::S - ::::::- + consto (2) 

. 3 R rt:J: 

The concentration of c
3 

was shown to be proportional to log IJI for the 

absorption experiment. Therefore P ,.~ the partial pressure of c
3 

in the 

lower state of the transition, is proportional to '1' log IJI· Converting 

to natural logarithms; noting that 2.30;R is equal to 4.575, and combining 

constant terms ~ the expression defining sigma is obtained as~ 

• I 00 I= log log r + ( 1 00 -f> log T • ~ - - · + constant .. 
4o575 '1' 

'!'he value selected f'or the heat capacity of c
5 

depends upon the 

"'assumptions made concerning the nature of the observed transition. 

The total heat capacity should be used if the transition contains 

contributions from overlapping sequences in each of the vibrational 

modes~ On the other hand, the heat capacity should be reduced about 

(3) 

~ if only progressions or sequences in the bending vibration are illlpOrtant. 

With the mean temperature of the experiment taken as ;Q00°K, the 

difference in ~ based on the two assumptions is only 0.2 koa.l/mole. 



The latter .assumption we.s thoUght to be applicable when the sigma 

plot was constructed. and tl.! was ce.leulated to be -8. 50 euo 'The coefficient 
p 

for the log T term in Sq .. (:3) was therefore taken a$ 5 .. 277 o The values 

calculated for ~· are listed in fable I and are plotted as e. function of 

l/T in Fig .. 4o. fhe order in Whi<:h the intensities were measured is 

given by the sequence numberso 'the value e.t 28o'fK he.s been omitted 

from the 1d.gma plot because a small en-or in the measured intensities 

Voul.d produce e. large error in log IJI • 

From tbe best visual. estimate for the slope of the sigma plot and 

from Eq .. (1) 1 the tnee.sured heat L:H3000~ is found to be 174.8 kcal/moie ... 

This is the heat of formation of o
3 

in whatever states contributed to 

the .measured absorption intensity.. The effective excitation is determined. 

by the relative contribution of each of these states to the intensity .. 

This heat is the stsnde.rd heat of formation of c
3 

only it the effective 

excitation is the saae e.s that tor the entire electronic transitiono 

The latter is simply the heat content for vibration and rotation 

(24 kce.l/mole at 300Q°K)., 

The spectroscopic informe.tion is not available for e. d:l.i'ect 

calculation of: the e1:r~ct1ve exaita.tiono That this excitation, howevel', 

probably does not .differ appreciably from the heat content for vibration 

and rotation Will nov be denionstratedo 

lt appears certain that Rf should be included tor rota.tiono For 

example, .in their a.nalysis of the 4050 A ba.nd1 Kiess and Braids. observed 

an average of ten rotational lines per angstrom from the band hee.d to 

the le.st visible line in the R brancho26 From the observed blending 
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Fig. 4. Sigma plot for absorption experiment. 



of lines in the pseudo-continuum, it would not be unreasonable to assume 

that about ten different bands were contributing to the observed 

absorption. The spectrograph band pass was ;.2 A. Therefore, the 

assumption is made that the contribution from the varioUs rotation 

states vas the same as one would obtain by measuring a single, complete 

ba.ndo 

The amount of effective vibrational excitation is more difficult 

to determine!> It is apparent that more than one vibrational level is 

contrlbutinc to the absorption. The c
5 

molecule has two st:retching 

vibrational modes, v
1 

and v
3
, and a doubly degenerate bending mode, v2 ~ 

From the vibratio~al frequencies estimated by Pitzer and Clementi15 

one can calculcte ths,t an appreciable portion of the c
3 

is in excited 

vibrational levels, For example, at 3000~ less th!!n lfY/, is i.n the t~ 

·lowest levels and onl:;· 1.5% is in the lowest or (01 0,.0) level. A 

vibrational scheme is suggested in Appendix D and is based on the band 
.... 26 . 

heads reported by Kiess and Broidao Sequences 1n each of the 

vibrational modes are prominant as one might expect from the nearly 

equal bond distances reported for the upper and lOwer states. The 

underlying pseudo-continuum is undoubtedly composed of many additional 

" overlapping sequence'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 fm1ction. Thus the effective excitation of the c~ is 

approxtmately equal to the heat content for Vibration and rotationo 



'rb.e standard heat of .formation of c, a.s determined by the 

absorption experiment is therefore ~3000<>tc = l74o8 kcal/moleo 

For a. similar experimental determination at 4071 A, which unfortunately 

had a much poorer tE!!Ilpera.ture calibration, the measured heat was about. 

