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ABSTRACT

 he nitrogen recomblnation reaction and the reaction of
active nitrogen with methane were studied. The intensity of
the nitrogen afterglow was found to be independent of total
pressure at pressures less then three millimeters, and first
order in total pressure at higher pressure, The radiative
’efficiency of the recombinatlion reaction was found to be very
low; only about one- three hundredth of all recombinations
resulted in the emission of a ligh£ ouantum. The reaction of

ective nitrogen with methane was found to produce CN radiztion.

It was found that the rate of emisslion of this radiation may

be expressed in & rate law of the following form:

| ) w§ - . X
ICN = K P%otal PNy [PCH4 (1 + kPCHA ) + k PCHL}]
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INTRODUCTION

In the spring,1964, quarter, Bob Levin and Wayne Ryback
found that when natural gas, which consists mostly of methane, was
relessed into a stream of sctive nitrogen in the Ch 26
fast«flow apparastus, the intensity of the nitrogen after-
glow (a measure of the concentrgtion of nitrogen atoms)
decreased sharply a short distaﬁce down the reaction tube from
the mixing point and a violet glow smultenesusly appeared,This indle
¢ated that a reaction was taking place between the methane
and active nitrogen, |

I studied this resction further during the summer of 1964,

with the goal of determining the kinetlecs of the active nitrogen-
methane reaction in general, and of the reactlon producing the

violet glow in particular.

APPARATUS

Essentislly the same apparatus was used as in the Ch 26
laboratory work. Drawings showing its essentlel features are
reproduced on graph pages 1 and 2. '

Nitrogen (Linde, 99.99% ) flowed from a tank through tubing
over a mercury manometer and to a capillary flow meter, At times
a pyrex tube containing copper pelléts heated to 500°C, was
Inserted into the gas line between the nitrogen tenk and
manometer, Methane was introduced into the system in much the

qame manner, Fittings were arranged so that methane could be
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introduced at eithert or @ All tubing from tanks to flow
meters was neoprenes from flow meters to reaction tﬁbé, 378 L
coprer., Fittings that were not subjected to high vacuum Qére
sealed with Dow-Corning high vacuum greasej thoée that were,
with Aplezon grease., -

The total gas pressure 1n the reaction tube was regulated
by valveca} The diffusion punp was not used, A silicon oil
absolute manometer was used to measure the pressure in the
reaction tube, It was generally found to be necessary to
evacuate the system for one half hour with the high speed pump
for the manometer to give reproducible readings when the total
pressure was varied. This was presumablydue to air dissolved
in the ©1l; the matter was not investigated.

The microwave dlathermy was powered by a constant voltage
transformer, It was necessary to allow the diathermy unit to

operate for 15-20 minutes at 70-80% power prior to an exper=

lment in order to avoidAVariablé”photoméfe? readingg‘&ue to
drifting of the power in the diathermy unit. ° ' o

All flow rates and pressures could be mailnizinea almost
indefinitely with little or no adjustment.

The photometer was mounted on & dolly running on rails
so that it could be moved up and down the tube at a constant
distance from 1t. When the Jarrell-Ash Recording Spectrometer
was used, it was placed on a2 cart that could be rolled up =nd
down beside the tube, with the slit level with the center of
the tube and 6.0 cm. from it.
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EXPERIMENTAL WORK

-Ie Initial Spectroscoplc Studles.

The first experimental work was concerned with trying
to identify exciﬁed intermediztes in, and products of the methane-
active nitrogen reaction, This was attempted by studylng the
emlission spectrum of the gas in the reaction tube, using a
photographic quartz spectrograph which was calibrated against
stondard mercury lines.from an AH=4 mercury arc lampe. Expoe-
sures of the reaction spectrum were taken with the spectro-
graph slit about one half cm. from the tube,

Exposures of the two spectra (mercury and reaction) were
overlapped on the same negative ( 1.e., by first making an exposure

r

of the mercury arc with one half of the slit covefed, and then

making an exposure of the reaction tube on the same negative

with the other half of the slit covered).,All lines were mea=

sured on a comparator, and a calibration curve for the spectro- 43

graph was made by matching the comparator reﬁd;ngs of the observed

1ines to their .standard wavelengths on a smooth curve.,The comparator

readings of the reaction bands were then matched to the corresndnding

wavelengths on the curve(see graph.p.S).Alllcomparator readings

were made at the centers of the bands on the negative, An ex=-

posure of about i second through four thicknesses of Kimwipe

was found to produce the mercury lines clearly at a slit

opening such that fifteen aminuted' exposure was enough for the

violet glow in the reaction tube to show a distinet spectrum.
Exposures were made both with and without methane present

in the reaction tube, In the absence of methane, the following
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"bands were unambiguously i;z;tified:‘

