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Preface

This Thesis is the second in a series of theses which study the route

by which organo-nitrogen compounds ultimately form NO
~ 

pollutants • Since

petroleum based fuels are getting more scarce and expensive , fuels derived

from shale oil and coal look very promising. If the reaction mechanism for

the NO
~ pollutant formation can be understood , the effects of the inherently

hi~ i nitrogen content of these alternate fuels m ay  be reduced or eliminated .

The analysis of the pyrolytic decomposition of monomethylamine was

performed using infrared emission and shock tube techniques . The activation

energies and frequency factors for the decomposit ion of monomethylamine and

the formation of ammonia were determined . Several models for the reaction

have been proposed and a determination of a most probable mechanism was

possible. 
-

I feel very privileged to have worked in this particular area of re-

search • It has encompassed electronics , gas dynamics, engineering ~*iysics ,

- 
- chemical kinetics , computers , and ~~otogra~~y, and has contr ibuted greatly

to the broadening of my engineering background.

I I want to express may deep appreciation for my thesis advisor and

instructor , Dr • ~~nest A , Dorko , without whose patience , knowledge , and

guidance this research would not have been completed . I wish to thank

the following people for their help on my thesis: John Parks and Leroy
t

Cannon of AFIT for their technical assistance in maintaining tie shock tube

equipment; William Baker of APIT who kept me well stocked with film and

other essential supplies; Carl Shortt of the AFIT shop for the excellent

mchining and parts fabrication. I would also like to thank bra. George

John and William Elrod and Capt . Tom Rosford who served on my thesis corn-

mittee and provided useful guidance and criticism.
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Abstract

The pyrolytic decomposition of monomethylamine was studied as a

first step toward modeling the route by which NO~ pol]~utants are formed

from nitrogen rich compounds such as coal and shale oil. The decomposition

of dilute mixtures of monomethylamine in argon was accomplished using

shock tube techniques. Kinetic measurements for the decomposition occur—

ring behind the reflected shock were made by means of infrared measurements .

Emissions at 3.375~~m due to monomethylaznine and 2.886/f m due to ammonia

were observed . The total gas concentration behind the reflected shock

ranged from 15.32 -to 114.7 micromoles/ce. The temperature range was

1275 to 2400 K and the total pressure ranged from 1 to 10 atmosi*~eres.

The values for the Arrhenlus parameters for the decomposition of inonomethyl-

amine and the formation of ammonia were determined using a least squares

analysis. The hi~ i pressure Arrhenius expression for the decomposition is
V 

k = 10l0.84 -48,l5O/1~T It was discovered that the rate of ammonia formation

was one-half the rate of mononiethylamnine decomposition. The most probable

reaction mechanism was determined to be C-N bond scissure followed by a

radical chain to produce ammonia , methane , hydrogen cyanide , and hydrogen .

vii
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FURTHER SHOCK TUBE Kfl~ETIC STUDIES

OF ?~ NOMETHYIAMINE

I. Introduction

Background.

The continued depletion of petroleum-based fuels makes the consider-

atiop of useable alternate fuels , such as those from coal and shale oil ,

necessary. One of several problems encountered with these fuels is their

very hi~~ content of organo-nitrogen compounds , typically 0.3 to 2% by

we1~~t (Ref 19:3) compared to less than 0.01% for petroleum-based fuels

(Ref 6:32). During combustion these compounds produce excessive amounts

of N0~ pollutants, 14~~ more than petroleum-based fuels (Ref 11:5). The

symbol NO is used to designate the three nitrogen oxides ; NO , NO2, and

N203, which are usually formed during combustion (Ref 2,3). These N0
~

pollutants, when emitted from aircraft gas turbines , will eventually

participate in smog formation in the lower atmos~here and could possibly

have detrimental effects on the stratos~ieric ozone layer (Ref 3). V

As a direct result of the Climatic Impact Assessment Program (ClAP) ,

the Department of Transportation has recommended that accelerated

combustion research efforts aimed at substantial reductions in aircraft

NO emissions be undertaken. Since it is projected that JF4 and. JET A

fuels will be obtained fro m coal and shale oil in the near future
V (Ref 3), the Air Force is also interested in reducing the pollutants

formed by their combustion.

Because the ~hysica1 and chemical ~~enomena that govern the formation

and emission of aircraft gas turbine pollutants are complex and not well

understood , the scientific base from which firm conclusions and problem

approaches mi~ it be drawn is insufficient to support future efforts to

IL
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reduce such pollutants . It is therefore necessary to first understand

the reaction mechanisms by which organo-nitrogen compounds form NO

pollutants, called fuel N O .  Then , once these reaction mechanisms are

determined , the pollutant—forming step(s) may be eliminated or slowed

down .

— It has been known for some time that the fixation of atmos~1ieric

nitrogen is the chief source of NO~ pollutants from combustion of

petroleum-based fuels. This reaction is believed to proceed according

to the Zeldovich mechanism, which is as follows:

02 + N ~~ 20 + N

O + N 2 .NO +N

N + 02 NO + 0

It is also known that the formation of thermal NO
~ by this mechanism

can be suppressed by operating at low temperatures. However, the

* 

reactions which lead to fuel NO
~ 
pollutants from organo-nitrogen

compounds occur much more readily at combustion temperatures. This

knowledge has prompted the study of the mechanistic route by which

a model organo-nitrogen compound ultimately forms 1~0~’ The compound

chosen as asul.table model is monomethylamine (i~MA) (Ref 14) .

Research Objectives

This thesis presents a further shock tube kinetic study of the

-
‘ decomposition of monomethylamine in argon, which is the first step

towards modeling the route by which organo-nitrogen compounds form NO
~

pollutants. The reaction was studied throu~~ the use of infrared emission

detection and proven shock tube techniques (Ref 9). The Arrhenius

parameters for the decomposition of MNA and the formation of ammonia at

several different total gas concentrations were to be calculated. The

‘1 S

2

-
~~~~~
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nature of any other products and a dominant reaction pathway for the

decomposition of monomethylaniine were to be determined.
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II. Theory

Kinetics and Mechanism

A unimolecular reaction can be represented by the elementary equation

A -
~~~~ Products (i)

and the rate of disappearance of A is

-d~AJ= k[AJ (2)
• dt

Which is a 1st order reaction in A. Separat ion of variables and integra-

tion yields
V 

1f e ~~t (3)

which means that in ~ l~~ order reaction the concentrat ion of [AJ decreases
I

S

exponentially with time.