10 kcal/mole larger~ 



Sip Plot for Emission. §xperiment 

The form of the sigtna. equation for an emission experiment is 

similar to the one used in the last aectiono The measured 1ntens1 ties., 

after correcting for scattered light and self;..absotption, e.re proportional 

to the c
3 

concentration in the upper electronic state" . 'l'herefore, the 

heats in ~qo (1} apply to the upper state and will be marked with an 

( '} to indicate this" The partial pressure of c
3 

in the upper state 

is simply proportional to y, Where log l:M is given for various 

vaJ..ues ofT in Table ·.:tlo Again, tbe order of observation is giVen by 

the sequence numbers:., Tl;i.k1ng log P' • _log k'Y • log ··lx. + log T + const; 

and substituting this into Eqo (2) g leads to the sigma equation for 

The stretching frequencies were again om1 tted in calcul.attng the 

heat capacity of q
3

., From the discus$1on of the effective e~ci te.tion 

this appears to be a mistake" !he use of the tote.l heat capacity~ 

however, would have an insignificant effect on the measured heat comparec!t 

with other tineerta.intieso 'thus tdth 8.,}4 eu for NJp' the coefficient 

of log T was ca.lculated to be ; .. 197 o The values of >;' calculated with 

~qo {4) are listed :in Table !I a.nd have been plotted against, 1/T in 

Figo 5o Only those points ha.ve been included tot which the intensity 

ot scattered. tight va.s less than 251t of the measured intensity; so that 

the slope would not be greatly e.ftected by tmcerta.int.ies in the 

scattering correctiono The average temperature of the emission 

determination was ~en as ;o00°Ko 
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Fig. 5. Sigma plot for emission experiment. 
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!.'he slope Of the ai~ plot leads to a measured heat, t:a3ood'K' 
of 26l:o.56 kea.l. for the emission ex:periment<> •rrom this, the effective 

rota:bion ... Vibration excitation tor the upper state should be subttacted1 

followed by subtracti,on of the term value tor the transition.. The 

latter may be taken a.s either the energy corresponding to the wave 

length of the en)ission, lf044o70 A, or to the 4050 A band ortgin at 

24676 em""1, the dif'f'eretlce being only 0,12 kceJ.o 'file band origin 

nU be used giving an electronic excitation of 70.,54 kaa.l. 

fhe band pass ot the spectrograph vas lo47 A1 so that the 

effective excitation due to rotation Will again be taken as RT in 

the heat content., The best that can be done tor vibl"f.\.tion .is to 

~ssutne that the effective e)roitati:on is the lilame as it was tor the 

ground e1ec.tronic state 9 This is partial.ly Justified by the tact 

that the bond distance is only 1 .. 8~ larger 1n the uppeJ:" stateo 26 

The rota.tion ... vibration ex.ci tat ion wiU therefore be taken to be the 

same as it was for the absorption experiment a 

IJ!he order of subtr&cttng the elect:ronic t:\nd :rotation ... vib:ration 

exci ta.tion is not ilnpol'tELnt, but it is more convenient to subtract 

the electronic tem value :tirstl> because the resulting heat may then 

be compared with the ~measured in absorption" The result is 26L.56 .. 

70 o 54 ·= 191 oO kaal per tnole" As tre.s found in absorption; this heat 

corresponds to the standard heat of formation of c
3 

at 3000~, because 

all of the vibrational modes are expected to contribute to the 

eftective excitation" If$ on the other band, one assumed. that the 

stretab#.ng modes were not iw.pOTtant; the ~ured he~t would be 

increased by 7 ·" 6 kca.l o 
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Summa!l of Results 

The results obtained for the heat of formation of c
3 

are 

sutmn.ariz.ed in Table III, along with spectroscopic information 

characterizing the measurements.. The standard heats of formation 

at zero 'lt have been calculated by subtracting ~ ... &I~ = -6o2 kcal/mole 

from the measured heatso The heat content data were obtained from 

Table V (Appendix B) for c
3

, and from Stull and Sinke27 for graphiteo 



Table :ttl 

Results ,.of the heat of :formation determination for c5 

Method ~ & 
0 

ART· t:BQ 
0 

Allgstroms kcal/mo1e 

Absorption 40~o6 ; .. 2 174o8 l8L.O 

Emi~sion 4044o70 lo47 19lo0 197o2 



DISCUSSION OF RESULTS 

The principal 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 

resul.ts about the line and yet have considerable uncertainty in the 

slopeo One such temperature dependent error is in the calibration 

of the optical pyrometer .. 

The pyrometer Noo 2 was compared with pyrometer Noa ), SN 70937lj* 

which recently had been calibrated by the National Bureau of Standards 

(January, 1958).. Hicks has shown an appreciable temperature dependent 

error in a.n earlier NBS calibra.tion by noting that the e-ffective 

transmission of the neutral filter for the "XHu scale ..... as ca.lcul.a.ted 

from the calibration ..,.., varied greatly with temperattare .. 17 The current 

calibration does not haVe that defect" A measure ot the maximum un"" 

certainty in the measured heats.il due to errors in this calibration, was 

obtained from the experiment on the emission of the TaC plug., The 

agreement between the log l versus 1/T slope and Wien 1 s law slope was 

0 .. 65~.. Because of the slow variation of the neutral filter transmission 

with temperature 9 the experimental heats are probably not in error by 

more than li~ due to the temperature calibrationo 

*A constant 12°K difference was found between the two pyrometer "XH" 