N, first pcs1t1Ve system ( B3T « 45 T). 5804
5755

NC 8 system ( = ‘Trg"'cm 4 state ) 4041
& 3800
' 3583
3386 &
3206 &

With methane present, all the above were observed, with
the addition of the following:

CN ( 22'-) 2Zgr'ound state ) , - 4216 g.
' 3883
‘ 3854

The CN bands were quite clear aftqéan exposure time of
about fifteen minutes., No additional baﬁds appeared after an
houris exposure,

At this time a2 new and later to be significant problen
appeared, As the total pressure in the reaction tube was in-
creased to about 10 mm. Hg, a viclet glow appeared and the
nitrogen afterglow disappeared, both with and without methane
present, in much the same way as the afterglow disappears and
the violet NO glow appears in the titration of nitrogen atons
with NO, This effect was presumed to be due to the presence
of oxygen in either the gas line or the nltrogen tank, Changing
from Linds to Mathieson high purity nitrogen ( 99.996% ), and/or
inserting 2 pyrex tube of copper pellets at 500° in the gas
line between the nltrogen tank and manometer procduced no
obvious improvement, The tube with the copper turnings was
only about fifteen cm. long; better results might have been A
Obtainedjfixkai%men 1onger, which woula‘hove kept the OXygen(if

any were present) in contact with the copper for a longer

period of time,
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II. Calibration of the Photometer,
A, Calibration of sensitivity changes,

Since the microammeter sensitivities indicated on the
gain switchwere not very preclise, 1t was necessary to deter-
mine more accurately the relative sensitivities at successive
settings of this switchs The absolute sensitivities were not
of particular interest at the time, The conditions of the
calibration were unimportant, since what was being measured
was a property of the recorder only., If the absolute rate of
nitrogen emission is kept constant ( by keeping the power, tobal
pressure, etc., constant) then the relativg sensitlivity at two
\settinES'of»the'gain,switdh is the ratio of the recorder deflepgtions

Bt thewtwaééﬁtings;;Thgrrslative sensitivities are as followss

_ -Table I
"Relative Sensitivities of Microammeter ¥

Gain Switch Relative
Setting Sensitivity
(ina amps) '

: 3 00329
1 1

Oe3 3636
0ot 10.25

# The tabulated ratio of recorder deflections 1s the average
- of three such ratlos which were obtained by varylng the bower

10=20%.411 are calibrated to 1 Mamp = 100 ( recorder deflection).
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Be Absolute calibretion of the photometer for concentrations
of atomic nitrogen.

Nitrogen atoms are presumed to recombine by the overall

reaction2
(1.) N+N+M§N2+M+h0
2
Ege 1 d N, = kN°M
( ) Sl
5 and I= k,kN°M = k,k PP
(Eg. 2) 1 = M7 °NTM

where kq 1s a yet to be determined "intensity constant" of the
reactlon and apparatus, v

NO 1s known to react rapidly and quantitatively according
to the reaction’

" {Be) NO 4+ N o N2 + 0

Consequently,if NO i1s added to a stream of active nitrogen,
the intensity of the nitrogen afterglow diminishes, and flnally
disappears when the added éoncentratlon of NO equals that of
nitrogen atoms, Consequently, the absolute concentration of
atomic nitrogen mey be determined by titration with NO, In
addition, the total pressure 1is very nearly equal to PM, and
the rate constant for the nitrogen recombination reaction 1is
known, Consequently, the Intensity constant k, may be determined
by measuring the intensity of the afterglow, and then titrating
with NO to determine the concentration of atomic nitrogen

present,

The data and results of experiménts to determine ky are

summarized .in Table I:



