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INTRODUCTION

The thermel decomposlition eof 2,2'-azo-bis-~-isobutyronitrile
to produce free radleals has aroused recent interest in in-
dustrial polymerization chemietry. In this light, academic as
well aes industrial research laboratories have endeavored to
explalin the exact mechaniem of this decomposition.

The efficlency of free radlical production in the decompo-
sltlion of 2,2'-azo-hig-isobutyronitrile has been found to vary
conslderably depending on the sgolvent used for this decomposi-
tion., The so-called “cage effect" has been used to explain
thie inefrficiency. Recently it has been shown that an inter-
mediate, dimethyl-N-(2-cyano-2-propyl)-ketenimine, is formed
during this decomposition.

Thies work wes initlated in the hope of furthering the
underctanding of thie much talked about “cage effect” by ob-
serving quantitatively the effect of this intermediate,
dimethyl-N-{2-cyano-2-propyl)-ketenimine, in relationehip to
the ineffilclency of free radical production in the thermal
decomposition of 2,2'-azo-big-isobutyronitrile.



HISPORICAL

Through the many years vrior to %oday's svallability of
nhysiecal vpronerty data by instrumentation, the chemicsl
literature has bheen filled by the creative compound synthe-
alzers of yesterysar, From two of these meny crestive mindse
came the first preparations (1) of 2,2'-azo-his-isobutyro-
nitrile. Thiele sand Heuser obssrved that the decomposition
of the compound in bslling water gave a 50 per cent yleld of
tetramethylsuceinonitrile., No other productes were reported,
Later Dox (2) clted thermal decomposition of aliphatic azo
compounds as an excellent preparative method for tetrssub-
stituted succlinioc acld derivstives,

The clessle discovery and study of the free methyl radi-
cal by Paneth and Hofeditz (3) in 1929 gave a great stimulus
%o the intereest of organic chemists in free radleals.

Leermakers (&) first suggested a free radical mechaniem
for the thermal decomposition of 2z0 compounds when it was
obeerved thet fragmente from the thermal decomposlition of
azomethane removed a lesd mirror, At the same time Rice and
Evering (5) observed similer radical properties upon decom-
nosition of 2,2'-azopropane. An early review of allphatic free
redloals ie precented in a text by Rlce and Rice (8).

Although Rice and co-workers opened the door to & wilde

field of free radical sources, sclentific minds dld not



accept this advance until after ¥World War II, At this time
industrizlists were interesgted in a clearer picture of free
radical polymerlization than could be geined by the then ac-
cepted initiators, for example, benzoyl peroxlde.

In 1949 Lewis and Matheeon (7) were the first to show
that 2,2'-azo-blg-1sobutyronitrile and related azo-bis com-
pounds decompose unimolecularly at approximetely the same rate
in a variety of eolvents. This discovery initiasted a flood
of publications dealing with 2,2'~azo0-bhis-isobutyronitrile as
a8 volymerization initistor, and the kinetice and mechanism of
the decompoeition of 2,2'-~azo-bis-isobutyronitrile. Since
much of the available llitersfure reporting 2,2'-azo-his-
isobutyronitrile as &n initiator for polymerization is not
directly related to this problem, the treatise by Flory (8)
end a review by Burnett and Melville (9) give excellent
coverage,

Ae & preliminary step to careful explanatlon of the
mechanism of thermal decomposition of 2,2'-szo~bis-isobutyro-~
nitrile, Bickel and Waters (10) determined the product die-
tribution of the complete decomposition carried out in dry
toluene, which yielded 84 per cent tetramethylsuoccinonitrile,
3.5 per cent isobutyronitrile, and 9 per cent 2,3, 5-tricyano-
2,3,5~¢trimethylhexane, The latter compound has not been suf-

Ticlently charsoterized to guarantee the structure assignment.



Similar isolation (11) of tetramethylsucclnonitrile from
sixtures produced by the decompositlion of 2,2'-azo-bis-
ieobutyronitrile in toluene and in caerbon tetrachloride at
80.0° gave yields of 87 per cent and 96 per cent, resmectively.

The decomposition of 2,2'-~azo-blg-isobutyronltrile pro-

duces 2-cyano-~2-propyl free radicals,

(CHq) c;m = ﬁ-—?(CﬁB)g — 2 (CHy), C. + Ny
N CN CN

Consldering the sbove product asnalyslie, these free radi-

oals nust have several paths by which they can react.

Combination:

2 (CHy)y ? —> (CHq)p ? - ?(GHB)Z
CN CH CN

Disproportionation:
CHB
|
2 (CHy)p C+ — CHp=C-CN <= (CHq) 5C-H
| |

CN CN

Disproportionation is & well established phenomenon (12)

and invelves the sbstraction of a hydrogen atom from one



radlcsl specles by another, forminz two producte, an olefin
and a2 saturated hydrocarbon.

The rates of formation of the mesjor rroducts, tetra-
methyleuccinonitrile (7TMSBN) and isobutyronitrile (IBN), were
reported by Bevington (13), Figure 1, The snalysls was car-
ried out using the isotopic dilution technique with 2,2'-
azo-bilg-isobutyronitrile with & carbon-14 label in the cyano
group.

To determine the amount of isobutyronitrile present, the
acld, the acld chloride, and then the amide were prepared in
sequence. Actuslly the presence of an intermediate (14, 15)
(eee page 20) was indicated by this procedure, since thise
intermediate ylelds the 1lsobutyramlde when these experimental
conditions are employed.

Overberger and Berenbaum (16) geve evidence that free
radicals produced from azo-bisg-nitrilee are relatlively free
in solution since the decomposition of diaestereoisomeric azo
compounds produces ldentical mixtures of stereoisomerio
dimerization products.

The firet order kinetics of the thermal decomposition of
2,2'-azo~pis~isobutyronitrile have been determined by numerous
methode by meny workers (7, 11, 14, 17, 18, 19, 20, 21, 22,
23, 24). Beveral of these references were reviewed by
Walling (25), but there are errors in his compilation., Hence

all of the reported kinetic data available in the literature



Figure 1.

The mole per cent of tetramethylsuccinonitrile

and isobutyronitrile formed at various stages in
the dgeompoaitlan of 2,2'-azo~blg-igobutyronitrile
at 860

Absclesa; Time in hours
Ordlnate; Yield, mole per cent

Tetramethyleuccinonitrile, @ ;.iaobutyronitrile,o






to March 1957 are given in Table 1. The 2,2'-diphenyl-l-
pierylhydrazyl (DPPH) data (21) have been corrected according
to Lyons and Watson {26), The work (21) using 2,2'-diphenyl-
l-picrylhydrazyl as & free radical scavenger hes been disputed
by meny workers (11, 27, 28, 29) on the grounds of the ques-
tilonable stoichlometry of radlical destruction.

Prior to 1952, the efficiency of rsadicael production from
2,2'~azo-ble-1eobutyronitrile was assumed to be 1,00 (18, 30).
Esrly in thet year Austrian workere, Breitenbach and Schindler
(22), reported the efriclency observed in etyrene polymeriza-
tion as lees than or equal to 0.72, depending on whether there
was or wae not chain transfer occurring.

At the same time, in the United Btater, Arnett and
Peterson (19, 31) determined the efficiency of radical pro-
duction by using carbon-l4 labeled 2,2'-azo-bis-isobutyro-
nitrile to initlate polymerizations and then counting the
resulting carbon-14 end groupe in the polymer formed, Under
the conditions of these experiments only s small percentage
of the 2,2'-azo-blg~-leobutyronitrile was decomposed. The
initisl efflolencles for monomere methyl methacrylate, vinyl
acetate, vinyl chloride, etyrene, and acrylonitrile varied
between 0,5 and 1,00 in the order given, Arnett attributed
the 50 per cent efficlency in methyl methacerylate to the un~

gymmetrical cleavage of the initiator.