- 

I 

Before a unimolecular reaction can take place, the reacting molecule

must acquire sufficient energy to cause the reaction to occur. For a
V I thermal reaction , the energy is acquired throu~~ molecular collisions .

Lindemann made the original suggestion that a unimolecular reaction could

take place under the influence of collisions , and Hinshelwood showed that

the energy stored by a molecule was a function of the internal degrees of

freedom (Ref 16:20) . The basic Hinshelwood-LindVemann equations are

A + M_ ~~A* + M  (4)

A* + N _ ~~A + M  (5)
k

4 A*~~~.B (6)

where A is the reactant , A* is the excited molecule , B is the product ,

N is either reactant or an added inert gas , and ka~ kd, and ke are the
V 

rate constant s (Ref 21:119) for activation, deactivation, and reaction

respectively .

V 

-

V 

-
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The Hinsheiwood modification to the Lindemann theory showed that

there was a delay between activation and reaction to form products . The

energy must be redistributed among the vibrational degrees of freedom

before enou~~ energy is placed into one or at most a few vibrational

modes to cause reaction . This time delay permits the deactiv ation 3f

the energized molecule to take place , Eq (5) (Ref 16:20).

By use of the steady state approximation for A* (Ref 21:19) , the rate

of disappearance of A becomes

k k [ A I M ]
-4LAJ = kdLlJ + k k~~~LAJ (7)

k k [ M J  twhere kuni
E 

k LMJ + k and is the experimental i~ order rate consta nt .

These equation : show that kuni is a function of CM] and will therefore be

a function of the total pressure. There are two limiting cases which

permit simpler expressions for kuni s

In the hi~ i pressure limit , kd[M])) ke l and

k k
k~~~ = kd 

= (8)

and the rate equation then becomes

-dEA] = 1c~~[A] (9)
dt

which is 1st order in A and independent of the total pressure. This rate

of reaction is so low compared with deactivation , that the equilibrium

fA*l k
fractiofl of = j~

— is maintained. The rate constant, k 0 is there-
d

-
. for e the product of the rate for spontaneous decomp osition and the fraction

of molecules which are activated .

5

V 
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In the low pressure limit , k )) kd[MJ , and

k I = k [M] (10)

and the rate equation becomes

= k [AI~] (11)
dt V

which is 1st order in A and linearly dependent on the total pressure. The

above two 1imitin~ cases determine that the power dependence of kuni on

[i.~] will be between 0 and 1.

Monomethylamine , 
~~3~~2’ was chosen for study because it and the 

V

initially assumed products have at least one distinct and non-overlapping

infrared spectral region. NMA is a stable , readily available, gaseous

amine , analogous to ethane , which is a hydrocarbon whose combustion has 
V

been previously studied .

Three distinct decomposition reaction mechanisms may be reasonably

postulated for the decomposition. It should. be noted that~ the first step

in the three different postulated reactions is a unimolecular decomposition,

however , the reaction pathway is significantly different in each case (Fig i).

After the first step, there are substantial differences In the subsequent 
V

reaction steps and. In the products which are formed .

~~~~~ I I 
_ _ _ _H C .- - -N -

~~~ C H + N H
/ \ 3 2

/ H H
/ H H
I I / 

_ _ _ _CH3NH2 (~ H— 9 I ~ CH2=NH + H2

\
\ H H
\ I / 

_ _H—C N CIL + NH
I
’ 

•‘-. . -•
• ‘
\ 

3

- ~ig 1. Unimolecular Deco:position Mechanisms.



- 
- SV~V - 

~~~~~~~~~~~~~~~~~~~~~~~~ _.~V~~ _ _ V ~.tV_~V,r._ ~~~~~~~~~~ V~V~ øV ~~~~ V S S V ~~ y V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In initial studies by Hidaka , Saito , and Yamamura (Ref 12), they
- 

(3 postulated scissure of the ~~~
- bond to form the methyl and amide radicals

followed by a radical chain reaction. The mechanism postulated is as

I follows:

CH
3NH2 CH

3 
+ 

~~2 (12)

ii V C2H6 + NH2 (13)
OH

3 
+ CH

3
NZI2 •

~ OH + (l3a)

NH2 + CH
3

NH 2 OH
3 

+ N2H4 (14)

2CH
3 C~H6 (is)

f Application of the steady state approximation to the rate equations for
I 

[OH3] and [NH2], yielded the following rate expression for the disappearance

of NNA

2k [cH NH J +)

2k [OH NH] 

2~k, + k2~ 
1 
k4 

2 
) 

~COH3~~2J (i6)

If k1
(( k2( ~ 3 2 

) 
, then the rate equation reduces to

- 4

1
12k1\2

—d[OH3NH2] = 2k2(~—j~_) 3~~2~~ 
(17)

dt 4

This expression Indicates a 3/2 order power dependence of the reaction on

monomethylamine concentration.

V The ON bond scissure may also be considered analogous to the uni-

molecular bond scissure of ethane followed by a radical chain mechanism.

A recent single-pulse shock tube study in conjunction with vapor itiase

chromatobra~hy (Ref 4) details the decomposition of ethane • The data

V 
of this report correlates well with the assumption of unimolecular

reaction kinetics for the initial step. A similar reaction sequence

for ?1?-1Ii~ (Appendix A) would proceed as follows:

4 1  7
-
~~ i

Li V~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 

V
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V 

CH
3I’1H2 -

~~ OH
3 

+ NH2 (18)

4 
t V *V OH + O H N H2 OH4 + CH2NH2 (19)

+ H (20) V

H + OH
3

NH2 H2 + OH2NH2 (21)

H + OH
3 

— CM4 (22 )

By use of the steady state approximation the rate expression for the V

disappearance of ?~~ is

-4jCH3NH2J = CM
3

NH2J 
k2k4[CM~~~~J

2 
(23)

which is a combination of 1st and 2nd order reactions with respect to MI-IA.

The final OH bond scissure reactIon (Appendix B) to be postulated is
I~~- 1 as follows:

CH,NH2 — CM
3 

+ NH2 (24)

CM
3 

+ CM
3

NH2 — OH
4 

+ CH2NH2 (25)

CM3 
+ CH2NH2 — OH

4 
+ CH2=NH (26)

NH2 + CH NH2 — NH
3 

+ CH~NH2 (27) V V

V 

NH2 + CH2NH2 — NH
3 

+ CM2=NH (28) -

0H2=NH — H2 + HON (29)

Also by use of the steady state approximation , the rate expression for the

- 
disappearance of HMA is

~,. 1 -d[CH 1-1H2J = 2k1[OH3
ITH2] (30)

which is a 1st order reaction in TV~?A.

The second reaction mechanism which can reasonably be postulated

involves the formation of a long-lived imine intermediate from which

HON is then form ed,

-

. 

O H N H2 — 0H2=NH + H2 (31)

1 OH2—IIH — HON + H2 (32)

11 8

I— -
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This mechanism was proposed recently by Smith and Sawyer (Ref 17) to

- . 1 - ~ J
explain the decomposition of I-!Mk mixed with helium in a flow reactor.

I They found methane , ammonia , nitrogen, traces of hydrogen cyanide , and

solid hexamethylene—tetramirie , 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

, which they postulate

is produced from the imine intermediate • At hi~~er temperatures the

imine intermediate breaks down to form HON as shown in Eq (32) .  The
~~~