Tevle II
Intensity Constant for Nitrogen Recombination
' kT. X 10-3= z
Total Intensity*  Pyox10%# Reaction Rate ### _Inténsity x107-
Pressure (Recorder -1 Reactlon Rate,_
(mme Hg) Deflection) (mm. Hg) (rm. Hg sec™') (8.u. sec, mm™1)
1.5 5060 195 1643 3¢50
15 3405 1.82 1.24 2.78
105 2200 1024 00577 3082
1.5 1346 0695 0¢339 4,02
2.0 105 J¢25 5e29 199"
240 635 : 2402 2,04 3e11
2.0 42,5 1.68 141 3¢C1
260 29¢3 1630 0.846 347 .
340 13945 3428 8,08 173
340 105 2466 5631 1.98
Te0 T80 2¢35 4431 1.89
30 5445 195 2.85 191._
4,0 156 Ze14 0.86 1.58
4,0 120 3404 9.24 130,
6.0 a1 1.77 4,71 1,93

Average 2,540.8
7% cannot explain the fact that the ratioilo/jPNQ éﬁpears
to be independent of total breésure at bressures below'B mie |
'prefully, work being don: in CQ 26 will helb to7ciear’up the
“Questiom of the dependence of the rate’of the luminous redétion

‘on total pressure.,

% A11 intensitles are corrected 4, 11Lampﬁ 100 {I,) Dk
st Pyo= NO iiPﬁ rate X total pressure
total gas flow rate -1 4
### Computed from k= 25 mm.Hg'2 sec
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IIl. Explanation of the Violet ( NO ) Glow.'

As noted earlier, NO bands appeared in the active nitrogen

spectrum, This was assumed to be due to the presence of oxygen

as an impurity in the system. The glow was quite annoying,

since at high pressures it nearly completely extinguished the

nitrogen afterglow-s

Experimental work described below apparently confirmed the

reactions producing the glow to be the followings

(3) N4OasMSINO4 M4 ho Iy= ksky By Po By

ky 1s the intensity -

constant for the

reaction.

kp
(4.) NO 4 N <N, 4+ 0

2 : :
k2» k3

From equation 2 and the above,
2

(EQO4) b k k] P\T PM

2
(8a05) T T EEHTEE 5
‘ 5 ky Fo (By/k ky)

Since almost all of the NO present reacts = with N to form

atomic oxygen, PO Pynos and

. Pg =_NO flow rate x total pressure
(Eqg.6) total gas flow rate

Therefore, at a given pressure and flow rate of NO, the

1
ratio of IS to I, should be constant down the tube; and in

general

ol

1
I __NO flow rate L )3 = (kk)®
(Bq.7) T~ *Total gas flow rate” o ot . 7y

(Eg.3



Experimental Work Concerned witin the Orlgin of the NO Glow
Since the NO=-N reaction was known to proceed rapidly, the

0 concentration was set at a known value bv lntroducing a
definite NO flow into the active nitrogen stream. The pro-
cedure followed was to introduce NO iInto the system, take pho-
tometer readings in both the orange and violet at various places
down the tube in order to determine the constancy of I%/Iv,
and to vary the NO flow rete and the total pressure in ord:=r to
determine the constancy of the product on the left of Ege To

Table III 3
Determination of (k kq)"/kz kg

. 1 " % 3
P (mnHg) IZ/I% NO flow rate . .P xNO flow rate x IZ/I, x 10
(ml./sec.)
1.6 0041;' 0 @
0.087 0.0173 3.4
0.053 0.0359 3e9
2e1 0.2S
0,053 0.0173 2,8
0.028 00359 360
00021 000562 ).6
349 0.100 0
C.021 0.0173 2,8
0.011 040359 302
C.0086 0.0562 3e7
642 0.044 0
04007 0.0359 s

Average 7.4 4 0.3
- 2 -4
(Eq.8) tTherefore (k kq}k = 1.9 x 10

1>

k= X, "
Using ko= 1.6 mm “sec ', k= 24 mn"<sec” ', and . . .
ky= 2.5 x 10” 5.U. SaCe mm'1, ky= 8 x 10° s.u. sec. ™1,

# Averaged over readings at 75, 100, 125, 150, and 175 cm.

( Average deviation usually ~ 5%.). The measured IE/I, has

no obvious absolute significance, because the sensgtivity of

the photometer 1s different in different spectral regions.