scales over the temperature range of interest, pyrometer Noo 2 reading 

higher, 



The tem,penture calibration is based on the l:nterne;tiona.l. Tetn.peratu:re 

Scale (:tm, ~948) o 
28 At temperatures above the Gold point:P the ITS and 

thermodynattl.ic scales diverge, oWing to uncertainties in the Gold point 

itself and also in the defined value for the second radiation constant 

{C2 = l.o4380) • A thennodynalnic quantity based on the latt·er scale -

such as a dissod.ation energy determined s~ctroscopica.lly .. ;;. may differ 

appreciably fr($ the same quantity calculated from d.a.ta based on the ITS 

scale" Because of the eXperimental difficulties involved in measuring 

reaction heats at high temperature, the discrepancy between the two 

scales he.s not been too serious" As more accurate heats are determined, 

and as research is done at even higher temperatures, the discrepancy will 

become increasingly apparent .o 

A more serious tYPe of teznperat~ dependent error that must be 

considered for the present l"esea.rch, concerns the approach to equilibrium 

of' the c
3 

concentration in the turnace'" Gaseous carbon species are 

noto.rlous for their laiJ evaporation coetticients., 'Much ot the dif'f'iculty 

that was encountered in detel'Uiining the hea.t Of sublimation of graphite 

was due to this<> 

For the pu:rpo13e of calculating the c, partial pressure actually 

obtained relative to the eqUilibrium vaLue, the King :furnace hOt zone 

ma.y be considered to be a c¥linder, 6 in~ long and 3/8 ino diametero · 

The baffle faces e.t each end of the hot zone were about 200° cooler 

than the hot zone itself.o Thus, the c
3 

formed. by the sublimation of the 

graph! te :from along the cylinder waJ.l diffused through the inert gas 
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(15 em Hg pressure of argon) and condensed on the faces of the baffleso 

On this basis the partial pressure of c
3 

may be calculated as a fUnction 

of distance along the tube and for various reasonable values of the 

evaporation coefficient. The details and results of this calculation 

are given in Appendix AQ 

Thorn and Winslow have estimated an evaporation coefficient for c
3 

of 0.08. 29 It is probably not less than 0.01. From Table 1!f in the 

-4 Appendix, it can be seen that even for an evaporation coefficient of 10 , 

the measurement of the heat of formation of c
3 

would not be appreciably 

affectedo In fact 1 the effect of the evaporation coefficient is so small 

that some thought must be given to the possibility that higher polymeric 

species of carbon -- in particular~ c
5 

-= may be contributing to the 

observed emission. 

The evaporation coefficient of c
5 

is undoubtedly less than for c
3

, 

but the diffusion coefficient will also be lesso The net effect may be 

that c5 approaches its vapor pressure because of its low diffusion 

coefficient in the argon. The heat of formation has not been measured 

for c
5
, but from the predictions of Pitzer and Clementi, its equilibrium 

pressure may even be greater than for c
3

• Their prediction of the 
I 

energy required to excite c
5 

is not so precise that one would necessarily 

expect the spectrum to overlap that of c
3

, although it may do so. The 

mass action experiments by Phillips and Brewer indicate that the furnace 

emission {and therefore~ also absorption) is predominantly c
3 

at the 

wave lengths used to measure temperature .coefficients in the present 

work. The heat that was measured is, therefore, the average of the 



heats for c
5 

and e
5 

...... the weighting d~nding on the relative 

intensi"ties of the two speeies,o 1'he contribUtion of c5 to, the mea~~JUl"ed 

heat :1.$ thought to be small, el.though the final answer on this p<>iilt 

must await further knowledge of c
5 

.. 

Se'Veral. expeJ:iments are suggested for the investigation. of' the 

05 spectrum<~ -The intensity shOuld be measureQ. at vanous ¥ave lengths 

for which absorption in the furnace has been observed. (:including the 

tar u~v.,) .and for various partial pressure-s of carbon~ That is, the 

mass action la1t should be applied {either in .em1t,~s1on or absorption) 

at wve lerigths where c5 may be ~t.. By repeating thie e~riment 

With cUtferent pressures ot inert gas in the turnaee, the contribUtions 

due to 0} and c, .li:lay be Sepa~ted because at sane ~S$Ur$; the 0
5 

partial pressur~ Vould be appreciably lower than 'its equilibrium 

:pmsure; While the a, 1f'Ould still be nee.r eqUilibrium~" this follows 

. ~the lOiter evaporation coefficient for o
5 

.. ·AlthOUgh it ie; dOUbtful 

· that one could determine the heat with sutf'icient aceu.ra.cy to d1tferentiate 

be~. o,. and o5, m~ating the .,.s action e~l:'tinent at different 

temperatures may also be desirs.blea 

A posrd.ble souroe 't:Jf error that would cause the heat determined trom 
! . -~~ . 

the ab,sorption expet.1lnent to be Si¢fl.cantl,y. lOW Without appreciably 

at:f'ecting the emission heat, involves the na:ture of the scattered light .. 