V 4  V

- experimentally determined rate expression is

-
~ -d[CM

3
NH2J = k[OH

3
NH2

J’28 (
~

)
dt

- 
The last reaction mechanism to be postulated is as follows:

CI5NH2 - OH2 + NH
3 (34)

2CM2 — 0112= OH2

- There is some evidence to show that this mechanism can reasonably be

expected to occur . A recent shock tube study by Meyer and. Wagner (Ref 13)

on hydrazine presents evidence for hydrogen transfer as in Eq (36). This

f N2H4 — NH
3 

+ NH (36)

reaction would lead to formation of a nitrene .

1 !

-J

r~ -i

t1L
~~~~~
_ _
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Shock Tube Studies of Reaction Rates

Shock tubes have been used extensively in chemical kinetics (Ref I.).

A technique used successfully In the past (Ref 9) combines the detection

of infrared emission with shock tube techniques to study the rates of

chemical changes in situ. This method. consists of monitoring the

infrared emission at a very specific wavelength to determine If there

is a decrease of reactant or an Increase of product . Table I shows the

4 wavelength of infrared radiation characteristic of the reactant and

products which could conceivably be present during the decomposition of

monomethylamine (Ref 15).

Table I

Reactant/Products and Infrared Wavelengths

Molecule Wavelength (em)

OH3NH2 3.40

02R6 - 6.5—7 0

- V HON 7.25

CH2=NH 6.0

NH
3 2.85

-~~ OH4 7.7

5.25

For example , if there is an increase with time in emission at
V 2.85 ,*m, then ammonia , NH3, is forming. If no emission were detected

at 5.25 1Pm , then no ethylene, 0H2=OH2, is forming. Based upon the

information thus obtained, a plausible mechanism can be postulated and

the reaction rate constant s be determined (Ref U).

10

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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In addition to the in situ infrared emission technique , the reaction

mechanism can be studied throu~ i the use of a tngle-pulse shock followed -

by product analysis by vapor phase thrornato~~’aphy (Ref 1,7).

VI

. 1

H V 11
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III . Experimental

The shock tube used in these experiments was fabricated from 3 inch i.d..

stainless steel (35304) tubing with 3/8 inch walls . The tubing was shaped

on a mandrel to produce a cross section at the reaction end which had two

parallel , flat sides with a width of about 1 inch. The flat sides made it

convenient to attach instrumentation and. the absence of corners minimized

boundary layer effects • The tube was 23 feet long with a 16 foot driver

and a 7 foot driven section. The tube has been described more fully else-

where (Ref 14).

V A 1% MNA test gas mixture was prepared from MMA (98.O3~ pure) and

argon (99.995% pure) , both purchased from Matheson Gas Products. Shock

- 
S 

paraneters were calculated for the specific gas mixtures from the initial

shock velocity assuming frozen chemistry. The heat capacities for N}~A

were obtained from the data contained In NASA Pro~~am 273 and from thermo-
V dynamic tables (Ref i6). The total gas concentration behind the reflected

shock ranged from 15.32 to 114 7 micromoles/cc. The temperature range

was 1275 to 2400 °K and the total pressure ranged from 1 to 10 atmospheres.

A total of 200 gas samples were investigated in the shock tube and the

results were used in the analysis.

Kinetic measurements were obtained for the decomposition occurring

• behind the reflected shock by detection of Infrared (Ill) emission throu~~
two 

~~~
‘2 windows placed in the opposing flat walls of the shock tube 12 mm

fro m the end flange of the driven section. These windows were fabricated.

V 
V 

by the Industrial Lens Company and mounted in stainless steel adapters.