RB-N = NeR ——> R-N = N' 4 Re



Table 1. Rate of decomposition of 2,2'-azo-bis-isobutyro-
nitrile in various solvents at varioue temperatures

Tenp. Solvent Method Rate Ref,
(oC (10 _{)
sec,
80.0 Glaclial acetic acid N,® 1.52 7
82.0 Glacial acetic acld N, 1.50 19
80.0 N,N-Dimethyl aniline Np 1.83 7
80.2 Aniline Np 1.68 17
80,0 Dodecyl mercaptan Ny 1.46 7
80,2 Isobutyl aleohol N, 1.76 17
80,2 Isobutyl alcohol Ny 1.68 17
82.0 Iscbutyl aleohol LY 1.67 19
80.2 Tertisry amyl salcohol Ny 1.40 17
82.0 n-Butyl elecohol N, 1.55 19
82,0 l-Nitrobutane No 1.h45 19
62.5 Nitromethane Ko 0.134 11
82.0 Cyclohexanone Ny 1.43 19
50,0 ZXylene Ny 0.020 19
60,0 Xylene N, 0.100 18
?77.0 Xylene Ny 0.95 19
80.0 Xylene Ko 1.53 7
80.0 Xylena-f 0,012 ¥ Chloranil No 1.50 7

aThe rate of nitrogen evolution.
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Pable 1. (Continued)

Temp. Solvent Kethod Rage Ref.
(°G§ (103 x
sec.”1)
82.0 Xylene N, 1.b5 19
50.0  Styrene N, 0,0297 22
70.0  2tyrene Ny 0.472 22
62.5 Nitrobenzene Ny 0.179 11
80.0 Nitrobenzene Ny 1.99 20
100.0  Nitrobenzene N, 22.5 20
60.2 Carbon tetrachloride No 0.085 24
62.5 Carbon tetrachloride Ny 0,118 11
74 4 Carbon tetrachloride N, 0.675 2k
77.0  Carbon tetrachloride N, 1.2 4
62.5 Toluene N, 0.136 24
69.8 Toluene No 0.38 17
70.0  Toluene Spectrab 0,40 14
80.0  Toluene N, 1.50 23
80.0 Toluene + 0.10 M lodine No 1.55 23
80.2 Toluene No 1.66+.06 17
80.4  Toluene Spectra 1.55 14
b

The rate of dissppearsance of the ultraviolet spectra of
2,2'-azo-pis~1sobutyronitrile at 360 m ., 370 mu, snd 380

m/b(c
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Table 1. (Continued)

Temp. Solvent Method Rage Ref,
(ch (10 K
sec,” )

90.0 Toluene Spectra 4,886 14
100.0 Toluene Spectra 16.0 14
105.0 Toluene Spectra 26.1 14

62.5 Chlorobenzens N, 0.154 11

744 Chlorobenzene No 0.78 24

62.5 Benzene Nop 0.142 11

69.5 Benzene DPPH® 0, 3l 21

80.5 Benzene DPPH 0.105 21

55.0 Benzene DPPH 0.0473 21

50,0 Benzene DPPH 0.0240 21

45,2 Benzene DFPH 0.01024 21

ho,0 Benzene DPPH 0.00495 21

60.0 Carbon tetrachloride DPPH 0,0364 21

40.0 Carbon tetrachloride DPPH 0.00196 21
60.0  Ethyl scetate DPPH 0.0852 21

40,0 Ethyl acetate DPPH 0.0043 21

®pPpH, 2,2'-diphenyl-l-plerylhydrazyl, wee corrected
sccording to Lyons ané Watson (26)., The rate wae determined
by following the zero order dlesappesrance of the color of
. . DPPH, aesuming a 1:1 stolchlometry.
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In order %o account for thie low efficlency Arnett sug-
gested that the two radicale are not equally efficient in
polymerization initiation. Specifically he ssgumed that the

reaction,
|
R-Np* +  0=c —> R-C-C* + Ny

would occur with high efficlency wheress the efficlency of the
gimple addition ef R+ to monomer wae assumed to be variable.

Bayeal and Tobolsky (32) have reported the efficiency of
radical production in the polymerigation of styrene as a
variable depending on the temperature and mode of termina-
tion of the polymer chain, Assuming, sccording to previous
work (31, 33, 34), that nearly all termination is by combina-
tion, the efficlency of radical production is about 0.76 at
47.8°, about 0.70 at 60.0° and sbout 0.50 at 67.8° if the
energy of activation for the decomposition is chosen equal
to 30,7 kilocsloriees per mole, an average value obtailned from
Table 1 data,

Iodine has been observed by Ford and ¥aters (35) to be &
geavenger for 2-¢yano-2-propyl free radicazle. Experimentally,
2,2'~azo~pilg~-leocbutyronitrile was slowly added to a lesser
molar amount of lodine in boiling toluene., It was reported
that 74 per cent of the lodine stoms scavenged free radlcals,

a8 determined by the oK ~lpdo-isobutyronitrile obtained, Two
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per cent of 2,3, 5-trieysno~2,3,5-trinethylhexane was also re-
ported slong with an unwelghed amount of iscbutyronitrile.
Tetranethylsuccinonltrile was aleo quantitaetively reported,
but it 1s difficult to estimate the value of thisg datum, since
the ratio of lodine to 2,2'-agzo-ble-isgobutyronitrile ic less
than ons.

Bimilarly, 2,2'-azo-big-iscbutyronitrile was decomposged
(35) by elowly sdding 1t to brominc in bolling carbon tetra-
chloride. Although the experiment wag only quallitative in
nature, o ~bromo-icgobutyronitrile was leolated a2 & ma jor
productg.

Bateman s&nd Morrie (36) reported evidence that the
initietion of oxidation of ethyl linoleate, digeranyl, tetrs-~
1lin and other slkeneg by 2,2'-azo-big-lsobutyronitrlile and
benzoyl peroxlde was messurably inefficient.

Recently Hemmond, Sen snd Boozer (11) reported careful
efficiency studies on the initial production of scavengsble
radicals from 2,2'-azo-bis-1sobutyronitrile (AIBN)., Basile
mechenisme to consider are either

X — .
AN —t 2(0Hy) pC0N| + 1y (2-1)

. k
E&GHB)QQCN —E- (CH3) 2C ~ L(LH3)2 + disproportionation
| producte (8=~2)
CN CN '
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. kg .
(OEBJECCH + EScavenger (£) —> steble producte

or (11)

K :
AIBN —Za 2(CK,) 00N + Ny

k
AIBN —2 (CHy)aC - G(CHs), + N
CN CN

(cis, non-radlesl decomposition)
(Gﬁg)gﬂeﬂ + Geavenger (5) —= gtable producte

where

ky = k2-+ kB = measurable rate constang for
decomposition of AIBN,

E‘CHB)2G@ = "gaged" free radlcals,
kc = rate congtant for combination,
ks = rate constant for diffusive separation.

The efficlency factor, s, for each case becomes,

Cage A:
als]

kg
T T T ke [ered,

(A-3)

(A-4)

{B-1)

(B-2)

(B-3)
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or,

Case B:

k.

a 2

i . %7 x [BE,
k k-

2T RTE T RS ¥

The 1limite on g are first that & 1s one; that ie, there
is no “caged" combination (Case 4) or there iz no non-radical
decompoeition (Case B), second that & is zero; that is kg 18
zero, an unobeervable radical decomposition (Cage A) or there
i¢ & complete non-radical decomposition (Case B).

Hammond, et al. (11), used the method of Bawn and Mellish
(21) in following the zero order dissppearance of the scav-
enger, lodine, These results (Table 2) were in agreement with
other data (11, 37) which warranted the inference of initia-
tion efficiencles from oxygen-scavenged experiments, In the
presence of powerful antioxidante, the peroxy radlcals pro-

duced are immedistely converted to unreactive products.
(GHg) 5CCN + 0y —am (CH3) g-CN
0-0-

n {CHg)2C~-CN + Inhibitor —— Producte
\
G~0-
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Table 2. Lfficlency fector dependence on solvent

Bolvent Method a Ref,
Carbon tetrschloride Iz 0.45 11
Oxidation
inhibition 0.43 11, 38
Toluene Iz 0.59 23
Benzene 12 0.62 11
Oxidation
inhibition 0.61 11, 36
Redical
inhibition 0.59 38
Chlorobenzens IZ{" 0.60 11
Oxidation
inhibition 0,57 11, 36
Nitrobenzene Iz 0.75 11
' Oxidation
inhibition 0.73 11, 36
Nitromethane I, 0.74 11
Oxidation

inhibition 0.73 11, 36
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The stolchliometric factor, n, wae substantisted by the 1sola-
tion of producte derived from the inhibitors (37).

An salternate method incorporating the eame principle of
initial zero order disappesrance of lodine was reported by
Hamill of Roy, &% al. (23). fimllar initletor effilclency was
obeerved (Table 2) in toluene solution in the presence of an
eight-fold excess of lodine,

Bevington {38) has reported s decrease in the expected
yield of tetramethylsueccinonitrile (13) by use of the stable
free rediecsl, the oxidized form of N-(3-N-hydroxyanilino-1,3-
dimethylbutylidene)anlline oxide. Thie efficiency fsotor 1ie
tabulated in Table 2.