%% Taken from work done during school year. Also agrees with
accepted velue ( see footnote 4.)
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The intensity constant for the violetws approximately 3Q0.
times as large as the intensity constant for the nitrogen
afterglowe This indicated that either the photometer was
remarkably more sensitive to violet than to orange radiation,
or else the nitrogenradiative processwis much less efficient
then that producing the violet glow,s The first of these wes
unlikely to produce the observed difference 1h the values for
the intensity ¢onstants; the second will be. discussed
later, | '
The purpose of these experiments was to calculate the
per cent of atomic oxygen that, 1f«actually present in Lhe active
nitrogen stream, would have beén required’to produ;ejtheﬂobserved
"intensity of the violet glow.with No NO added (see Table III)&
This per cent was calculated
by substituting back into Eqe 7 , with (k k;) = 1.9 x 10
~the.  Intensities being those with " no”BNgApresent (see TableIII)
The retio of calculated‘NO flow rate to the total gas flow rate
s4@s then thi per cent of atomic oxygen in the active nitrogen
flow that wogld have. produced the observed violet glow..The data from
Tableﬂll&éﬁg_a value for the per cent oxygen of approximately
0,02%, aswcompared to the manufacturer's statement that the
nitrogen was 99.99 % pure. ¥ ‘
To check for consistency, the ;péarenxm‘s'per cent of atomlc
okygen was calculated. with data frém Barlier experiments, n

It was found that the apparent per cent was relatively high near

%y
pil 5 0L,

S5_ , but decreased rapidly and remained essentially constant
after about fifty cm. downstream. The anomolous results near

the first orficeﬁiere.pntdbly due somehow to various short-lived



excited nitrogen states.present near the microwave cavity, which

have been observed for several years but are not yet webl

understoodo6
Table IV ~
Apparent Per Cent of Atomic Oxygen ( x 10 )
Distance Presgure (mm,)
Down Tube (cme) 1.5 240 3.0
3 2.76 4,3 41
> 3ol 6.0 4,8
Te5 4,07 Te3 g
10 4,9 7ol 2.8
12 — 504 2.0
151 4,6 3¢9 1.6
20 Je2 261 13
25 23 1e7 1el
50 1e4 1.2 1ol
75 1.4 1e1 1.2
100 15 163 1e3
125 1.6 1.3 1.3
150 1.6 13 13
175 1.6 163 13

The per cent of atomic oxygen calculzatedyss 0.,013-0.,015 %,
which ws approximately thé manufacturer's limit of impurity

in the nitrogen.



IV, Use of Spectrophotometer,

At this point it appeared inadvisable to continue to use
the photometer to measure the intehsity of the CN glow because
of the large interference from the NO glow, which would have been a
bother to correct for, at the least. Consequently, a Jarrell-
Ash recording spectrograph - was gset up so that it
could be used to observe the reaction tube., It was placed on
a cart that could be rolled up and down beside the tube at a
fairly constant distance from it. Reproducibility of readingé
to 1% or better presented no problem, and recorder readings
varied only slightly with the distance of the spectrophotometer
from the tube, The spectrograph:. . . waé not calibratéd with
respect. to wavelength, in view of the width and small number
of bands present. The spectrum of the gas stresm, both with and

without methane present, was observedl see graph page 24),

Table V
Spectrum of Reactlion Tube
Pezks Observed Identifiai?
Without Methane With Methane As
Present (Additional)
3043 3043 NO
3206 3206 NO
3387 3386 NO
%;gg 3583 NO
2800 3800 NO
3845 3854 CN
3879 . 3883 CN
4146 4152 CN

The region of the reactlion tube near the spectrophotometer
was exclted with a tesla coll in an attempt to determine whether
or not any excitable species other than CN were formed in signifi-

cant quantitlies 1n the reaction . Heretofore unobserved bands
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were found at 3575 and 3800 8. These were both identified as
part of the ﬂitrogen’second positive system:8