- 
•~ The window surfaces were made flat to one-half waveleng th and parallel

to ten seconds of are. Three distinct advantages were apparent when using

OaF2 windows : 
~~~2 Is transparent in the visibl e region , permitting visual

:

12
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focusing of the alignment coil (Ref 14) on the pinhole ; it is not trans—

t parent above 8 ,4in, thereby actin g as a cutoff filter ; and it tr-~nsiaits 15~’

more radiation than Irtran II , for example , in the region of interest .

The LR emission from the shock tube was simultaneously monitored by

two separate optical systems • A system employing an indiu m—antimonide
S (InSb) detector was used to observe emission in the range from 1—5fim and

a system employing a mercury -cadmiu m—tellu r ide (HgCdT e) detector was used -

to observe emission In the range from 6-8 gm.

The InSb system consisted of the focusing lens , pinhole/filter

assembly , and detector (Fig 2). The lens was made from CaP2 and had a

S WINDOW LENS PINHOLE/p LY~~%%~~~~

DETECTOR

Fig 2. InSb Optical System 
V

focal length of 25 cm. The InSb detector was a Barne s Engineeri ng type

.1-10 (liquid nitrogen cooled) used in conjun ction with a Perry Associates

Pr eamplif ier Model Number 720.

The HgCdTe system consisted of fir st-surface gold-coated mirrors ,

pinhole/filter assembly , and detector (Fig 3). The gold-coated mirrors

were used to minimize absorption losses . The HgCdTe detector was a Santa

V 

V 

Barbara Research Center (SBRC) Model 127 (liqu id nitrogen cooled) and was

used in conjunction with a SBRC Model A120 Pre amplifier .

13
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PINHOLE!
FILTER
ASSEMBLY __S

\ 

DETECTOR

Fig 3. HgCdTe Optical System 
-

S

- The output signal from each detector was fed through its own pre-

amplifier and then into the upper beams of separate Tektronix Type 551

Dual—Beam Oscilloscopes • These oscilloscopes were triggered by a time—

delayed signal from a Tektronix Type 549 Oscilloscope which was triggered

V by - an output signal from the heat gauge at the last velocity station

(Ref 14) . A signal originating from a Tektronix Type 180A Time Mark

Generator was fed into the lower beam of each 551 oscilloscope for use

as a calibrated time base . Thotographs of the oscilloscope traces were

made with Tektronix Series 125 Cameras with Polaroid Series 11.0 Camera

Backs , —

V A series of experiments was run in which a 3.375 1nm filter (F’~1Hr of

F 0.20 fiR) , from Optical Coatings laboratory , was inserted in the pirthole/

S 

V



— V

filter assembly of the InSb detector system in order to monitor the
V decomposItion of M - A .  A typical oscillo~~am of ~r -~ •~ecomposition is sho;-:r.

in Fig 4 .

T 167e O,

P = 4.58 Atm

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L i-a = 33.2 /1 moles/cc
Horizontal = 5O ,fi~ec/r~-m

- . Vertical = 5 mv/cm
Time iarks = 1O~~sec

Fig 4. OscIflo~~am for the Decomposition of ~~~~
(i~ ~-:~-~~ in Argon)

Numerical data was obtained from each osci11o~~am by measuring the

relative intensity versus time . The procedure used was as follows. A

reference baseline, which w~•s an extension of the zero intensIt y portion

of the trace obtained prior to the arrival of the reflected shock, was

drawn on the oscillogram. Next a smooth curve was drawn through the

trace obtained after passage of the reflected shock wave. The in~tia1

time was chosen as the time—mar k coinr~ident with the ~naxinum intensit y

of the oscillograrn. The relative intensity was then measured with a

traveling microscope and digital voltmeter as described in Ref ]VLI . A

plot of the logar ithm of the relative Intensity versus time yielded

a straight line, the negat ive slope of which was defined to be

Another series of experiments was run IS which a 2.e86 ,fim filter

S (T.4Hfl of 0.22 ,f tm) ,  from Optical Coatings Laboratory , we~ inserted in the

I

Sc -

~ 

~=~
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pinhole/filter assembly of the InSb detectcr ~y.3tem to :nonitor the

forsation of ammonia , ~H
3
. A typical oscil1o~~’am is shown in Fi~ 5.

: ~~ ~~~~~

o$t4~ ~~~Time Marks = lO,fisec

Fig 5. Oscillogram for the Formation of NH~.(i% I - i~. in Argon)

Inasmuch as the emission intensity is increasing with time , a s1i~htly

different method of data reduction was used.

The baseline was drawn through the zero intensity portion of the

oscillograxn and a smooth curve was drawn through the remainder of the

trace. This curve was then extended towards infinity and a li n e tangent

to the curve at this “infinite” point was constructed back to time equal

to zero. This line represented the maximum intensity (i
IV~~~~~~

)  fop- eath

osci11o~ ’am. The relative intensity was then calculated by use of

the following formula (Appendix 
~
)

I — I
1 — 

max measured
reI Imax

where I is the trace intensity at any time between 0 and Iafiriity.measured

In addition to the two series of tests described, another series was

run with a 5.230,m filter (F~JHM of 0.36 fim), from Optical Coatings Labora-

16
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_  

Horizontal = l~ C
Vertical 2 ~~•

V; / ~~~~V~

Time I - arks = 1C c

Fig 6. Oscil1o~rarri for the ~.-nissior~ at 5.230flm.
(i~’ I~ J~ in Ar~;on)

Attempts to obtain useable data with the HgOdTe detector system were

unsuccessful . While the detector system was able to detect a st~~al from

the alignment coil , the IR emission from the shock tube du.ring the ~hc.&c

V was undetectable apparently due to detector sensitivity.  The filters

used were 7.597ftm (~~~t- of 0.06,qm), 7.300,rnn (~ T~ - of C.2l~frm), and

5.230 ,km (~~~~~ :V::: of O.36 ,flrl) , all pur chased from Cptical ‘~oatingn Laboratory ,

( - ,

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V
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iv. Results

V To test the compatibility of the data reduction process performed

previously ( ?ef l’~) and presentiy, a series of experiments In which the

total gas concentration was held at 53,~ . mlcron—io:/cc was performed. This

data was numerically reduced as described previously and the activation

ener
~ ’, E , and frequency factor, A , as calculated u3ir.~ a least ~~uarer

technique (Ref 14), were within one sigma between researchers. The

A series of tests at [~-tJ = 83.73 micromoles/cc, as reported by Tchelkin

(Ref i4), was numerically reduced again from the oscillo~~ams and. the

calculated values for E and A were within one sigma between researchers.a

The data thus obtained is also included in this thesis .

The Arrhenius plots (Log kuni vs l/T) for the decomposition at five

different total gas concentrations are shown in Fig 7. The curves were

obtained by a least squares analysis of the data (Ref 14). It can be

noticed that there is somewhat of a fanning out of the curves. This

- 

S 

effect is expected if the system obeys the Hinshelwood-Llndemann theory.

The reason for this is that as the pressure IS increased the activation

ener~~ of the reaction (and therefore the slope of the Arrhenius riot)

V increases until the high pressure limit is reached. Noti~e that this fan

effect is most pronounced at low pressure and is hardly noticeable as the

system reaches its high pressure limit.

In addition to the change in slope , the separatIon between curves

decreases as the pressure Is increased. This result is as expected with a

Rinshelwood -Lindemann reaction. At a temperature of 1667 O~ the logarithmic

difference between the two lowest pressure curves is 0.197 while the

logarithmic differen ce between the two highest pressure curves is O.0~4.4 .

18
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~~~

- 4.40 4.50 5.20 ~~ ~~ 514 0 ~~ 7:20 ~~ sloe 5.40
1O~~4 / T  -

Fig 7, Semi-Logarithmic Plots of k 1 vs l/T for the Decomposition of ~i-~A

These differences correspond to a total concentration power derenderice of

0.78 and 0.32 at the low and high pressure experimental extremes respec—

- tively . The values of the Arrhenius parameters for ITMA decomposition are

given in Table II.

A -

H 
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Table II

Arrhenius Parameters for Monome thylamine Decomposition

I Cr1 (microinoles/cc) E~ (kcal/mo].e) Log A (cc/mole see)

V 

15.32 40.79 ± 0.61 9.27 ± 0.14

27.50 41.17 ± 2.25 9.4r ± 0.52

53.04 44.88 ± 1.62 10.20 ±0.37

83.73 47.07 ± 1.46 10.62 ± 0.33

114.7 47.39 ±0.7]. 10.70 ±0.16

low pressure 35.14 13.50

I high pressure 48.15 10.84
- - V

Figure 8 displays logarithmic plots of k
1 

vs P for various constant

temperatures . The data for these plots was obtained from the Arrheniuz

parameters in Table II. As shown in Section II at the high pressure

limit In the Hirishelwood-Lindemann mechanism the theoretical variation of

k
~~~i 