To explaln theee snomalies, a physiocal "plcture" was
created., As a molecule of 2,2'~azo-blg-isobutyronitrile de-
compoees the two 2«¢yano-2-propyl radiesls formed may, owing
to restrictions in the rotion of molscules in the liguid
gtate, execute many oscillations in 1ts solvent “cage® (39)
prior to diffusing apart., Collislons resulting from mutual
oscillations may result in & chemical combinstion. It hae
been sugpested that these combinatlions be veferred to as
‘primary recombinations® (39), It is extremely unlikely that
recombination occurs with every collision, &t & rate of 1013
aacondu‘l, due to eteric and energetic requlirements.

A more probable value for the rate of combination of

neighboring radioals would be of the order of 109 geconds™l,
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Diffusion out of the cege is estimated (39) to occur at a
small fraction of the collision rate, smaller by a factor in
the neighborhood of 10-3, The mean duration of exietence of
& palr of radlicals ag first neighbore should be approximetely
10~10 seconds; therefore dlffuslon may well be a more rapid
process than recomblination, although this may not inveriably
be true. After a single "jump" out of the cage, there e a
conslderable probablility that the next "Jump” will return the
original pair, and again expose them to the poseibility of
recombination, After two or more "jumpe" spart, a re-encounter
becomes improbable, Thege free radleals are scavengable or
"free ',

This explanation desoribes the model of molecular motion
in liquide proposed by Rabinowiteh (40)., He assumed that die-
placements or "Jumpe" are of the order of & molecular diameter
and require a finite energy of activation.

A similar explanation wee fostered by Matheson (41),
elthough 1t ies not in agreement wlth the sccepted fact that
the chain propagation step in styrene polymerization 1s not
fast enough to compete with a dlffusion controlled resction
(42),

Early papers by Noyes (43, 44) presented an elegant
mathematical treatment of the kinetics of competitive proc-
egsesg wilth an emphasie on diffusion controlled reactions of

resctive fragments produced in palre, A slightly different
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nomenclature was presgented, which in 1t¢self has sadded ad-
vantages., "Primsyy recombination® may be consldered to be
poseible only when reactive palre produced in the “ecage' of
solvent molecules are lees than a molecular dlameter apart.
In thie camse recombination takes plece in a perlod of time

of the order of a vibratian‘(1013 aeeonds‘l) and is certainly
lese than the time between diffuslive displacements (10‘11
seconds). Thiz “primary cage" could concelvably be scavenged
only when an extremely efficlent scavenger is present in a
concentration approsching & mole fraction of unity.

If the reactive fragmente escape the "primary cage" they
undergo random diffusive displacement of the order of a
"molecular diameter with & frequency of roughly 101! geconas=l.
During this random diffusion, a fragment may again encounter
1ts original partner and undergo "secondary recombination'.

If secondary recomblination does not take place within 10-%
seconde, then the chanoce of ceminate fragments re-encountering
1e negligible, Thus, by this terminology, the summation of
primary and secondary recombinetion has been generally termed
the "cage" recombination.

In later papers, Noyes (45, 46) re-evaluated and expanded
previous work to show that current avellable data suggest that
diffusion in liquids involves almost continuous motion and

small individusl displacements, and does not involve "Jumps"
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of the order of a molecular diameter that sre opposed by
significant potential barriere,

There 1ie snother explanation for the low effieclenclies of
radical produetion in 2,2'-azo-bis-~lsobutyronitrlile decomposli-
tion. Hammond and co-workers (11) have suggested that the
szonitrile may undergo a non-radlcal decomposition to give
tetramethyleunccinonitrile directly with expulsion of the
nitrogen molecule {egquation B-2). Such a reaction may in-

volve a trangltion state such ze

which le closely related to the gls-azo compound,

By the middle of 1955, the mechanism of the decomposition
of 2,2'-azo-blg-lesobutyronitrlile seemed falrly well explained.
At this time Talft-Erben and Bywater (14, 15) reported evi-
dence for the existence of e reasctive intermediate formed in
the decomposition of 2,2‘~aze<§;gr1sobuuyron1trile. This
intermediate was suggested to be dimethyl-N-(2-cyano-2-
propyl)-ketenimine (C-1).

( CHB ) zﬁzmﬂwﬂ( 033) 2CN (c-1)

Thig ketenimine is produced by & C-N coupling, (perhaps)
reflecting the fact that some of the odd electron denslty of
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2~cyano~2-propyl radlcal 1s assoclated with the cysno nitro-

gen.

{ CH3) aé-CN <« { 0}53)2C‘~'C=ﬁ

These workere (15) pregented & careful product charecterlza-
tion of dimethyl-N-{2-cyano-2-propyl)-ketenimine, Mild
hydrolysie of this ketenimine gave the lsolatable amidee
(C-2) and (C-3).
0O
2H0 I
(CH3)20=C=N-C(CHg) 30N — == (CHs)2CB-C-NE-C(CHq)(0NH, (0-2)
0 ,
H,0 1
(€-2) ———== (CHy),CH-C~NH-C(CHy ) ,COOH (¢-3)

Staudinger and Hauser (47) reported that ketenimines sub-
etituted by two methyl groupe or two phenyl groups on the
doubly substituted carbon

R
~

R/Gzﬁzﬁwﬁ'

o
i

rmethyl, or

o]
1t

phenyl

are falrly unetable in the presence of nuclecphilic reagents.
Thelr instadility increases upon addition of hydrogen ions,
They further noted that oxidatlive cleavage occurred at the

carbon-carbon double bond at temperatures in excess of 150°,
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The infrared stretching frequency absorption for the
ketenimine linkage { =C=C=N-) was observed (14, 15) at 4.96.u
in close agreement with Stevens and French (48, 49), who
reported infrared date on slmilar independently synthesized
aliphatic ketenimines,

An interesting kinetic approach was reported (14) for
the etudy of the formation of dimethyl-N-(2-cyano-2-propyl)-
ketenimlne upon decompositlon of 2,2'-azo-pls~-isobutyronitrile.
It wag observed that the rate constant for the disappesrance
of 2,2'-azo~big-isobutyronitrile multipllied by the time when
the maximum in the dimethyl-K-(2-cyano-2-propyl)-ketenimine
concentration occurred (ae followed by ite ultravioclet spec-
trum) was equal to one, over a temperature range from 70° to
105°. Other results indicated the presence of dimethyl-N-{2-
eyano~2-propyl)~ketenimine was a result of consecutive first
order reactions., However, their date were lacking the desired
guantitative aspect, since they were unable to isolate
dimethyl-N-(2-cyano~2-propyl)-ketenimine in pure form,

Tel@t-Erben and Bywater (50) later reported the presence
of ketenimine linkagee in polymethacrylonitrile polymerized
with the aid of benzoyl peroxide s catalyst.

A recent mathematlcal treatment of consecutive first
order resctione has been presented by TalZt-Erben (51, 52).

Hie conclueione were used %o explain & previoue paper (14).
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The disecovery of the intermedlate, dimethyl-N-{(2-cyano-
2~propyl)~ketenimine, provided the stimulue for the investi-
gatlion of the subject of thie dlssertation.
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EXPERIMENTAL

Apparatue and Materials

Congtant temperature bs

The constant tempersature bath was of conventlonal design,
incorporating several fesztures to insure uniform constant
temperature throughout. A Pyrex Jar, 16 inches in dlameter,
filled with minersl oll (SBuperla ¥hite, No. 21, U.S.P. Heavy,
Standard 011) wae equipped with four componente. The first
component was & one-third horeepower Cenco stirring motor with
an adjustable gear ratio., The stirrer conslested of two op-
positely vented bladee positioned to avold the formation of
whirlpoole. The second was two heating elements, each regu-
lated by a Varlaec to & temperature Just below that desired,
The third was a Bronwlll Thermoregulator-Thermometer (Chicago
Apparstus Company) adjustable by a rotating magnet over a
temperature range from 0% to 1000 * 0,01°, The fourth was
e Fleher-Serrass Electronic Relay (Fisher Scilentific Company).

The final temperature regulation was meintained with a
150 watt light bulb in connection with the electronic relay
and thermoregulator. The fluctuation limite on the bath

‘temperature were * 0,05°,
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A1l qualltative infrared sbsorvtion specotra were deter~
mined with 2 Baird Associated Infrared Recording Spectro-
photometer (Model B). This le a double beam instrument with
sodium chloride optice which automaticelly recorded the
percent transmlsslion of the solutlon. All spectrs taken
were done using the solutlon sampling or capillary cell

technique.

Eleme ang

All elemental anslyses were done by Geller Microsnalyt-
ical Leboratories, 473 Blanchard Terrace, Hackensack, New

Jersey.