This resultﬁ%ﬁtékéh‘ﬁo:meégr that such possible inter=
mediates as NH, CH,...were not present in significant quantities,
since the nitrogen second positive system was excited to
approximately the same intensity as the CN bands, and other
excltable species would have been expected to show up if they
had been present in significant quantities{ For example, the
fairly easily excltable 3360 £ NH system andfor the 4BOOR CH

system, etc,
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Calibration of the Spectrophotometer
An absolute calibration of the spectrophotometer was attempted
in order to determine the total number of molecules of
N2<em1tt1ng a quantum of radiation in unit time per cubic

centimeter of reaction mixture. collimating

mirror

g~ - - o _pectrophotorggten. —

. ,“mm‘ﬂ *qu m — e L ‘_
slit 1n cross-section e S — - oo,
Figure1

Consider a rectangular volume of radiating gas of thickness

&, 'with the other dimensions sufficlently gregt to include entirely
- the "field of vision" of the spectrophotémeter (the shaded region
‘in Figurg 1 )e It is not difficult to show that the fraction of
the radiation emitted by the molécules in any slice of gas of
thickness € and parallel to plane AB, which is received by the
collimator mirror, is independent of the locattion of this slice.

| Conseguently, 1f all molecules in the volume abd could be
translated in the x-direction and concentrated in the plane AB
(without altering their rate of emission) the amount of radiation
passing through the spectrophotorneter would be unaffected. It is
therefore possible to determine the rate of emission of radiation
from the volume abd by comparing the radibmeter deflection in thé
situation shown iIn Figure i with that in a situation in which the
plene AB is replaced by a sulitably i1lluminated ideal diffuse
reflector. Of sourse, 1t is necessary to know tha rate at which

energy in the wave lengths of interest falls on the reflector,
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If the radiometer deflection at a given wave length setting
of the sbectrophotometer is IE when exposed to radiant gas, and

1s I, when exposed to the diffuse reflector illumlnated witV

known intensity I,watts cnm 2n“} the rate ofiemission of radiation

by & unit volume of gas 1s glven by
"Pa1)= 2o 2 4
Ird

(Eqe9) R (watts cm “

The factor of two arises from the fact that the gas radiates
both in forward and backward dlrections, while the reflector rsturns
rediztion only in the backward direction; the factor A (the 2l-
bedo) 1s a correction for an imperfect, though ideally diffusing
reflector, |

In applying the zbove relation to the actual experimental
situation the distance 4 is taken as the diameter of the reaction
tube, a2nd the small errors introduced by the non-planarity of
boundary surfaces are lgnored.

In the calibration experiment, the comparison reflector
consisted of an opaque deposit of MgO smoke, which is known to
be nearly an ideal diffuse reflector, and has a known albedd.9This
was i1lluminated by a 500 watt Westinghouse tungsten lamp( color
temperature 3200§K) of which the emlission at various wave lengths
wes calculated from data tazken from the literature., The distanoe'
from the spectrophotometer to the reflector was fixed at forty
centimeters, although the radiometer readings varled little if
the distance wepe changed., There was also little variation as the
orientation of the spectrophotometer relative to the reflector
# In the present case, Iy 1s taken to be the inuen81tv at the
midpoint ofﬂZQe wavelength region of interest, Also, I  and I,

are actuallyfyXreccorder de;lection)a dﬂJ, w1ere70,-52£.§ the
wavelength gion of interest,




was changed.

Calibration of the nitrogen afterglow.

Nitrogaﬁafterglow emlssion was observed only in the spectral
regions 5325-5425 & and 5700-5825 . Consequently, radiation in
only these regions was of interest in attempting ﬂb determine
the number of guanta being emlitted per unit time‘during the
process of nitrogen recombination., The Jarrell-Ash spectropho- .
tometer, utilizing a RCA IP-28 photomultiplier, waes used in all

intensity  measurements. R
L1 s 53N

Byuetion 9 can be employed‘if Iy, the intensitytfncident upon the
reflector, 1s known. I,, iIn turn, can belcalculated if the
following are knowﬁ: temperature of the lamp, emissivity of the
tungsten filament, area of the filament, and the angle of the
plane df the filament relative to the plane of the reflector,

The last of these is taken to be zero, |
The "effective area" of the filament can be calculated from
the Stefan- Boltzmann law: |
(Eqe10) 4 :
Total emission = 5.73 (Area)sT <(total emissivity of tungsten)

of lamp (watts) _ ,
where tﬁe area 1s 1n squsre centimeters and the temperature is in
kilodegrees. |

The lamp has a color temperature of 3200°K. this corresponds
to an actual temperature of -3095%.(sece graph p.T )}O
It 1s assumed that the emissivity of the lamp fllament is

close to that of a tungsten strip. The emissivity of the latter



"is as fo;l.lows:11

Table VI
Emlssivity of a Tungsten Strip
-NK) .