with concentration , or from the ideal gas law , pressure, is equal to

zero , It is evident that the experimental variation of k~~1 with concen—

S 
- tration is approaching this zero limit • At the low pressure limit the

- 

- Hinshelwood-Lindemann mechanism predicts a linear dependence of kuni ~ fl

-t concentration . It can be seen from Fig 8, that as the temperature increases

the slopes of the lines approach , but do not reach , one . This indicates

that the experimental observations were made in the intermediate to high
- pressure regime. The low pressure regime was beyond conditions that

could be attained in the present experiment • By use of the data points
S ~ from this figure , the values of the Arrhenius parameters, shown in ‘lable II,

for the high pressure re~izee and for the lowest experimental pressure were
— 

~. calculated.

-

~~~~

_
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Fig 8. Logarithmic Plots of kuni vs P (atm) at Various Constant
- Temperatures.

The activation energy, E , at low pressure is 13.01 kcal/mole less
-, 

- than Ea at high pressure • This corresponds to a decrease of about 4RT in

the temperature range under consideration. This decrease is not as expected

from the simple Hinshelwood-Lindemann theory. According to this theory the

difference between high and low pressure activation energies is

E — = (s—l)RT (37)

where S is a number usually taken to be 2/3 the number of vibrational

~ •. 
I fundamentals, which for MMIt is ~ ( l5)  or 10. Thus an activation energy

21
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V difference of about 27 kcal is expected between the high and low pressure

regimes • The conclusion from this discussion is that the 1o~ pressure

regime has not been reached under the experimental conditions used. For

a molecule such as NI~A with 7 atoms this is not an unexpected result. The
9

low pressure regime for such polyatomic molecules may not occur before the

pressure is well below atmospheric (Ref 21:138).

The Arrhenius plots for the formation of NH
3 at different total gas

concentrations are shown in Fig 9. The best fit lines obtained by a least

- V V

- It ‘ 27.50 n:c~.sNoL/cc
e N a 53.04 N1CR~ tOL/~~ft — •3.73 M: CRDSI O4./CC
S
S -

2~r
• U

~rnON~R ~0RNRT I0N

4.40 4.50 5.20 5.50 S.0O 6.40 also 7.20 7.60 sloa I.~ O10u4 / T

Fig 9. Semi-Logarithmi c Plots of kuni vs l/T for the Formation of NH
3 S
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fit , are seen to fan out similarly to those of I~~ • The values

of the Arrhenius parameters for the formation of ammonia are presented in

Table III.

‘-
I Table III

V -~~~ 

-

~~

Arrhenius Parameters for Ammonia Formation

EN1 (m.tcroinolos/cc) Eajkcal/mole) Log A (cc/mole see)

27.50 40 .75 ± 1.49 9.28 ± 0.:,zs.

53.04 44.55 ± 2.09 9.87 ± 0.47

~ I - 
83.73 46.L~.8 ± 1.75 10.37 ± 0.39

The Arrhenius plots for both ~~A decomposition and NH
3 

formation for

different total gas concentrations are shown in Figures 10, 11, and 12.

1 1 ~
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V. Discussion

- The experimental results need to be discussed in the light of the

reasonable mechanisms postulated in Section II. This discussion is an

5

5 
attempt to decide if one of the mechanisms is dominant and if so, which one. F

A relationship between I-NA and ammonia, one of the products, needs to

be established • From Appendix C

I ~~~~~~~~~ (38)

where k is the rate constant for MMA decomposition and k’ is the rate

constant for NH
3 

formation. When the values for k and k’ from Tables II
- and III for [i.iJ = 27.05, 53.04, and. 83.73 micromoles/ce are substituted

into Eq (38), the values for ec of 1.58 , 2.13, and 1.78 respectively are

obtained. If the approximate value of ~ = 2 is substituted into Eq (39)

(from Appendix c), then Eq. (40) is obtained .

= k’[CH
3

NH2J = ~[CH
3NH2J (39)

~~N H J = ~~[~ nTH J (40)
dt 3 2

When this experimental result i~ compared with Eq. (11.1) which was

obtained from Appendix D

S d[NH J = k1[CH NB J (4i)

~ 
j The similarity is re~~i1y ap~~~ent .

~~ 

I: this case k = 2~~~~, wh~th is the
S result obtained for the derived rate constant for the postulated reaction —

V mechanism in Appendix B. The conclusion is that MIA decomposes at twice

the rate at which NH
3 

is formed.

- 
1 In a prior report (Ref 14) it was established that the reaction is

S 

first order in MMA concentration. The present results show that the

power dependence on total gas concentration varies from 0.32 to 0.78.

These two results are strong evidence to eliminate two of the three

27
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S postulated radical chain mechanisms. The model proposed by Hidaka , et al ,

(Ref 12) which is a 3/2 order reaction, is not supported by the established

first order dependence a1thou~ i Ea and A are comparable . This first

order dependence also does not support the ethane ana1o~ous reaction

which is a combination of first and second orders , Additional evidence
-

S - to indicate the dominance of the third postulated radical chain mechanism,

if indeed a radical chain does occur , follows.

Table IV

Heats of Formation for Selected Compounds

Com~pound ~ Hf (kcal/rnole)

— cH4 —17.889 
-

V 
CM, 34.0 

-
I cH3~•CM3 —20.236

CH2—CH2 12.496
- CH CH 54.194

NH
3 

-11.4

~
NH2 47.2

CH
3

NH2 -6.7

CM
3

NH 45.4

S CH2-.NH 9.02*

HCN 31.2

*Appendix E

V 
(~ef 5) 

V

S

- V The following heats of reaction were calculated for several of the

1 postulated reaction steps using the values in Table IV,

— I S
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(
~ CH

3
Mt 

~ 
+ H

= 9.02 + 52.104 (4~.4) -

S

= + 15.724 kcal/mole -V

The positive sign indicates end.othermicity, which means that ener~ r would

have to be added for the step to take place.

® cH
3~H + Ci5 + CH2=1~H

= —17.889 + 9.02 — (45.4 + 314.0)

= —88.269 kcal/mole

The negative sign indicates exothermicity , which mear~s that ener~ ’ is

given off and the reaction would occur spontaneously. -;