Sesled tube designe

Several designe of senled tubes were found convenientg
for the various experimente. Three designs (D-1, D-2, end
D-3) were used.

1. D-1. Pyrex test tubes (150 x 18 millimeters) were

soaked overnight in & commercial cleaning solution
( "Lekeseal' laboratory glase cleanser, Finger Lakes

Chemieal Company, Etna, New York), Each tube wae



then carefully sorubbed and thoroughly rinsed with
hot weater and with distilled water bétore being dried
in an oven at 125°, Theee scrupulouely cleaned tubes
were gpeclislly cometricted reserving 2 bulb 40 milli-
meters long for the sample. Thie conatriction wase
approximately 25 millimeters long.

2. D-2, Scrupulously cleaned {(as described above) Pyrex
teet tubes, 200 x 32 millimeters, were constricted
in the normel menner. Just below thie constriction
a 3 inches x 5 millimeters (OD) Pyrex tube wae at-
tached, The upper end of this side arm was gealed
end bent to parsllel the length of the tube.

3. D-3, Clean, one-liter round bottom Pyrex flasks were
constricted slong the neck. On the upper bulb sur-
face a 1 inch x 5 millimeters {(OD) Pyrex tube was
attached., The upper end was sealed,

All constricted tubes were annealed overnight at 570° before
use,

All rune were sealed by the same procedure, An efficient
"nig" with 13 outlets connected to stopcocks by Tygon tubing
wae used, Each stopcock wag fitted with the desired rubber
etopper for connection to a constricted tube, Thie "pig" was
adapted for alternate evacuation and nitrogen flushing. All
gamplee were frozen in a dry ice-trichloroethylene bath at

-80° prior to initisl evacuation. The cyellic operation of



27

evacuation and nitrogen flushing was repeated three times,
before each tube waes carefully sealed off with & low flame.
In the case of tubes (D-3), the reeulting seal had to be flame
annealed to prevent cracking by subsequent thermal extremes,
All samplee were kept in either a dry ice bath or the
freezer compartment of a refrigerator before and after kinetlc
rune., During & run, a&s each sample was removed from the ocon-
stant temperature bath, its reaction was immediately quenched
thermally in & dry ice bath.
At the deslired time each type of tube could be easily
opened by breaking off part of the 5 millimeter (OD) side arm
(b-2, D-3) or the elongated constricted neck (D-1) to release

any containsd pressure.

2,g'»gga*bagaiaubugxronitrile

2,2'-Azo~-bis-1isobutyronitrile (Blue Recrystallized Crade,
Westville Laboratories, Monroe, Connecticut). Filtration of
a saturated solution of 2,2'-azo-bls-lsobutyronitrile in an-
hydrous methanol removed the majority of the blue dye ae &
collolidal precipitate. Cooling the filltrate overnight in a
refrigeretor ylelded almost white crystalline 2,2'-azo-bis-
isobutyronitrile. Several orops of crystals were obtained by
successive removal of methanol under reduced pressure, A

second recrystallization was effected by diseolving



28

2,2'-azo~-his-lsobutyronitrile in bolling dlethyl ether and
cooling. The melting point in & Hershberg melting point
apparatus pre-heated to 95° was 103.5~102&.5G (uncorrected)

with decompoeltion,

Ben &

Benzene {Thilophene fres, Reagent Grade, Fisher Chemical
Company) wae dried with sodium and fractlonated thr-ugh a
four-foot Oldershaw column at a 10:1 reflux ratioc., The frao-

tion boiling at 80.,18% (corrected) was collected,

Bromine

Bromine (Eastman White Label, Eastman Kodak Company) was
used without further purification.

n-Butyl mercaptan

n~-Butyl merceptsen (Eastman White Label, Eastmen Kodak
Company) was used without further purification in all rune
except those cerried out at 62.5°. In the latter cases the
n-butyl mercaptan wae carefully distilled and the middle

frection was collected prior to usge.
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Carbon tet

Carbon tetrachloride (Figher Spectranalyzed Reagent,
Fisher Sclentific Company) wae used without further purifica-
tion, except for Run 98, in which the carbon tetrachloride
was fractionated through a four-feoot Oldershaw column at a
10:1 reflux ratio. The fraction boiling at 76.8° (corrected)

wag collected.

Cyelohexane

Cyclohexane (99 mole per cent Minimum, Pure Grede,
Phillips Petroleum Company) was used without further purifi-

entlon.

Skelly B

Sxelly B (8kelly 0il Company) was flash dlstilled prior
to chromatographic use.

Tetramethylsuecinonltrile was prepared by the thermal
decomposition of 2,2'-azo~bis-isobutyronitrile according to

Dox (2). This substance was purified by successlive sublimations.
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The melting point in a sealed caplllary was 169.5-170,5°

(uncorrected).

X ~Bromo-isobutyronitrile

A modification of the procedure described by Stevens (53)
wag used to prepare o/ -bromo-igobutyronitrile. Twenty-five
grams (0,36 mole) of isobutyronitrile and 98 grame (0,36 mole)
of phosphorous tribromide were mixed together in a 250 milli-
liter three-neck round bottom flask, provided with 2 motor
driven stirrer, water cooled reflux condenser and a gradusted
separatory funnel, This apparatus was cooled in an icebeath
during the slow addition of 58 greme (0,36 mole) of bromine
over & 30 minute psrilod. Mild evolution of hydrogen bromide
occurred when the lcebath was replaced by & heating mantle.
After five hours of heating at reflux temperature the resc-
tion mixture was dletilled. The collected fraction boiling
between 135~1H3° wag 8 colear yellow liquid. The residual
bromine was removed by waehing thig fraction, dlssolved in
diethyl ether, with a saturated agueous sodium bisulfrite
solution, Hedistillation gave 29.0 greme (54.5%) of water-
white o ~-bromo-isobutyronitrile, bollingz point 137.5-138°
(uncorrected) and refractive index, n25-0 = 31,4437, The

molecular weight determined by the method of Victor Meyer
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(54) was 149, t 4,, using five experimental values. The

theoretical molecular weight 1s 148,0,

Dimethyl-N-( 2-cyeno-2-propyl)-ketenimine as reported by
Talat-Erben and Bywater (14, 15) was shown to exiet as &n
intermediate in the decomposition of 2,2'-azo-blg-isobutyro-
nitrile. However, they were sble to 1solate thie intermediate
only in a grossly impure state, hence all mejor phyelcal as
well as kinetle propertles were unobtalinsble, These workers
(14, 15) reported a characterietic infrared band (8) at 4.96 «
in accord with the reported (48, 49) infrared absorption of
independently suthentlc, syntheasized aliphstic ketenimines.
Further, dimethyl-N-(Z2-cyano-2Z-propyl)-ketenimine absorbs
weakly in the ultraviolet &t 287 mu (15) salthough the re-
ported extinction coefrficlent 1s questionable. Consldering
this information it wae found that dimethyl-N-(2-cyano-2-
propyl)-ketenimine 1s present as an intermediate in the ther-
mal decomposition of 2,2'-azo-bhis-isobutyronitrile in carbon
tetrachloride, benzene, cyclohexane, and glaeclal scetic acld.
It is understandeble that Tal8t-Erben and Bywater (14, 15)
hed difficulty in isolating & felirly pure gample of this
ketenimlne since the remaining reactant, 2,2'-azo-bis-

isobutyronitrile, and the major product, tetramethylsuccino-
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nitrile, are very esoluble in toluene and in benzene, ap re-
ported here., However, it has been found that the reactant
and major product are insoluble in cyclohexane at temperatures

that spproximate the Treezing point of cyclohexane.

Typlce e atlon

In & typleal preparative run, approximately 15 grams of
elther recrystallized commercisl pure grede or commercial pure
grade 2,2'-azo-bls~-isobutyronitrile and sbout 300 millilitere
of pure cyclohexane were placed in a speclally designed flask
{D=3), 'This flask wae attached to an evacustlion apparatus
and frozen in & dry ice-trichlorcethylene bath. “hen the
solution was completely frozen, the flask was evacuated and
flushed with nitrogen gas for three consecutive cycles. The
reaction flask wae sesled under vacuum,

It wae found, as willl be explalned later, that the maxi-
mum concentration of dimethyl-N~(2-cysno-2-propyl)-ketenimine
occurred after approximately 140 to 160 minutes at 80.9%,

This one-liter reaction flask was immersed ln the constant
temperature bath meintained at 80.9 * 0.05° for 150 minutes.
The flask was then cooled repldly and the contents were
allowed to freeze £0l1d before releasing the nitrogen pressure

built up by the decompoeition of the 2,2'-sazo~-big-isobutyro-
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nitrile. Thle was simply eccompliched by carefully breaking
off & sectlon of the slée~-arm.