This light was assumed to be ace.ttered by d~t on the windotf and lens 1 

and. not ·t\"om dust suspended in the fumace~ On this e.ssumption, no 

cort-eetion was Jna.de ot th$ intensity measured in absorptiOn; because 

the light beam would be attenuated the same with the f'urnaee ·on as With. 

it offo 



The intensity of scattered light was shown to vary as a black-bodyo 

Thus at 3000°K> the scattered intensity doubled for about every 200° rise 

in furnace temperature" A more rapid increase would have been observed 

if the furnace dust contributed appreciably because the concentration 

of dust would be expected to increase with temperature b Since only a 

small amoUnt of the observed scattering can be due to dust in the furnace, 

the scattering correction for emission is not appreciably a.ffectedo 

The effective emissivity for the total scattered light was found to 

be between o.2!{o and Oo5~ in several different experiments o 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 kcal o 

A similar source of error is from atomic impurities in the graphiteo 

The intensity from atomic emission is always high when a tube is first 

heatedo Most impurities quickly diffuse to cooler regions of the tube 

where they deposit as a shiny coating. Photographic plates taken with 

the 2l·foot grating spectrograph have shown that the only significant 

atomic emission in the spectral regions used for determining the heat 

for c
3 

are from potassium and irono 

'!'he intensity of any atomic impurity as measured by spectrograph 

A (in this case, the 21-ft spectrograph) is diluted by a factor, 

2 
~&A (}1.1 - ~ + ~) when measured by a spectrophotometer B, that 

has a much larger instrumental width, ~ o The wave lengths }l.i and ~ 

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

measurement of the c
3 

intensi ty.o 

The darkening on a typical plate taken on the 2l .. ft spectrograph 

end due to the K 4044 A and K 4047 A lines* was barely visible above 

the background from c
3 

when the furnace was )000°Ko The ratio of the 

instrumental widths, ~~~A~ was about 100 for the absorption 

experiment and 200 for the emission experiment o Therefore; the emission 

by potassium has a negligible effect on the measured c
3 

intensityo 

The emission by the Fe 4045o8 A line was somewhat stronger when 

photographed on the 21-ft spectrographo A rough determination of the 

intensity indicated that it was probably not more than ten times the c
3 

0 intensity1 when the furnace was 3000 K, and that it did not increase 

significantly with temperatureo Therefore, in terms of the intensities 

measured during either the absorption or emission experiment -- after 

applying the dilution factor -- the contribution of the Fe impurity is 

estimated to be about lc{o at ;ooo°K, and appears to be slowly varying 

with temperatureo This is an upper limit to the Fe contribution, because 

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

heato 

The uncertainty in the emission heat due to the scattering 

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

that log I5 could not reasonably be increased by more than Oo091 

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

4047 A lineo 
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logarithmic unitso The resulting scattering correction would increase 

the measured heat, at most, by only 2 kcalo Neglecting the scattering 

correction completely would decrease the heat about 4 kcal1 and at the 

same time introduce a noticeable curvature to the low temperature end 

of the sigma plot. Neglecting the self-absorption correction would 

decrease the heat by only ~ kcalo Therefore, a small uncertainty in 

the correction itself will have a negligible effect on the heato The 

resulting uncertainty in the emission heat~ owing to the scattering 

and self~absorption corrections, is therefore ! 3 kcalo 

The principal source of uncertainty in the absorption experiment 

aside 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 4~ uncertainty in the slope of the calibration 

equation produced an uncertainty of 8 kcal in the measured heato The 

scatter in the sigma plot gave about 6 kcal, while the uncertainty in 

the effective excitation may be taken as 4 kcalo Combining these 

estimates 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 2o kcal to minus 10 kcalo 

The temperature range of the emission experiment was about twice 

that of the absorption experiment o Because of the larger heat that 

was measured; however, the scatter of the emission results in the sigma 

plot produced an uncertainty of about 7 kcalo Combining this with 

the uncertainties due to the effective excitation, optical pyrometer 

calibration, and scattering correction -~ the total uncertainty is 

estimated as + 10 kcal. 



CONCLUSIONS 

The standard heat of formation for the c
3 

molecule has been 

determined from measurements of the temperature coefficient of spectral 

intensityo 

emissiono 

per mo1eo 

The intensities were measured both in absorption and in 

0 The heat measured in absorption was found to be LlH = 181 kca1 
0 

The range of uncertainty in this value is plus 20 kcal to 

minus 10 kcal per moleo 

The heat of formation; determined in emission, is t:a0 = 197 + 10 
0 -

kcal per moleo A greater degree .of reliability has been placed on this 

value because of a tendency for several tempe.ra.ture dependent errors to 

cancel one anothero 

The heat capacity, heat content., entropy 1 and free energy functions 

for c
3 

have been tabulated for temperatures from 2000~ to 4000°K 

(See Table V in Appendix B) o 'These quantities were calculated, in part, 

by Pitzer and Clement19
15 and corrected for certain errors incorporated 

in eXisting tableso* 

The quanti ties in Table V were used to correct the heats of 

formation of c
3 

reperted by Thorn and Winslow29 and by Chupka and 

2 . -
lnghra.mo Their heats have therefore been put on an equivalent basis 

with the heats determined in this researcho Their corrected values vill 

be given for comparisono The details of the calculation are repOrted 

in Appendix C. 