© cH
3

NH + NH2 NH
3 

+ 0H2-NH

= —11.4 + 9.02 - (45.4 + 47.2)

= —94 .98 kcal/mole

Here again the negative sign indicates exothermicity and. spontaneity.

Since reactions ® and ~ ) are highly exothermic and reaction (1) Is

endothermic, reactions ® and © would be strongly favored ui-er reaction

©. This result would tend to eliminate the ethane analogous decompo —

sition of fl1~.A from consideration,

At this point it should be noted that CH2NH2 and CH3NH have been used
5 interchangeably. This is due to the fact that the activation energies

for their formation are 8.7 and 5.7 kcal/mole respectively (Ref 10).

There would therefcrs be no noticeable preference for the formation of

one over the other. Another point in favor of the interchangeability is

that the bond etren~~hs of C-H and. N-H in CM
3

NM
2 

are 97 (Ref 12) and 92
- - - (Ref 

~
) kcal/mole respectively.

Regarding the three-center and four-center pathways as shown in

S Fig 1, the following informatIon needs to be considered . The expert—

mentally determined rate of formation of ammonia

29
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d[IIH J = - 1 d[cH ~H2J (42)
dt 2dt

would preclude the hydrogen transfer nechanisxn as in Eq (23), the three—

center pathway, since that mechanism would require a rate of formation

S 

of ammonia of Eq (Zi.3)

~LNH J = — ~~ CM ‘
~ 2-~ 

(~3)
dt dt

Also , the odor of cyanide, which is not formed in the hydrogen transfer

reaction, was very noticeable when the shock tube dia~.hragms were changed

between shots.

The four-center mechanism in FIg 1 (Equations 20-21) involves the

formation of a long-lived imine and would give as products only hydrogen 
V

and. hydrogen cyanide. Since ammonia is formed. in the present experiment as

evid nced by the IR emission at 2.886 ,‘tm (Ref 15) and preliminary evidence

from gas chromato~ ’aphic analysis indicates the presence of substantial

quantities of methane, this mechanism cannot be the dominant one for the

decomposition of 1IMA. The experimental rate expression (Ref 17) V

-d[cH NH J = k[CM NH j.28 (22)
~~ 

3 2 3 2

- 
5 

differs substantially from the present results, since different experi-

mental conditions were employed and Eq (22) applies to the entire reaction S

scheme . The present experiment deals with only the first few reaction

steps and no valid comparison can be made between the two rate expressions.

A final consideration is pertinent. Since the high pressure activation

energy in the present case i~ substantially lower than the estimated 79

kcal/mole C-N bond strength in NflA (Ref 5) and all other pathways having

been eliminated , then it must be taken that a radical chain mechanism is

operating. The first step in this radical chain is postulated to be c~

bond seissure and the mechanism described by Equations 24 through 29 is

taken to be the dominant one for the decomposition of MW .

30 - 
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Attempts were made to monitor the IR emission at 7.6, 7.3, and 5.23 /fm

with the HgCdTe detector. Although satisfactory optical alignment was made

on the HgCdTe optical system using a glowing coil (Ref ‘J~), no useable

osci11o~~azris were obtained during a test. The signal to noise (Si~)
- V 

- ratio for the H~CdTe detector is 3x10
3 which compares favorably with the

~~ ratio for the InSb detector of L~x10
3. The detectivity , D*, for the

S 

HgCdTe detector is 8x109 cinHz~/watt , whereas D* for the InSb detector is S

24x10 cmHz’~/watt. This means that the HgCdTe detector is 1/3 as sensitive

as the InSb detector. The maximum oscilloscope trace value was 3 m v for

any given shot when detected by the InSb detector. According to the

specifications supplied by SBRC , the noise level of the HgCdTe detector

is 6 my. Therefore any expected signal from the HgCdTe detector during

a test would be completely masked by the noise. Until a more sensitive

I detector system is obtained, IR observations of this particular reaction

will be severely limited at wavelengths longer than 5.5 microns.

I -

(
5

I~~ 
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VI. Conclusions

As a result of this study the following eonclusicns are drawn:

1. The high—pressure Arrhenius equation was determined to be

-
~~ k = ,o10~~

4 1~E~,15o/~T
uni(I~~oo) V C

- 2. The decomposition of jJVJ~ is unimolecular and the 1-linsheiwood—

- Lindemann model is an adequate representation.

3. Ammonia and methane are formed as products in the decomposition

of monomnethylamine.

1 4. The rate of disappearance of i-Zi- A is twice the rate of formatior
V 

of ammonia
S 

~[NH3
] = - 

~H dt 2 d t

5. The dominant reaction pathway is taken to be CN bond. scissure

followed by the radical chain mechanism as described by Equations 211.

I through 29.
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VII. 1~ecominendations

The following recommendations are made to determine more precisely

the mochanism by which monomethylamnine decomposes arid also to present

- further areas of interest which should be explored.

1. Single—pulse shock tube studies in conjunction with vapor

~~ase chromato~~ai-kiy should be completed on - -TA decompositIon to deter— —

mine the product composition.

2. A detector/preamplifier system should be obtained to provide a

S/N ratio of 3xl03 and D* of 24x109 or better for the study of the

decomposition of ~-~ A in the IR region above 5.5 microns.
I 3. Shock tube studies should be begun on the decomposition of NYA

in an oxygen/argon mixture with an appropriate product analysis to -

V

determine the reaction mechanism by which NO~ pollutants are formed.

P1 -
tV

-
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S The postulated reaction steps are

— CM
3 

+ ‘“‘2 (i)

CM
3 

+ CM4 + 
~~~~~~~~~ 

(2) V

+ H (3)

H + CM3~ii2 H~ + CM
2
I~rL2 

(14-)

H + CM ..- cH,~ (5)

j The rate equations for this mechanism are

1~~~3~~
2] = k

1
[~~ H

3
NH

2
J + k2[CM3NH2J[~~I

3 
+ k4[GH3NH2J[H (6)