Le the cyclohexene thewed, it wes Anmedistely filtered
with suction to separste the solution from the ineoluble
reactant and products.

The golvent wes elowly removed at reduced pressuree, with
no heating, as the deelred ketenimine is thermally unetable,
The five milliliter yield of light yellow oll deepened in
color upon standing at room temperature. Sfeveral reactions
carrled out in this menner yieléded 90 per cent pure dimethyl-
N-{2-cyano-2-propyl)-ketenimine.

£ later prepsretion, more economlcel of time and of
hendling loss of ketenlimine, was cerried out in & three-neck,
five llter, round bottom flask provided with a mechanical
getirrer, & reflux condenser, e drying tube containing Drilerite,
and & nitrogen bubbler. The nitrogen ges wag purified by
passing over hot copper turnings (55). Three liters of pure
eyclohexane waes flushed with nitrogen for one hour prior to
heating to reflux temperature, then 200 grams of 2,Z'-az0-
big-isobutyronitrile was added qulcekly. The reflux {empers-
ture was maintained for 145 minutes., The flask was then
etoprered and rapidly cooled In e ealt and 1ce water mixture,.
The solutlion was removed by decanting from s nearly frozen
mixture in 700 milliliter vortions &nd the cyclohexane was

removed as nreviously described. A 25 gram yleld (15 per
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cent) of dimethyl-E-(2-cysano-2-propyl)-ketenimine wes 1so-
lated,

It wag noted in an earlier preperation that dimethyl-N-
( 2-cyano-2-propyl)-ketenimine could be moleculasrly distilled
in high vacuum. Ffeveral types of distillatlions were attempted
in an effort to purify this keteninmine,

4 minlature, one plece, Clalsen head and condenser were
attached to the veouum system described by Tanaka (56).
Pietillation through thie apparatus approximstes one theo-
retical plate. A{ e vacuum aprroaching 103 millimeters of
mercury and a temperature of 35° in the bath surrounding the
dletillation pot, evaporative distillation occurred,

Fractione of the orlginal distillate were worked up by
varlous methods to effect purification.

1, One frection, cooled slowly in an ice bath, was
fractionally orystalllized by soratching the eside of
the container. Prlor ¢to complete crystallization
the supposed supernatent ligquid was decanted with a
speclally deelgned suctlion filter,

A one millimeter (ID) eapillary tube was con-
structed in a "UY ghape. At one end a standard taper
male jJoint with vaouum take-off wae incorporated,
while the other end was ground and polieghed flat to
accomodate & small circular fillter paper, The

polished end wae sufficlently long to reach the
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fluld erystals. The purlity dld not ineresase eso this
approsch was dlscarded,

An elghteen inch Spinning Bend column {Neeter and
Faust, Exton, Pennsylvania), with a multiple take-
off adapter was attsched to the above mentioned
vacuum line (56)., Distillation occeurred at approxi-
mately §O° and s vacuum of the order of 10”2 mil1i-
metere of mercury. The distillation data by this
technique can only be approximate in nature since
conglderable diffioculty was experienced in avolding
leakse around the gtandard ball Joints without the
ap-lication of excess Aplezon K grease (Metropolitan-
Vickers Eleetrical Co., Ltd,, England). ¥ith an
excess of grease the vacuum could be malinteined for
perhape an hour, but greasse contaminetion appesred
in the distlllate,

Successive one plate distillations at 22° (3 x 1077
millimeters) ylelded a water-white 1liquid, freezing
point, 12.7° and refractive index, n25° = 1.44713,
The celoulated molecular welght for CghHy N, 18 136.19;
by freezing point depression (57), 136. + 4. The
Anfrared speetrum of pure dimethyl-N-(2-cyano-2-

propyl)-ketenimine is given in Figure 2.

% c&lc. for GBHIENZ: C, 7@;55; H, 8‘\88; N, 20.57.

Found:

Cc, 70.63; H, 8.94; N, 20.69.
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£tendard of purity. Method 1

Dimethyl~N-(2-cyano-2-propyl)-ketenimine readily hydro-
lyzes in & elightly acidic eolution (14, 47) giving water
soluble amides, while the expeocted impurities 2,2'-azo-bis-
isobutyronitrile and tetramethylsuccinonitrile are not appre-
¢lably soluble in the hydrolyzing solution. A semple deter-
mination of an analytiocal welight of dimethyl-N-(2-cyano-2-
propyl)-ketenimine wee carried out in a centrifuge tube with a
female standard taper Joint at the top. Ten milliliters of
distilled water and 2.5 millillters of one normsl hydrochloric
acld were added. The tube was etoppered and vigorously shaken
over a 24 hour perlod. The precipltate was filtered quantita-
tively, washed with distilled water, and pressed between dry
filter papers with suction., This precipitate was transferred
to a tared screwcap viel, weighed, and carefully dried by ad-
mission of a cup contalning several orystals of Drierite., After
several dasys, the cup was removed and the vial was again
welghed.

Similer blenk determinatione were carried out on pure
2,2Vws8z0~-bis~-1isobutyronitrile and on pure tetramethylsuccino-
nitrile, It was found that up to 11 milligrams of 2,2'-agzo-
bls~1sobutyronlitrile wae soluble under these conditiones, and
up to 18 milligrams of tetramethylsuccinonitrile was soluble.
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Evendard of purity. Method 2

An slternative snalytlical scheme waeg deviged to determine
the purity of dimethyl-N-(2-gyano-2-propyl)-ketenimine,

An anslytical weight of dimethyl-N-{2-eyeno-2-propyl)-
ketenimine was diluted volumetrically in carbon tetrachloride.
An aliquot of thie ketenlimine solution was added to a 300
milliliter erlenmeyer flaek contalning a glass-covered magnet.
Several small pleceg of dry ice were added prior to the addi-
tion of an sliquot of 0.1 normsl lodine (58) calculated to be
in excess. Care was taken to keep a positive supply of dary
1ce in the flask to exclude oxygen until the titration was
completed. A volume of glacisl acetic acld equel to the
volume of ketenimine sample was added after two to three
minutes of vigoroue etirring with an external magnet. A%
this time a volume of distilled water twloe that of the sample
was added, The excees lodine wae titrated with 0,046 normal
godlum thiosulfate immediately. Prilor to the end-polint a
large volume of dlegtilled water was added to improve the
visuasl starch-~iodine end-roint in the presence of acetic
acild. The § per cent starch solution was & mold resiestant
solution in formamide prepered ss reported by Holler (59).

The expected stolchiometry for lodine addition to
dimethyl-N~{2-cyano-2-propyl)-ketenimine is
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IZA+- ::C = 0 = NeR —>= ~¢~é = N-R

Thie rapld addition resction at room temperature was

confirmed by:

1. Infrered spectra! Dimethyl-i-(2-eyano-2-propyl)=-
ketenimine has & sharp peek at 4.96,u. With sddition
of & slight excess of bromine or lodine thls peak is
replaced by a pesk at 5.98 m which ig due to the
—C = N~ stretching frequency.

2. Ultraviolet spectra: Dimethyl-N-{2-cyano~2~propyl)-
ketenimine has an absorption maximum at 287 m_u.
Addition of a slight excess of lodine replaces thie
peak Ly & much gtronger absorbing meximum at lowey
wave length, This ie in agreement with the expected
ebsorption of the —=C = N~ chromophore.

3. An equimolar amount of lodine successfully titrated
pure dimethyl-N-{2-cyano-2-propyl)-ketenimine.

b, The ketenimine concentration determined by the hydroly-
giec method of purity and the iodine titer are in close
agreement, A calculated ketenimine-iodide equivelent
was 0,0178 and in seven determinatione was found to be
0.018 £ 0,001, Ketenimine impuritieg in early samples
determined by Method 1 averaged 21 per cent. Impuri-
tieg in similaer samples by infrared anslysle celibrated

with redistilled ketenimine gave 23 per cent.
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Resctions

The decompositlion of 2.5 gramg of 2,2'-azo-bls-

isobutyronitrile dilseolved in 15 milliliters of bromine in

2 sealed tube (D-2) wae carried out by heating at 62.5° for
glx days., This resction period is equivelent to approximstely
50 half-livee or complete decompoeition, The reaction mixture
was carefully distilled to remove bromine solvent at room
temperature at & reduced pressure. The orange residue wae
dissoclved in methylene chlorlide and the remaining bromine was
removed by an aqueougs sodlium bisulflte wash, The sample was
thoroughly washed with distilled weater and dried over Drlerite.