2 {*¢) 0.3 038 0.467 0,665 total
2900 0.489 Oe472 0456 Oe417 0.345
2000 0.4388 04470 0.455 O.415
3200 0,486 0,468 0.452 Oe411
3400 0.484 0.465 0e450 0,407

Therefore, i1f the total emlssicn of the lamp is 500 watts,
(Eg.11)

area= 500 i . cm2 = 2,76 cm@
S5eT3 X (3.095) (o345

The rate of.emission of the lamp in a given wavelength

region is equal to the rate of emission of a perfect black bddy
of the same area at the same teuperature as the fllament of the
lamp times the emissivity 6f the tungsten filament at that wave
length and temperature.

The total hemispherical radiation of a black body in the
interval dd may be calculated from the relation
(Bq.12)p dd = ¢, < ec2/?'T -1 )7 'aa 12
where ci= 3703 x 1072 erg cm™2 sec'1, Coz 14433 cm°K'1, and A
is measured 1n centlmeters.

Since Ja does not change much with 0N in the wavelength inter-
vel to be considered, J) 1ls celculeted only at the midpolnt of
the region of interest and this value is multiplied by the width

of the region in order to obtaln the totel hemlspherical radiation

of the black body in that region.
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] M TS o B ng ¥ 6 Noeg - 4 E1] %
For 1=3095%,A = 5765 ﬁ, Ja= 105 watts cu e Therciore, the
total rediation recelved in the wavelength reglon 5700-5825 &

by one sguare cenvimeter of the dilfuse reflector at a distancs
r fron the laup ig. -

(Eq.1%72x_ 185~E§gﬁg x'a iC cv “x OeU125 x Coe432 x Lﬁ4; ”9§-7¥%§3§
A grapn aa% Znede EXDeIl lentally of radiometer deflectlion ve. wave=

dength . ’br>r;.}a£ion fde both the reflecteor.and the nitrogen aftermlow
in the reaction tube(such as graph.pe24.) .. The area under each
tracing was found (in arbltrary units). The radiation reflected
frou the calibrating reflector yielded an area of 2.524 x ‘lO‘i‘L
units at a distance r from the lamp tc the reflector of 100 cm.;
tne redilation from the nitrogen afterglow, 325 units.under thelcon_
ditions Fiota)l=5nu, and I -204 2t létamp= 100,

Teking %ke albedo of’the reflector as C. 95,:%nd the inside
“disimeter of the reaction tube as 3,72 cme, formulawas employed
to obtaln

(Eqet o
R (watts cu™3) = 0.96 0 , 47 watts em™O= 3,12 x 10™F
2e 524 A10 £ 72

The energy per cuantum emnitted is given by

(Bo.15) 1
E= he =3%.45 x 10717 erg
a -~ quantum
( 6§‘erelurp the number of quante Dbelng enitled per second Wwas
Eg.1 - -
N=-3.12 x 107/ wetts em™>  x 10, erg = 0.9 x 1012 qyanta
Sed5 X 1O‘Tc erg watt-sec , cm” Sec,

Similar calculatlions for the 5325-5425 )4 reglon ylelded. for the

i
-2x10 = suanta
cm- sec

number of quanta emitted in this region N-oz.- =
& )c,;-ﬁn?

012

Therefore, under these conditions , about 3x 1 quanta

# The factor 1.41 1s a correctlion for the fact that the lamp fila=-
ment lles nearly in a plane and thus does not emit in & sphericazlly
symmetric manner. . (more light is emitted perpendiculsr than

parallel toc the plane of the filamenth
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per second were emitted in the.process of nitrogen recombination,
Itiis possible to calculate the expected rate of emission per

cublc centimeter 1f each - nitrogen recombinatlion rezulted in the

production of a lighi guantune, The experimental conditions used

in obtalining the traclngs of radiometer deflection v. wavelength

were Ioz 204 at 5= 1 Mamp, 2nd a total pressure of 5 mm. Using the

reviously deterﬁined expression for obtaining Py,

Eq.17)

r (205 X 102)-1 IQ = 2.6 X 10-2 JETTETRS

Ftot
Using the accepted velue for the rate constant, 2 x 10-°¢ cm6 : v1}4

(Eq.183y 15 moleculecsec
d No = 2.85 x 10 mglecules B
dt cm~ sec.