*See, for example, Refo 27o 
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Thorn and Winslow's value is ~~ • 188 kcal 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
3 

comes from the mass=spectrometric determination 

by Chupka and Inghramo They report both second and third law values, 

which, after correction are 192 ± 10 kcal and 187 ± 7 kcal per mole, 

respectivelyo 

The agreement among the various determinations is well within the 

reported uncerta.intieso 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 heat of fo~ation of 

C~, on the basis of data now available, is 6H0 
• 189 + 5 kcal per mole, 

"" 0 -

at least when used with the heat content data quoted in Table Vo 

From the interrelation of the following data, certain conclusions 

are reached concerning the nature of the c
3 

pseudo~continuumo 

1. My value of the heat -- as determined by the intensity in 

emission and absorption of a portion of the continuum -- is essentially 

in agreement with the heat detenrd.ned by the mass-spectrometero 

2 o This agreement supports the findings of Phillips and Brewer that 

the pseudo-continuum was produced by c
3

o 

3o The value of the oscillator strength for the pseudo':"continuum, 

as determined by comparing its integrated absorption coeffi~ient to the 

concentration of c
3
,is reasonableo The concentration was calculated 
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from Pitzer and C.lementi" s free energy function and Llfi~ = 189 kcal., 

4 o The calculations 

the ground state of c, is 

states ere to be expectedo 

of Pitzer and Clementi have indicated that 

~+ a g state and tha.t no other low .. lying 

1 They also predict a ~. state with about u 

"' 3 ev excitation, but no other state that would have an allowed transition 

to the ground state with comparable excitation¢ And tinallyg 

5o The rotational analysis and isotopic studies of the 4050 A 

Swings band by Douglas lt'ere based on a transition between a I: and 

a :ft state and were shOwn to be produced by c
3 

o The B value leads to 

a bond distance tor c, that is i.n agreement with the bond energy 

calculated from t:B.
0 = 189 koalo* 
0 

Therefore, ve conclude that the pseud.o ... continuum is fl'om c,; that 

l l + the transition is st <-> tg ; that the transition of the Swings bands 

is identical; and that the ~: is the ground state for C)o 

The differences in the appearance of the c
3 

spectrum produced by 

various sources may now be expla.inedo The emission from comets bas 

very low rotational excitationo Relatively few vibrational ~evels 

contribute o Probably only those levels having strong transitions vi th 

the lowest vibrational level of' the ground state are :im.portanto 

The discharge spectra have a somewhat greater rotational excitation 

but still do not involve tlJJ.:UlY excited vibrational levels" These spectra. 

from flames, furnaces and other sources that approach thermal equilibrium 

are much richero The strongest bands may be followed to some'tlhat higher 

*The average bond energy is .. t5 x l69o58 .. 189)/2 = 160 kcalo The bond 

distance is lo281 Ao 
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J values, but the principal reason for the greater complexity comes 

from the population of a. large ntunber of excited vibrational levels. 

~1e importance of closely spaced sequences in the spectrum may 

be seen from the vibrational scheme presented in Appendix D. Only 

transitions involving the lower few vibrational levels produce 

recognizable band heads o Many sequences, however, originate from 

excited levelso These sequences overlap and blend together giving 

the unresolved structure referred to as the pseudoecontinuumo The 

Swings bands are simply prominent features of the same electronic 

transition that produces the pseudo-continuume 
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APPENDIX A 

The Effect of the Evaperation Coefficient on Equilibrium 

The derivation of the differential equation used to calculate the 

deViation from equilibrium in the furnace was based on a detailed mass 

balance of the vaporization and condensation of c
3 

at each point along 

the axis of the hot zone and on the steady state diffusion, through Oo2 

atmospheres of argon, to the end of the hot zone where it condensed~ 

The equation for mass transport is~ 

4'4o33.JN/T (aPe - a'.P .) S If dx = S dq q X v' C 
(5) 

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

of c
3 

in g/sec evaporating and condensing between_x and x + dx1 per unit 

length of hot zoneo The equilibrium pressure, p , and the pressure 
eq 

obtained 1n the furnace, P , are in atmospheres o The ~vaporati.on x. 

coefficient, a, and condensation coefficient, a', will be assumed to 

be equalo !he vaporization area, S , is measured frOm the center of c 

the furnace (x = 0), to the baffle at :x = f o The portion of the equation 

with the molecular weight, M, the absolute temperature, T, and the 

conversion constant has the usual form for evaporation calculationso 

The right hand side of the equation gives the difference between 

the amount of c
3 

leaving the infinitesimal volume at x + dx and the 

amount entering at x, by diffusiono S is the eross~sectional area c 



and q is defined asg 

= ... 
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dP 
!!! A~x " RT l,oiJI. 