The drled sample was chromatographed on a 4 x 36 centi-
meter column fllled to approximately 20 centimeters in depth
with Harshaw alumina. The sctlvity of the alumina, according
to Brockman {(80), was between II and III. The aluminz was
used without further activatlion.

Only two fractione could be geparated, the first being s
conglomerate mixture which flowed freely through the column
and was obtained in the first recelver, The welght of thile
fraction waes 5.13 grame, A sodium fuslon anslysis of this

sample indlicated the presence of sulfur (1ead scetate test),
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nitrogen (ferrocyanide test), and halogen (silver hallde pre-
cipitation), The second fraction was removed by & 1:1 mixture
of benzene and snhydrous ether. Thls small sample sublimed at
approximately 120° with & melting point of 138° (uncorrected).
The infrared spectrum indicated thet the sample was not tetra-
methylsuccinonitrile., Known tetramethylesuccinonitrile was

eluted in & test experiment, and dld not appear under the eame

slution conditlione in thie reaction chromatogram.

In run 8, 2.45 grame of tetramethylsuccinonitrile and
15 milliliters of resgent grade bromine were put in a2 sealed
tube (D-2). Thie sealed tube wae heated in a constant tempera-
ture bath, maintained at 62.0%, for six daye. At the end of
this time the exceas bromine was removed under vacuum with the
helyp of several 25 milliliter aliquote of carbon tetrachloride.
A nitrogen bubbler was used to exelude molet oxygen in the alr
and to helr eliminate bumping. The initial yellow residue had
& melting range of 166-168° (uncorrected) in e sealed capil-
lary. The total residue welghed 2.733 grams (95 per cent
recovery by weight).

An analytical portion of thie residue upon sublimstion
yielded white ¢rystalline tetramethylsucclinonitrile melting
at 170.0-171.0° (sealed tube) indicating that the recovered
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reslidue was 95 percent pure, An orange oll, ineoluble in
ether and soluble in methanol accounted for the remaining five
per cent of the initlal residue, Thus, 90 per cent of the

original tetramethylsuccinonitrile was recovered unrescted.

scetic scld

Glaclal acetic acid (250 milliliters) wae used ae the
solvent for the decomposition of 8.30 grams of 2,2'-azo-bis-
isobutyronitrile in a specislly designed flask (D-3). This
exploratory experiment was reacted for 49 hours in & constant
temperature bath at 62,0°, The period of reaction apnroxi-
mates three half-lives of the decomposition of 2,2'«azo-bis~

isobutyronitrile, assuming this Arrheniue equation

X = 6.0 x 1015 e~ Uﬁx}‘i

At the end of 49 hours the solvent was slowly removed at
reduced pressures with the pot temperature held below 40°%, to
avold any apprecisble decomposition of 2,2'-azo-bis-leobutyro-
nitrile. The product mixture (5.71 grams) wae extracted with
ether in a Soxhlet extractor. The residue, frection A (1.40
grams), méltaﬂ at 187° (uncorrected). Fraction A was in-

gsoluble in carbon tetrachloride, carbon disulfide, end
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chloroform, and very slightly soluble in ether, and soluble
in water,

Frection A wae thought to be N-isobutyryl- « -aminoiso-
butyramide (C-2), es reported by Tal8t-Erben and Bywater (15).

Anal. Celed. for CgHygN,0,: C, 55.75; H, 9.37; N, 16.27,
Found: C, 54.6; H, 9.2; N, 16.4.

The Anfrared spectrum of fraction A in a perfluorokero-
sene mull hed the following peaks (units are centimeters-1):
3400 (medium), 3280 (strong), 3190 (shoulder), 2900 (medium),
1845 (etrong), 1810 (shoulder), 1530 (medium), 1450 (weak),
1400 (weak).

Confirmation of this etructure assignment (C-2) for
fraction A& was made by alksline hydrolysis., A sample of frac-
tion A wes refluxed in two per cent sodium hydroxide solution
for 24 hours, acidified with hydrochloric ascid, and extracted
with ether in a liquid-liquid extractor. Evaporation of the
ether from the extract ylelded s white erystalline product.
The melting point in a Herehberg melting polnt appsratus was
148-150° (uncorrected)., This is in agreement with the litera-
ture melting point, 150-151° (15), for H-isobutyryl- d-
sminoisobutyric acid (C-3).

The BSoxhlet ether extract, on evesporation of the ether,
yielded 2.60 grams of & product mixture which had an extended
melting point range, 80-180° (uncorrected), with some sudblims-

tion and decomposition occurring at the lower temperatures.
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Thie extract was separsted into two fractions (fraction B and
fraction C) by fractionsl orystallizetion from ether, Al-
though fraction B (1.85 grams) exhibited a large melting point
range, 120—1800, the me jor portion melted between 170-1800,
This fraction also had golublility cheracteristlics simllar to
fraction A, No further seperation wae carried out. Fraction
C (0.75 grams) melted with sublimation at 80° and decomposi-
tion and melting between 95~1100. Thie fraction was probably
tetramethyleuccinonlitrile and 2,2'-azo-big-1lsobutyronitrile,

high concentrations of n-butyl merca

Dimethyl-N-{2-cyano-2-propyl)-ketenimine (4,475 grame)
wasg decomposed in 250 millilitere of one molar n-butyl mer-
captan in carbon tetrachloride. The decomposlition was com-
pleted in 24 hours in a specially designed flask (D-3) in a
constant temperature bath maintained at 80.8°.

It wag found in ginmllar runs with tetramethylsuccinoni-
trile present, that when the solvent and the excess n-butyl
mercaptan were removed at reduced pregsures, the tetramethyl-
succinonitrile could be lesolated from an ether extresct of the
residue,

Tetramethylsuccinonitrile could not be isolated from the

reaction mixture by this procedure. The sublimate of the
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ether ingoluble resldue, reorystellized from absolute ethanol,
melted at 168.5-170.0° (sealed tube). The infrared spectrum
confirmed this product ass tetramethylsuccinonitrile. The
yield of 27 milligrams (0.4 per cent) was only qualitative

in nature since all previously known procedures with their
accompanying losses were attempted firet.

Decompoelition of dimethyl-N-(2-gyano-2?-propyl)-ketenimine
(1.533 grame) in 250 millilitere of 0.4 molar n-butyl mercap-
tan in carbon tetrachloride was completed in 24 houre at
80.8°, The solvent and excess n-butyl merceptsn were removed
at about 50 millimeterse of preesure with heating of the
distillation pot, The pressure was reduced to about 3 milli-
meters and pumping was continued for two hours. The infrared
spectrum of the resctlion reeidue indlcsted that tetramethyl-
succinonitrile was probably present, but in very low

concentration,

Guantitative Infrared Measurements

It has been reported (48, 49) that kxetenimine linkages
absorb in the reglion of 4.9 to 5.0u4. This corresponde to
the presence of 2 1:2 diene structure., Talat-Erben and
Bywater reported (15) that dimethyl-N-{2-cyano-2-propyl)-

ketenimine in toluene solution absorbe at 4.96.u«.
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The Perkin-Elmer Model 13 Infrered Instrument, which 1l
evallable in these laboratoriee, gave excellent resolutlon
of the 4,96 y peak of éimathy1~n—(aécy&nn~2-propy1)~keten1m1ne
in carbon tetrachloride solution (Figure 3), ueing lithium
fluoride optics and a elit width of 0,500 millimeter. (All
data were obtalned with & 0.500 millimeter slit width unless
otherwise indicated.)
fince relatively few compounds and none of the other re-
action produets of the 2,2'-azo-bie-iscbutyronitrile decompo-
sitlon absorb in the 4.96 4 region (Figure 4), the simplest
infrared method was chosen for following the concentration of
dimethyl-N-( 2-cyano~2-propyl )~ketenimine, The techniquee of
thie method, sometimee called the "cell in--cell out" method,
conelet of:
1. The source ieg turned on and the battery operated
Dengitometer ig warmed up for one-half hour,
2. The Function on the Perkin-Elmer Model 13 is set for
"Direct" reading, the slit width mechanism is set on
"Manual® at 0,500 millimeter, the wave length ie
chogen at 4,964 , and the second shutter le closed
for single beam operation.
3. “ero redistion ig adjusted on the Densitometer scale
while the single beam shutter is shut,
L, When the sodium chloride sample cell of known length
1., determined by 1te Anterference pattern, is fllled



Figure 3. Perkin-Elmer Model 13 abeorption maxima for
>C=C=N- stretching frequency

Absclesa; Wave length in mierons
Urdinate; Per cent transmittance
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Figure 4, (Continued)

Run 26

No. 10774--90,5 minutes resction time
No. 10775--120.0 minutes reszection time
No. 10776-~152.0 minutees resction time
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Figure 4. (Continued)

Bun 26

No. 10777--185.5 minutes resction time
Ho, 10778~-25.5% hours reaction time
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with solvent, the Densltometer scale 1s adjusted %o
. 100 per cent tranemission.