- 

-~ ~~ [CH
3
] = k1[CH

3
NH2J - k2[CH

3
NH2J[CH

3J - k
5
[cH

3
][IIJ (7)

d[HJ = k
3
[CH NH J - 1c4 [Hj[CM NH2] - k [CH IHJ (8)

~~~H2NH2] = k2 31CH3NH2] - k3[CH2NH2] + k 4[H][CH
3

NH2] (9)

Assuming the steady state approximation for Eq (7) yields Eq1 (io)

k1[CH
3

NH2J = k2[CM
3J[CH

3NH2] + k
5
[CM

3
J[H] (io)

I: Solving Eq (10) for LCH3J yields Eq (ii)

[OH ] = ~~ d1~3NH2j  (ii)
‘ k LCH NH2]+ kL ~]

Subtracting Eq (8) from Eq (7) yields Eq (12)

- 
k1[CH

3
}1H2J - ~3

[CH2NH2J - k2[CH
3ICH3NH2J + k4[H][CH

3
NH2] = 0 (12)

V;
~ i Solving Eq (12) for [cH2NH2j  yields Eq (13)

-
~~

[OH2~n.i2J = [CM
3~r~2J( 

2 3 4 ) (‘3)
Assuming the steady state approximation for Eq (9) yields Eq (i4)

k
3

[CH2NH2] = k2[CH
3ICH3NH2J + k4[HICH

3
NH2J (14)

Solving Eq (14) for [CH2NH2J yields Eq (15)

k~[ C H J + k [ H J
= — 

~~ 
—) (‘IS)

~
L1

~~ - A
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Equat in~ Eq (13) and Eq (15) yields Eq (i6)

- k2[0H
3J + k4[H’ = L,[C .3~ + ~~[HJ (i6 ) 

5

3o1vIr~ Eq (16) for [ ‘iv yields Eq (17)

[O?
3
J_

~~~~ 

(17)

Equating Eq (ii) and Eq (17) yields Eq (18)

~~~ ~“2-~ “It (~~‘)k2LdH3
NH2~ + k~LHjj 2k2

Solving Eq1 (ie) for [H] yields Eq (19)
t

V [H] = .~~[cH3NH2J (19)
5

- 
Substituting Eq. (19) and Eq (17) into Eq (6) yields Eq (20)

-~[CH
3

NH2J = k1[CH
3

NH2J + k~[OH
3NH2J~~— + k4[CM

3NH2J~~[CH
3

NH2J (20)

S 
Collect ing like terms yields Eq (21)

~iOHfm2J = ~k1[OH
3

NH2J + ~~~~~~ I
3NH2~~ (21)

38
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-
, The proposed reaction steps are

‘~1!
3
NH

2 
— CM

3 
+ NH2 (i)

CU3 
+ CM3~~I2 ~¼ + (2)

CM
3 

+ CM2i~ L, -. + ~4i
2

-
~~
Ij (3)

V 
NH2 + CM

3
L.-~2 ~ NH3 + Ch2NH2 (4)

NH2 CM2~L2 NH
3 

+ Cu2=N

CH2=NH — H2 + HON (6)

The rate equations for this reaction are

-4ECM3NH2j  = £{

]• 

H3Nh2 + k2[cH3ICM3NH2] + k4[NH 2IcH3NH2] (7)

~~[OH
3
] = k1[OH3NH2] - ~ [CM31~2ICM3J - k3[SH3IcH2NH2J (8)

d[NH2] = k1[CM3NH2J - k4[NH2IOH~Ni-!2] - k5[1-rH2ICM~~H2J (9)

.~[cM2r~H2J = k2[0H
3J[OH3NH2] - k [OH3ICM~-1H2J + k4[NH2ICM,

rH2J

) - — k
5
[NH2ICH2NH2] (io)

I Assuming the steady state approximation for Eq (io) yields Eq (II)
V 

[CH2NH2](k3[CH3J + k
5
[rTH2

]) = [OH3ITH 2](k2[c1~3J + k4[NH2]) (ii)

Solving Eq (11) for [CH21-~H2J yields Eq (12)

/k2[cH J + k~[NH J
[aH2NH2] = [cH

3
NH2J(,~k L + -

Assuming the stead3j state approximation for Eq. (8) yields Eq (13)

(k
1 

— k2[0H
3
J)[cH

3
NH2] = k

3[cH3J[OH2NH2] (‘3)

Solving Eq (13) for 
~~~~~~~ 

and substituting into Eq (12) yields Eq (14)

fk [CMJ+k [NH J V
- k2[CM,ICH?TH2J - k

3
[CH

3
][ J 2 ]

~~ k

2

LCM

3] 

+ k
5L1;H21) = ~~ (iLi ) 

S

Solving Eq (14) for Ic1 yields Eq (15)

[CM3] + k4[NH 2J )
— 

= [CH,][k2 + k
3(~~LOH J + k

5LNH2J)~

11.0
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Assuming the steady state approximation for Eq (9) yields Eq (16)
, r:1. • -. • r . ,  ~ r .., -:

~k1 — k4L~.h2J)LJ~3~-H 2~ - s L ~.tI 2JLCM2~ a~2..) 1

Solving Eq (16) fcr [OH2IrH2 and substituting into Eq (12) y~elc~’ Eq (17)

1k [~~ J +

k1[0H
3

NU2 — k,~ [CM
3
I~~ U

3
I:H 2 

— k rECM3JLCu3NH2J~~~~.i~~i + k I ~H;J) 
= 0 (17)

Co1vix~ Eq (17) for k.~ yields Eq (IC)

( fk2[CH J + k4[NH J\ )
Ic1 = LNH2Jtk4 + ksI!~ LOH J + k~Li:H J)~ 

(18)

Setting Eq (15) equal to Eq (18) yields Eq (19)

[OH + k ~k2[cH3J + k4[NH2]\1 - [r Jck + k 
(k2[CH3J + k4urH2J

3 ~ 2 3 ~k3LCH3J + k
5LNH2J)) 

— -.H2 ~ 5~k3
LCH

3
] + k5LNH2J (i9)

~ cpanding Eq (19) and cancelling like terms yields Eq (20) V

S 

~~~~~~~ 
= ~~[C}I

3
], wtiere (-

~ )~ 
(20) 

-

~

Substituting Eq (20) for [rH2] into Eq (15) and solving for [OH
3
] yields

Eq. (21)

r k,k3
+k,k5p

L 
~ 2k

2
k
3 

+ k2k~~ 
+ k

3
k~ô (21

Substituting Eq. (21) into Eq (20) yields Eq (22)

Dm 1- 1 
k
1

k
3

+ k
1

k~~
,

~~ \
2 \2k2k

3 
+ k2k~ g + k3y)~ 

(22)

Substituting Eq (21) and. Eq (22 ) into Eq. (7) yields Eq (23) —

-d[OH
3
NH

2
J - (k + k ( k

1
k
3 

+ k1k~fl \ + ~ 
( k

1
k

5 
+ k,k~fl \ ‘it (2 )

-
: -~~ LCH3NH2IJ ~ 1 2\2k2k.3 

+ k2k? + k3k~fl) ~W
6\2k2k3 

+ k21C? + k.3k,/)

~ cpanding Eq (23) and collecting terms yields Eq (24)

(24)
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The generalized rate equations are S

Li 
~~~~ 