where D is the coefficient of molecular diffusion of C; through the 

excess argon and the differentials are the concentration gradient and 

pressure gradient along the axis of the tubeo 

Instantaneous miXing in the infinitesimal volume, dx1 is assumed, 

thus avoiding the problem of radial diffusion and the corresponding 

pressure drop from the wall to the axis of the tube o By defining the 

quantity, 

Eqo (5) takes the fo~ 

which is a nonhomogeneous, linear, differential equation of second 

ordero 

· From standard methods for solving differential equations, the 

general solution for Eq. (8) is obtaine.d as: 

kx -kx' 
P x = P eq + cl e + c2 e 

By apply1rg the boundary conditions that P .,. 0 at x = t, and that 
. X 

(6) 

'""' 

(7) 

(8) 
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P is less than P for all values of x, the arbitrary constants are x · eq 
. kf 

found to be c1 = O, and c2 = -Peq e • The problem has thus been 

solved and the final form of the equation is 

p /p = 1 _ ek(x-f) • x eq 

The numerical solution of this equation requires an estimate of 

the coefficient of interdiffUsion, which may be obtained from the 

equation* 

D= 

The value of n2, the concentration of argon corresponding to 0.2 

atmospheres at 3000°K, is found to be 4.9 x 1017 atoms/cm3, which is 

much larger than the concentration n
1 

of c3• The average velocities 

are, respectively, 1.26 x 105 and 1.33 x 105 em/sec. The viscous 

diameter of 5.15 A was estimated for c
3 

by multiplying the value for 

co2 by the ratio of their bond distanc~s& Using ;.67 A for argon, 

the average value, a12, was taken as 4.42 x 10~8 em. From this, the 

diffusion coefficient was calculated to be 28.7 cm2/sec. Taking the 

values for svfs as 32, f = 7.62 em, and T = 3000°K, the value for . c 

k, defined by Eq. (7) 1 is calculated to be 70J'a. The approach to 

equilibri~ for the c3 partial pressure, based on the diffusion through 

0.2 atmospheres of argon, has been calculated for several positions 

. -2 ·4 in the furnace and for evaporation coefficients of 11 10 , 10 and 

10-6• ~1e results are presented in Table IV. 

*See Ref. 30, P• 75• 
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Table IV 

Values calculated for P. /p tor various values of the x' eq . . 

evaporation coefficient. The ratio is zero at x • 7.62 em 

Distance x1 from center of furnace in em 

0 

1 1.000 1.000 1o000 Oo999 

10 .. 2 1.000 1.000 1c.OOO Oo503 

10-4 
Oo995 Oo970 Oo753 o.o6B 

10-6 Oo414 0.295 0.148 0.009 
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APPENDIX B 

Table of ThermodYJ¥3.Illic Properties of the c
3 

Molecule 

The need for an internally consistent compilation 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 available data11 do not stay so for longo 

The data for c
3 

in the above were calculated from the degeneracy 

and vibrational constants estimated by Glocklero 31 Unfortunately, these 

are in erroro The ground state is 1k, and therefore singly degenerateo 

This has an effect of lowering the calculated values of AST and the free 

energy function by R ln 5o These quantities must also be reduced 

because the vibrational frequencies used by Gleckler were too lowo 

Pitzer and Clementi hawe estimated the vibrational frequencies 
~1 

for c
3 

and find v1 = 13001 v2 = 550 and v
3 

= 2200 em where v2 is for 

the doubly degenerate bending modeo 15 It is interesting to note that 

if the bending force constant for c
3 

is assumed to be the same as for 

6 =1 co2, the same type of calculation leads to v2 = 5 5 em o 

Values for the high temperature heat content, entropy, and free 

energy functions have been calculated by Pitzer and Clementi and are 

listed in Table Vol5 The corresponding values have been calculated 
0 . 

for 298ol5 K a.s well as the heat capa.ci~y for each temperatureo The 

free energy functions for the formation of c
3 

from its reference state 

(graphite) also have been includedo The Stull and Sinke values were 

used for graphite and extrapolated by a smoothed extension of their 
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differences at 100° intervals • Fickett and Cowan have calculated 
. 0 ~ 

values for the heat content and entropy of graphite at 4000 Ko 

The free energy function calculated from their data is only Oo08 eu 
!.. •. 

less than the value used hereo 

Table V 

Thermo~yhamic properties of the c
3 

molecule 

-(Fo - Ho) ( 0 0 

T, °K cP ~- H~ so T o ·- D.FT - ~o) 
T T T 

298ol5 9.,39 2319 50o76 42o98 ;8o87 

2000 l4o35 24420 74o0} 6lo82 45o82 

2500 l4o54 31644 77<>25 64o59 45o39 

3000 l4o64 38851 79.,89 66o93 .45o04 

3500 l4o7l 46288 8~hl8 68o95 44o7l 

4000 l4o75 5;652 84ol4 70o7} 44o}4 
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APPENDIX C 

Values of tH0 Obtained from the Literature 

The thermodynamic properties in Appendix B are used to correct 
. 27 

the heats of formation for c
3 

as reported by Whom and Winslow · 
2 . . 

and by Chupka and Inghram. The latter authors report values determined 
.. 0 

by both the slope method (~ • 200 + 10 kcal) and the absolute pressure 
0 -

method (~0 • 199 + 7 kcal) 1 that is, the second and third law methods~ 
0 -

respectively. 