5. A&n aliquot of a semple ls transferred into the clean,

dry ssample cell.

6, The radiation transmittance and absorbance 1ls re-

corded from the Densitometer.

7. Stepe 4, 5, and 8 are repeated with successive

samples.,

A series of standard solutions of pure dimethyl-N-(2-
eyeno-2-propyl )-ketenimine in carbon tetrachloride and in
benzene were uesd to determine the linear relatlionship be-
tween abeorbance and concentration (Figure 5 and Table 3).

Thege linear relationshipe were obtalned from these data,
Carbon tetrachloride, L = 0.750 millimeter

Concentration = (2,577 x 10°2)A - 0.022 x 10~2 (E-1)

Carbon tetrachloride, L = 0,717 millimeter

Concentration = (2.464 x 10°2)4 ~ 0,016 x 102 (E-2)

Benzene, L = 0.750 millimeter

Concentration = (2.648 x 10"2)A - 0,025 x 1077 (E-3)

Benzene, L = 0.717 millimeter

Concentration = (2,531 x 102)4 - 0,024 x 10™2 (E-4)



Flgure 5.

Relationehip between conoentration of dimethyle
N-{ 2-cyano-2-propyl )-ketenimine and infrared
absorbance

(Sodlum chloride cell, L = 0,717 millimeters)

Abscisea; Absorbance

Ordinate; 0.832(Ketenimine) x 107

Benzene solution, O ; carbon tetrachloride
solution, @
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Relationship between concentration of dimethyl-
H-{2-cyano-2-propyl)~ketenimine and infrared

ebsorbance

(Sedium chloride cell, L = 0,750 millimeter)

Run 93
Carbon tetrachloride Benzene

%alar%ey Absorbance Malarigy Absorbance
x 10 x 10
2. 360 0,927 2.189 0.837
1.868 0.753 1.751 0.660
1.400 0,543 1.313 0.512
0.952 0,383 0.878 0,347
0.4786 0.1975 0.438 0.174
0.280 0,1175 0.2863 0.1095
0.190 0,081 0,175 0,078
0.112 0,051 0.105 0.048
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¥Finetlic Runs

1iguid bromine

Semples of 2,2'-azo-big-1isobutyronitrile (1,41 grams) in
1iguid bromine {5 miliiliters, 34 molar) were decomposed in
sealed tubes (D-2) at 80.8° for verying perlods of time,

The exeegs bromine was carefully removed from each sample
by vsouum dletillation at less than 40°. 411 but o small
portion of the reglidue dilssolved in benzene, The remalning
bromine was removed with reagent grade phenol. The resulting
tribromo-phenol and any exces: phenol were removed by washing
with 5 per cent sodium hydroxide solution. The benzene solu-
tion wer washed reneatedly with dletilled water until the
washings lindlioated & pH of 7. The solution was dried for
gt least four hourg with Dpierite, flltered, and the Drie-
rite washed with several emall portions of dry benzene.

The combined filtrate was mede up to 250 milliliters
volumetrically. The resulting concentratione of 2,2'-az0-

ig-ipobutyronitrile were obteineéd by messuring the ultra-
violet absorption epectrum of the flltrate with a Becknman
Model DU Spectrophotometer using the extlinction coefficlents

reported by Back and Sivertz (61)., Figure 6 expresces the



Figure 6. Resolution of the observed ultreviolet spectra
in determining the rate of decomporeition of
2,2'-azo~pig~-1sobutyronitrile in liquid bromine

tbeclesa; Wave length in mu
Ordinate; Absorbance

Obeerved spectra, O; absorbance equivalent of
the determined 2,2'-azo-pis-isobutyronlitrile
concentration, @ ; difference between O and @ , 4
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resolution of this method. The results are tabulated in
Teble 4 (see "Results").

Rate of formetion of dimethyl-N-(2-cyano-2-propyl)-ketenimine

in early analytical method, elmilsr to that reported by
Talét-Erben and Bywater (14), for followine the formation of
dimethyl-N-(2-cyano-2-propyl)-ketenimine upon decomposition
of 2,2'~azo~big~isobutyronltrile, utilized the ultraeviolet
spectrum, Although thls method wes reported to be a success-
ful qualitative procedure in toluene solution, it was found
unmanageable ag & quantitative tool in carbon tetrachloride
solution, Limlted resgults were obtained using a Cary Recording
Epectrophotometer in conjunction with this experimental pro-
cedure,

2,2'-Azo-bie-1eobutyronitrile (6.0 x 102 moler) in
carbon tetrachlorlde wae decomposed 1n scaled tubes (D-1) for
varying periods of time, Each sample was volumetrically
diluted two-fold with carbon tetrachloride and the spectrum
between 290 and 400 m « was recorded. A known concentration
of bromine in carbon tetrechloride was elmilarly diluted and
1te epsctrum wae recorded, Then equal volumes of the reaction
mixture and of bromine in carbon te&rachlerlﬂe were mixed and
this epectrum was recorded. The initial bromine concentration

wag chopen so thet bromine was 1in excess after the sbove
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dilution., Using the extinction coefflclents for bromine in
cerbon tetrachloride reported by Lilich (62), the change in
bromine concentration was obtalned, A 1:1 addlition of bromine
to the carbon-carbon double bond in dimethyl-N-{2-cysno-2-
propyl J-ketenimine was assumed to occur, This would be
expected since Stevens and French (49) reported that chlorine
repldly adde to the carbon-carbon double bond in eimilar
ketenimines.

A survey decompositlon of 2,2'-szo-bie-1sobutyronitrile
in sealed tubes (D-1) was followed by semi-quantitative
infrered analysie (Flgure 4). In these spectra a dotted base
line has been inserted to c¢larify the quallitative revision of
the "base line density" technigue (63) used. The transmissions
of the base line and of the peak at 4.96 « were converted to
absorbances., The absorbance difference between each base line
and peak wasg plotted versus time, indiceting the usefulness of
infrared spectra ae an anslytical tool for this kinetic
analysis,

The quantitative infrared method chosen to obtzln tabular
data in carbon tetrachloride and in benzene solutions hae been
previously described,

An attempt was mede %o observe the rate of formation of
dimethyl~K-( 2-cyano=-2-propyl)-ketenimine in nitromethane and

in nitrobenzene., Nitromethsne was found to absorb strongly in
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the frequency range of the ketenlmine, eliminating the infra-
red ag the analytical tool.

A 8llt width of 1.75 millimeters was useéd when nitroben-
zene was the solvent,

The solvent dependence of the overall formation and
subsgequent dlssppearance of dimethyl-N-(2-cyano-2-propyl)-
ketenimine is illustrated in Figure 7.

Rate of decomposition of dimethyl-N-(2-eysno-2-propyl)-
ketenimine

Dimethyl-N-{2-cyano-2-propyl)~-ketenimine was decomposed
in sesled tubes (D-1) in various solvent systems; benzene,
carbon tetrachloride, n-butyl mercaptan in benzene, and
n~-butyl mercaptan in carbon tetrachloride. The dlisappearance
of dimethyl-N-(2-cyano-2-propyl)-ketenimine wae determined

by quaentitetive infrared measuremente aes previously described,

Styrene (Festman Yhite Label, Eastman ¥Xodak) wee washed

four times with 5 per cent (by weight) sodium hydroxide solu-
tion, twice with water, and dried cver anhydrcus calcium

chloride, The styrene was then distilled in a nltrogen



Figure 7. The solvent dependence of dimethyl-N-{2-cyano-2-propyl)-
ketenimine formation and subrequent dlsappearsnce

Abscigsa; Time in hours st 80,9°
Ordinate; 0.832(Ketenimine)/{AIBK),

Benzene solutionp;carbon tetrachloride solution,@
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atmosphere at about 50 millimeters pressure through a short
Vigreaux column, The center one-third of the dlestlllate was
collected for use.

“amples of dimethyl-N-{2-eysno-2-propyl)-ketenimine and
2,2'-azo-bls-1sobutyronitrile were volumetrically diluted with
etyrene. The dilatometers used were made of preclsion bore
tubing as designed by Kwert (64). Degassing was done by the
freege~-thaw technique with stirring by & magnetic stirrer
during the thaw oycle, Liquld nitrogen was used for freezing.