NH.,] = (i)

U-  - 
dt 3 ’  - S

d[I:H3J = k ’[c 3~N.,j (2)
dt

V 

The concentration of I-~~ at any time t is given by Eq (3)

S 

~~~~~~~~~~~ ~3~~~2~~i 
— 41-1H3J (3)

wnere cc is a proportionality constant.

Substituting Eq (3) into Eq (2) yields Eq (Z~)

3
] = k’ 

~~~3~ ’2~i 
— ~LrH3J)

I Dividing both sides of Eq (4) by [CH
3

NH2J1 yields Eq (5)

d[NH,JLOH~~~~J 
= Ic ’ (1 - 

LCH3NH2J1)

- 
Setting ECH3

NH2J1 = c [NH
3Jf~ Eq (5) becomes Eq (6)

_ _ _  

c(NH ]

= k’(l - 
~j_I-:H

3J )  
(6)

V 
Rearranging Eq. (6) yields Eq C~) 

I

IH
33LI~~~Jf 

= ~k’(1 
- (7) 

-

V

Since the intensity of emission is directly proportional to the

concentration (Ref 8)

/ [i~i i ]~~ i — i
- _ _ _ _ _ _  — — max measured

~ LNH3J1.) rel ‘m ax

- 

Substituting Eq (3) into Eq (i) yields Eq (8)

-~[cH ~~2J = k([OH NH2]i 
- o [NH J) (8)

S i -  dt 3 3

Dividing both sides of Eq Ce) by [oH3rh2J1 yields Eq. (9)

_ _ _ _  

.c[N H J
_d[OH?H2JLOH

’NH _, = k(1 - LCM~ H2J~) 
(9)
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Settin~ LCM3r1I2]~ = ~~~~3Jft Eq (9) becomes Eq (io)

U ~[r~~J
- 1 3 2 ~LCM3

:
~2 i  

= k~1 — (io)

3earran~4ng Eq (io) yields Eq (1].)
- 

3
~~
21LCM

~
NH2ji 

k~1 - (11)

V
S Equating Eq (11) and Eq (7) yields F4 (12)

i D~HJ ~~ / [NH ] S
-
~ k~l LNH

3
J )  

= ~k’~ l - 

L~~~i) 
(12)

Cancelling like terms yields Eq (13)

Ic c~k ’ or o(= (13)

1~~~

_ 
1
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Using the equations from Appendix B, the derivation of the rate

I equation for the formation of NH
3 
follows • The equations from Appendix 3

will be deni&iated by an asterIsk ( *) .

Ths rate equation for the formation of NH
3 

is

+ k 6~N}j2i~~
j
2NH 2J (i)

~ub:tituting Eq (l2 -~) into Eq (1) y Ie1d:.~ Eq (2)

/k L C M J + k1~ LcH]
~Li~i3

] = k4[NH21OH3NH9] + k
~~~

IVH
2

][CM
3
NH

2
]~~k

2

L~~~
J
1 .~~ 

(2)

f Substituting Eq (20*) into Eq (2) yields Eq (3)

- k [
~~ 

] +

- ~[~~3
] = k~p[OH

3IcH3NH2J + k~~LOH 3JL 11H9J(.
2
Lrr)J +

Collecting like terms yields Eq (4)

Ic
d[NH

3
] = [OH3I~I3 2]~k~~ + 

+ k5fl)~ 
(4)

Substituting Eq (21*) into Eq (Li-) yields Eq (5)
k1k + k k Ic2 +

= [cH,NH2](2 k k  + k2k~~~+k3y)~~
LW0 + k?(k +

fr~ J Expanding Eq (.5) and cancelling like terms yields Eq (6)

- - 
dLNH3J = (6)
dt

~~
_ 

Restating Eq (24*) yields ~~ (7)

~[OH3~ i2] i~ [CM~ 1~2J (7)
2dt

Equating Eq (6) and Eq (7) yields Eq (8)

- 
- 

I ~.ENH3J ~l ~~OH3NH2] (8)
dt 2 dt

~~~V~~ Vj ~
S V

( 
~~~—

- t - 1
46
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An estimate of the heat of fomation of ~Ii2=NH was determined in the
- 

I~ —) following manner. All values are in keal/mole. The heat of fornation
I 

for Cu2=~~i2 lies between the heat of formatIon for CH
3
-’~i

3 
and CHICM .

—cH •j 
t

~a1lculated: ~~Hf( r ~., = 1~~~~~L
3 51 

~~~~
“ 16.979

- ‘~~2 ‘2’ 2
- V~ A ,.  i ,

- 
~~~~~~~~~~~~~~~~ ~~~~ = L~.’+ 0o

± S ‘~~‘2 ~“2’

~~(CM2=CM~ ) ~~~
Hf ( l 1 t d )  ~~

hf(actua1)

The heat of formation for CM2=NH should lie between CM~-1.}j2 and HC~J

-CM ) +
Calculated: 

~~Hf(OH =NH ) = 3 3 “ = 12.25

-
~ The actual value is unknown , therefore the following approximation was

S 

used to compute the difference between the calculated and “actual” value. V

fbif(~ 1 =i-;H)calculated\
~ ~(cH2=cH2)(~~- 2 

= 3.23
\ f(0H2=CH2)calculated)

“Actual”: 
~
Hf (OH H) = 

~~f(OH2=N}i)calculated 
— 

Y(CM2 NH) = 9.02

- 

j  

I

A.
3. V

‘I
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23 . Abstract (Continued)

-~~ temperatur e ran~e ~rz~ i2?~ to 2L~O0 ~ and the total pressure rar~ed from
I to 10 atmosp-~e-re~- . The va1ue~ for the Arrhenius parameters for the
decomposition of monomothylamixie and. the formation of ammonia were deter—

, mined usis~ a least squares analysis. Th~~~~~h~~~essure Arrhenius ex—
;-:e~-~Ion for the decomposition is k = ~~Q1O1

~~ e~~ ~~~~ it was
dLco;-~red that the i-ate of amI~on!a fó~mation was one—half the rate of
moncmethylamlne deeo nposition. The most probable reaction me chanism was

F:. d~t~r~dned to be C-~ bond scissur e followed by a radical chain to produce

r aa~Lon a, methane, hydro~en cyanide , and hydrogen .
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