N~

Thus it appears that only a very small fraction of nitrogen

recombinations lead to emission of radiation.
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Ve Studynef the Methane-Activé‘Nitrogen Reactlion.
A. Initial Photometric Studies{ not using spectrophotometer).

Methane was introduced into the stream of active nitrogen
at the first orfice QEQJ The intensities of the orange (nitro-
gen ) and violet (CN plﬁs NO ) glows were observed down the
tube wit» the photometer, The results : see-graph page 23:) may
be summarized as follows:

The Intensity of the nitrogen afterglow dropped by as
much es-a factor of two or three about 5-10 cm, past the
mixing point, depending on the total pressure and flow rates
of the nitrogen and methane, This drop occurred with methane
comprising only about 1% of the total gas concentration, so
the effectwags not due merely to pressure change,The difference
between the intensities of the nitrogen glow with and without
methane present decreased virtually to zero about fifty cm,
down the tube,

The violet (CN plus NO ) glow rose abruptly as the nitrogen
glow dropped, = then decreased with distance down the tube,
It appeared that the violet glow dropped to a relative minimum
at about 20 cm. down the tube, then rose 10-30% over a distance
of about 20 cm., and finally decreased slowly for the remainder

of the tube's length.



22

—

Be Work Done Uslng the Spectrophiotoneter.

It was deslired to learn the dependence of the rate of CN
emission upon cach of the parsmeters ( l.e., nitrogen atom con-
centration, methane concentration, and total vressure). A serles
of exveriments was done in order to 1solate the effect of varylng
eecli of the parameters. All readings were tazken at x= 638 cu.,
about five cm. downstream from the orfice where the methane was
introduced. It was assumned thét only a small fractlion of the
methane had reacted by the time the gas reached this point; i.e.,
thet the methane concentration was the same zas at the orfice

where it was introduced., The plausibllity of thls assumption
wes shown at least patisllyby the fact that only about 2=3% of the total

6N émission occurs in the first five cm. past the orfice(graph page 8.)
I. Dependence on nitrogen atom and methane councentration.

The nitrogen atom concentration was varied at constant methane
concentration and total pressure by varying the dlathermy power.
The procedure followed wes to introduce a given ﬂethané flow rete.and
meke a serlies of recorder = readlings in toth the orangé'(photometer)
and violet (h:BSBOR with the spectrophotometer)al a numﬁer.of sattings of
the diathermy nower..The methene flow rdte was. Bhen cbhanged and the1
repeated. The intensity of the CN glow was then plotted againsltj*oveddle
the souare and the cube of the nitrogen atom concentration,'
which was calculated using Foruulail7( See graph pacges 9-21 ).
The intensity of the CN glow was found to vary vetween the
square © and the cube of ° the nltrogen atom concentration,

depending upon the methane concentration and the total pressure,
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It 2ppeared that no simple"Pﬁ"(X an unknown constant) rela-
tionship/would fit the experimental data,

The dependence of the intensity of the CN glow upon the
methane concentration was determined by plotting Igy versus
Poyy, at an arbitrary Py ( Py= 1.5 x 10"2 mm. was used for con-
venlence), taking Igy from the graphs of Igy V. Pﬁ.

The curves determined at different pressures (see graph
page 22}) show no simple relationship to one another, This 1is
due at least partly to the fact that some of the experiments
determining them were done on diiferent days, &and the system: seems not
6o be perfectly reprodueible.from day tp.deye Howevep, the’cuyves

do exhlibit a common shape, wiich 1s the followlng:

Poa,» - &
Figure 2
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:2. Dependence on total pressure.

The dependence of the intensity of the CN glow on total préssure mgy
be found in two separate.ways.The flrst is to find Igy as a functional
the total pressure from the previously determined %PapHSJDf’ICN
¥ PCHA,( graph page 22 ). It appears that the intensity of the
CN glow varies with the total pressure, but there 1s no obvious
relationship between the two.

The second way was employéd in a separate experiment. The total
pressure was varled and the dlatherny power was adjusted so that
Io/ P = constant (PN: constant) and the methane flow rate was
adJusted so that P x ( CHy flow rate) = constent ( Pgy, = constant).

The CN intensities were then found at varying pressures.