Chupka and Inghram state that they used Gleckler's free energy 

functions to obtain their third law value. If the temperature of their 

Q determination is assumed to be 2400 K the experimentally observed value 

may be reconstructed. That is -AF~400~/T = 32.40 eu, which corresponds 

-8 to a pressure of 8.; x 10 atmosphere. 

Interpolation of the free energy functions for the reaction 
. 0 

listed in :~a"bl§. V_, leads to the value, 45·50 eu, for 2400 K. By 

adding to this the -~~400oKfT, just determined and multiplying by T, 

0 I obtain 6H = 187.0 kcal per mole for the corrected third law heat of 
0 

Chupka and Inghram. 

These authors do not state the value for the heat content that 
; 0 

t4ey used in obtaining the second law value of tH 1 but from the slope 
:.. \ : 0 

ot their sigma plot, one would estimate that they have reported a value 

about 10 kcal too high. Fortunately, Thorn and Winslow have reported an 
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expression obtained by a least squo.res treatment of Chupka and 

Inghram's original data, thus salvaging a determination that 

must be considered excellent in all other respects. The expression 

is log I
3
+T = -41174o5/T + 20.258 from which the expenmental heat 

is calculated to be·~~400oK = 188o4 kcalo Using the heat content 

data from Table V for Cy and from Stull and Sinke for graphite, 

0 0 
L:H2400~ .. L:H

0 
is calculated to be .. :;a5 kcalo Subtracting this 

0 from the corrected experimental value, I obtain L:H = 191.9 kcal 
0 

per mole for the second law determination of Chupka and Inghram. 

Thorn and Winslow also give a similar expression for the 

logarithm of the c
3 

partial pressure, obtained by subtracting the 

contribution of C and c
2 

from their experimentally observed total 

pressureo The expression is log P:; • -40296.0/T + 9.811 :from which 

0 0 
they obtain l:H2400~ = 184.4 kcal per mole and s2400'1c • 77.41 euo 

The value of 6H~400oK - ~~ is again taken as ~3o5 kcalJ thus giving 

the corrected value as M 0 = 187o9 kcal per moleo It is interesting 
0 

to note that their value of the entropy agrees within 0.64 eu with 

the interpolated value in Table V:J but is 4<>71 eu below the value 

given by Stull and Sinke. 

The resulting heats of formation of c38 calculated from the 

experimental determinations of these authors, and referred to zero 

°K on the basis of the properties listed in Table V for c
3

, and Stull 

and Sinke for graph1 te -- are summarized as follows~ 
tilfo 

0 

kcal/mole 
1 o Chupka and Inghram 2 third law 187.0 

2 o Chupka and Inghram, second law 

:;. Thorn and Winslow 
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APPENDIX D 

A Suggested Vibrational Scheme 

By assuming certain values for the vibrational frequencies, a 

reasonable structure for the c
3 

spectrum may be synthesized. Although 

the details of this structure cannot be expected to be correct the 

gross features can be used to explain the observed complexity and the 

types of transitions that may be obtained. 

The starting point of this synthesis was the observation by 

Kiess and Broida of a number of apparent band heads from ;6;4 A to 
\ 

26 416o A. They have noted wave number differences of 1331 264, and 

523 cm-1 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 possibleo For the 523 cm-l to 

correspond to the bending frequency, progressions would be required 

in which v2 changed in unitary steps. Sponer and Teller have shown that 
-

for the transition to be allowed, v2 and also v
3 

must change by an even 

13 . number of quanta. The observed differences are essentially integral 
.. 1 

multiples of 130 em · • 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 Broida may be arranged in 

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

-1 between successive heads in em placed in parentheses" 



27510(132)27)78(13Q)27248(136)27ll2{135}26977(3xl31)26585ooo2547l{129) 
25342(141)25201(135)25066(127)24939(127)24812(126)24686(136)24550(129) 
24421(128)24293{135}24158(128}2403Qo 

26421{130}26291(148)26143(141)26oo2ooo25170{143)25027(147)24880{l45) 
24735(141)24594. 

26912(167)26745{16o)26585(164)2642looo25374{173)25201{174)25027{175) 
24852{166)24686; 25107(168)24939(181)24758{164)24594(173)2442lo 

27112(200}26912ooo25342{195)25147(20l)24946(211)24735(185)24550o 

The pattern is by no means perfecto Nor should one expect it 
I 

to be. Undoubtedly a number of accidental spacings have been included 

and each group may actually be composed of several sequences. It 

appears that c
3 

will have to be produced with low excitation before 

a vibrational assignment can be madeo 

Reasonable values for the differences in vibrational frequencies 

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

-1 ·1 a spectrum, it is assumed that ~v1 = 170 em ~ ~v2 = 130 em and 
-1 . -

6v
3 

= 200 em o The values estimated by ~itzer and Clementi for the 

ground state vibrational frequencies are used.15 The frequencies for 

the two states are taken to beg 

v~ = 1300 em -l I -1 
v' • 2200 em " :; 

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 stateo 
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In Fig. 6 a portion of the spectrum he,s been constructed bB.sed 

on the above frequencies. Tra.nsitionG involvin~ st&tes vrith r.1ore 

than 5000 em -l of vibrational excitation have been omitted. The 

spectrum has also been kept relatively simple by the requirement th~t 

~v1 + 6v2 + 46v
3 

= 0, ~ 2 where the 6v's are differences in the 

vibrational quantum numbers for the upper and lower states. 

The sloping struight lines correspond to sequences in each of 

the vibrational modes starting from the transition listed at the left. 

Each transition is labeled With two ;~digit numbers that designate 

the number of vibrational quanta in the three vibrational modes of 

the upper and lower states. The letter a, b, or c indicates the 

value +2 1 0 1 or -2 respectively for the above summation. An energy 

-1 scale has been placed on the right to give the separation in em 

between the band in question and the principal or 000*000 band which 

has its head at 24686 cm-1• The abscissa indicates the vibrational 

running numbers for each of the sequences. These running numbers 

indicate the increments in the vibrational quantum numbers above 

the starting member for each sequence. For example, the 000-000 

transition is the starting point for the following sequences: 

Sequence in v1; 000-000, 100-100, 200-200oooo 

Sequence in v2 ~ ooo-ooo, 010-010, 020-020 0 0 0 0 

Sequence in v
3

g ooo .. ooo, 001-001, 002-002oooo 

Another example of a sequence in v2 would be~ 002-140, 012-150 1 022~160 •••• 

Each point of intersection of the straight lines with integral values 

of the vibrational running numbers represents 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 

0 -1 is :;ooo K. The maximmn intensity occurs 92, 50, and 9 em to the 

red of the band head for the P, Q9 and R branches of the 4050 A band· 

The general appearance of the synthetic spectrum woUld be 

modified slightly if additional states had been included. The complexity 

of overlapping sequences would increase to the violet of the system 

origin (positive energies of separation)·. On the other hand, additional 

transitions to the red would tend to spread out more. 

The transitions for which the vibrational quantum 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 

intenseo 

The intensity distribution in the c
3 

spectrum is quite reasonable 

on the basis of the synthetic spectrum and the above discussion. The 

4o50 A band (i.e., OQQ ... QOO) and the 4072 A band (probably 010 ... 010) are 

sufficiently intense to stand out above the pseudo ... continuum. The 

pseudo-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. Fina.lly, the secondary maxim'lml of intensity 

8 observed by Phillips and Brewer at 4300 A agrees quite well with the 

.. 1 
greater density of transitions at about @1200 em in the synthetic 
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spectrumo 'l'ra.nsitions with 6v1 • ... 1 or 6v2 = -2 are important for 

the formation of the secondary maximumo 



TRANSITION 

l!oo-o6oa 
300 - OliO a 
200 - 020 " 
100 - 000 a 
020 - 000 .. 
002 - o6o .. ,------t... 
002 - ll!O " 
OliO - 100 
26o - 002 
002 - 22() 
1o00 - oao 
Ooo - 002 
002 - 300 
180 - 002 
;)00 - o6o ---.::::oo::.~iiiii 
200 - OliO 
100 - 020 
000 - 000 
o6o-200a 
~- 002 

0100- 002 =: = ;' -----1 
240- 002. 
oso - 300 -----t.. 
002- l6o 
l6o- 002 
002 - 2110 b--:::::::=::::1 
OliO- 200 
002- ~ 

300 - 002 ~===§~~~~~ 200- o6o 
oso- 002 
100 - 040 
000 ·- 020 
300- 08o 
000- 100 
220- 002 
o6o- 300 
140 - 002 ~ ----4.. 
002- 200 . 
o6o-002 
040- 300 
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SEQUENCES 

SEQUENCES 

SEQUENCES 

In VI 
in v2 
in v3 

1500 

1000 

500 

0 

BAND HEAD 

ENERGY, CM-I 

-500 

-1000 

-1500 

-2000 

.... __ _. ______________ _._ -2500 

0 2 3 4 5 6 7 8 
VIBRATIONAL RUNNING NUMBER 

9 

MU-17284 

Fig. 6. · Synthetic spectrum for c
3

• Band head energies 
relative to the 000-000 transition are plotted 
for sequ~yces involving states with not more than· 
5000 em excitation. · 

~~ 
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