Table VII
Varlation of Igy on Total Pressure

Trial 1 P (mm.) Is CHy flow Icn
(ml./sec.)

1.5 30.5 O. 1ok

3.0 6105 0’205 506

6.0 122 010 2645

Trial 2 105 2702 00481 1.2

340 555 Oe24 5.0

6.0 112 0.12 21.0

The observed result was that the intensity of the CN glow
varied very nearly as the saquare of the total pressure, the atomic

nitrogen and nethane concentrations being held constant,.
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I. Pressure dependemcé of the nitrogen afterglow.
Some’controversy exists as to the presssure de;endenca of
the rate of the nitrogen recombination reasction. It has been
asserted that the intensity of the nitrogen afterglow is inde=-
pendent of the total pressure; f the nitrogen ztom concentration
is held constanthOn the other hand, there is a large body of
evidence suggesting that the aflerglow intensity is directly
proportional to the total.pressure]6 I'wo sections of my work
heve some bearlng on this ocuestion.
A, IntensityAconsﬁant for the nitrogen alfteryiow reaction.(nQ?)
I found that the the retio Io/Pg‘Ptotal was essentially
constant a2t pressures varying from hree to six millinmeters,
This lIndlcates thet the rate law for the recombination reactlion
ls first order in tie total rressure.

“
(V3¢

NO glow. (p.-.99 {

o @

I found that Io® Fi8rey/ I, wes essentlally constant at a

constant NO flow rate at pressures ranging from 1.6 to €.2

millineters., Tuis constant factor was derlved uslng lo°CPN2’Ptota1‘

Asgumlng that the aflerglow intensiltly 1s independent of the

total rressure ( IOOCPN2 ) one would expect the constant factor

to involve the scuare of the total pressure, This was not found.
These two results, plus the work done during the school year,

lead me to believe that the rete law 1s first order in the total

pregsure, and in fact

e .
IaczPN Ptotal
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II. Radiative efficlency of nitrogen recombination.l?

The experlimental data contalns essentlially all that I knowe
It appeéfs that only a small fraction of nitrogen recombinations
lead to emission. It 1s interesting to note that the ratio of
the NO to the nitrogen intensity constants(ps1Q) is (possibly coin-
cidentally ) apprroximetely the same as the calculated fraction of
excited nitrogens that emit. Perhaps this indicates that a large
fraction of the NO's produced by combination of atomic nitrogen and
oxygen actually emlt. Since my knowledge of collision theory is
negligible, I am not prepvared to offer an explanation for that
possibility. Possibly a collision of an excited NO with an lnert
molecule tends to produce a radiative state more often than does

one of an excited N2.

I1I. Kinetlics of the methane~actlive nitrogen reaction.

It is possible to express the observations of the dependence
of the rate of CN emission upon the various parameters in a very
impreclse rate lawe, The rate law @ust have the following charac-
teristics:

A. The rate of CN emisglon ls proportional to the square of
the total pressure.

Be The rate of CN emission is between second and third order
in the nitrogen atom concentration.

Ce It appears gulite likely thet there are at least two possible
reaction paths, in view of the unusual dependence of the rate
of CN emission upon the methane concentratlion., It is difficult for

me to imagine any simple single reactlon path that would give the
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observed resultse Probably the simplest expression would be to

assume the Iintensity of the CN emission to be proportitnal to
PCH4 .

i+ k(PCHATQ

R Rt oKx €1
CHy

This sort of relationship would fit the experimental data fairly

welly I.. =K Ptota.lg'PNy[PCHAL(‘ +kPCH42)-1 + k' PCH;i] giii?
Winkler and his co-workers studied the methane-active nitrogen
reaction seversal years agoJSWhen the final products of the
reaction were condensed, separated, and identifled, they found
only hydrogen cyanide and a tracec of hydrogen., No ammonia or other
products which might be assoclated with NH-type intermediates
were found. |
If one accepts thelir observations (if not thelr conclusions
as to the mechanism of the reaction), one rapidly reaches an
lmpasse when trying to think of a plausible mechanism to fit the
kinetic characteristics that I have observed. Unfortunately, I
have not yet seén a way out, If this research is carried further
in the future, it might be usefull to use the Ch 26 EBR apparatus
to identify various radicals undoubtedly present in the reaction

mixture.
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