The sealed dilatometers with dimethyl-N-(2-cyanoc-2-
propyl)-ketenimine and 2,2'-azo-bis-isobutyronitrile as

initiators were run slde by side in the thermostated bath.

ketenimine in styrene

Pure dimethyl-N-(2-cyano-2-propyl)-ketenimine (1.18 x

10”2

molar) was decomposed in sesled tubee (D-1) in redis-
tilled styrene at 70.0°, After one and one-half hours, the
reacted samples could no longer be analyzed by the infrared

due to the wviscous nature of the samples.
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RESULTS

The results of the experimental work appear in Tables 4
through 13,

All accumulated deta on the formation and decomposition
of dimethyl-N-(2-cyszno-2-propyl)~ketenimine as determined by
ultraviolet and infrared #nalyeea aye presented in Tables 5§,
6, and 7.

Values of ketenimine molarity divided by initlal 2,2'-
azo-ble~-isobutyronitrile molarity in Method B in Table 5 are
the average valuee obtained from runs 137, 40, %6, and 87.

Talét-Erben and Bywater (15) reported that water rescts
with dimethyl~N-(2-cyano-2-propyl)-ketenimine at room tempera-
ture, The decomposglition of 2,2'-azo-ble-isocbutyronitrile
(Table 6) in moist carbon tetrachloride gave a well defined
induetion period (Figure 8) in the formation of dimethyl-N-

( 2-cyano-2-propyl)-ketenimine, To determine the initial rate
of formatlion per mole of 2,2'-azo-bis-isobutyronitrile, a
correction was made to account for the 2,2'-azo-bis~-1sobutyro-
nitrile which had decomposed during the induction period.

The rate conetants for 2,2'-azo-bis-isobutyronitrile de-~
composition in carbon tetrachloride and in benzene at tempera-
tures above 62.5° (Table 8) were obtained using this

relationship
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Table 4, Rate constants for the decomposition of 2,2'-azo~
bis~isobutyronitrile in liquid bromine at 80.9°

Run Initisl AIBN® Reactlon time x 10%
molerity x 10%° in minutes (sec.‘l)

83 0.859 72.3 h,6

84 0.963 30.2 5.3

82, 2'-Azo-ble-1sobutyronitrile.

Table 5, Rate of formation cf dimethyl-N-{ 2-cyano-2-propyl)-
ketenimine at 80.9° determined by ultraviolet
analysis of the bromine tiltratlion as compared to
infrered anslysis

Run 26 Method A% Method BA

reaction time {(xetenimine)P (ketenimine)
in minutee ' (AIBN),° (AIBN),
40,0 O.14 0.14
62.0 0.17 0.19
120,0 0.25 0,26
152.0 0.26 0.26
185.5 0,26 0.25

®Xetenimine molarity determined by ultraviolet
analysies of ths bromine titration.

bﬁim@thylmﬁ—(2~ayana-2~proyy13-ketenimine molarity.
®Inttial 2,2'-azo-bis-isobutyronitrile molarity.

dxataniminﬂ molarlity determined by infrered snalyeis
in sinllser runs.
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Infrered absorbance change on formatlon of dimethyl-

N-(2-cyano-2-propyl )~-ketenimine in varloue solvents
at varlous temperatures

Run Solvent

Initial
AIBN®
molarlty
x 102

Resction
time in
hours :min.

A

Cell
length
in mm,

Texp:

68 1°

69 I

5.758¢

5.898%

T8 A 4% 2e A% ®¥ BE se P ** T3 "W

QHOOHOOHNOOO CO0CMWOWDOWIO
CWWHOFHARNENDS ONNWIWHHKHMOO

» @ £ @+ & & & ¥ 2 s 5

oot
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*

* 2 B 5 = = 0

S BGNORATWNND OPOWVMWWWRNFRD
DODCOOODDOOO0 CODODITOIIOOR

S BE RS BE FH 28 ws TS WE aw B S

*

W N

82,2'-Azo~ble-1sobutyronitrile.

bxnrrared absorbanoe.

e[ = carbon tetrschloride.

dCerected for induction period.

0.003
0.007
0.005

0,017

0,031
0,047
0,058
0.096
0.149
0.183
0.260
0.338

0,005
0.0085
0.026
0.077
0.101
0.19?
0.3115
0,446
0.509
0.592
0.627
0.614

0.750

0.750

62.5

62.5



Table 6. {Continued)

72

Initial
AIBN®
mclar%ty

x 10

Bun Solvent

Resction
time in
hours imin,

Ab

70 11° 12.96

71 II

11.18

65 1 5.4939

IT = benzene.

* - - t 3 » »

P H% 29 B B BB BF B2 s Bp WP
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ot
DO PINMHD OEOWMWWIAINNE D

e

LI
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WOOFADO0 D00V VMWIAWIWOO
DHMHARENDS FRNRPFOWHMNSN O
[w o R R R RooTon Ro BEE + R o R R B Ho o Eo Bo Ko R

2% B &% =% 8 BE

T
b

16:01.0
22:03.0
28:13.0
6:10.0

0.010
0.134
0.188
0,241
0.311
0,358
0.411
0.4425
0. 529
0.617
0.732
0.822

0.004
0.116
0,209
0.331
0.4025
0.513
0.616
0.764
0,822
0.823
0.783
0.686

0,0010
0.0245
0.0825
0,093
0.146
0.1615
0.177
0.218

01750

0.750

0.717

62.5

62.5

69.6
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Table 6., (Continued)
Run Solvent Initial Resction Ab Cell Temp.
AIBNE time in length  (°C)
molar%ty houre :min. in mm,
x 10
2:58.0 0.249
Li25,4 @.3“?5
6:02.4 0,405
8:53.6 0.395
86 11 5.356 0:00.0 0.0085 0.717 69.6
0:21.7 0,054
0:49.4 0.116
1:00.1 0.1355
1:32.0 0,186
1:42,3 0.200
2:00,2 0.2225%
2:30.8 0,266
2:57.6 0,289
Biaok,9 0.352
6:01.9 04390
8:583,3 0.392
36 IIIf 6.131 0:00,0 0,0045 0.717 80,9
0:30.0 0,007
1:00,0 0.000
1:30.0 0.000
2:100.,0 0.000
2:120,0 -
2:40,0 o.ogo
3:00.0 —
2:20.0 -8
:01.0 0,000
5:01.5 -

TY1I = carbon tetrachloride - 0.06 M lodine.

gNo date collected.
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Table 6. (Continued)

Run

Solvent Initilal Reactlon
ALIBN& time in
molar%zy hours imin.
x 10

37

38

39

I 6.128

L
-

e EE BP S¥ S B8 3D B
DN T DO
* 2 st ¥ &

»

vt 6.136

. L 4 »

S =S RA AN S8 AS se 68 =% wx B
* » L3 » * E L

OO WOFRROEFND QOO DOND!

-

I 6 .130

* & »

DWAATTIOOTODOLY NMWWNMWVOROTCOO0Y WnDWOoOOOOO

*e B8 B H& 2B S¥ B
L]

ROV D D Ouniainrviininin © OQOOBQOOQO
* . L d - » » *

«r 2% #% »e

h.'f.v = benzene 4+ 0,06 1odine,.

0.002
0.284
0,476
0.569
0.622
0.630
0.604
0,589
0,517
O.L4b2

0,009
0.0075
0.006

-8
-

0.0085
-"-g
’-g
"‘g

0.0025
0.2525
0.370
0,442
0.48
0.47
0.482
0. Ll
0.384
0.307
n.228

0.717

0.717

80.9

80.9



75

Table 6. (Continued)

Bun Solvent Initial Eeaction A Cell Temp.
AIBNE time in length  (©C)
molar%ty hoursinin. in mm,
x 10

Lo I 6.134 0.285 0.717 80.9
0.648
0.557
0.3%6
0.217

0.157

0.281  0.717  80.9
0.486
0.305
0.163
0.102
0.066

0,005 0.717 80.9
0.037

0.074

0.125

0,150

0,1725

0.2075

0.262

0.283

0.731L

»n e
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56 1 4,624"° 60,0085 0.717 80.9
0.027

0.04h4

0.07

0.11

0.131

0.205

0.217

0.298

0.331
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Table 6., (Continued)

Run Solvent Initial
AIBN®
molar%ty
x 10

Reactlon
time 1in
houre :min.

ab

87 I 5,899

88 II 2,312

34 Vl 1.799

6l 11 4, 8684

iV = nitrobenzene, 8lit width = 1.75 millimeters.

v S P4 an AF we S
» L] - »

s = = » ¢ & &

26 0 SH B* S5 wE OB

B R I N OO0 ® MMM WOWNMHOO WuwrHo oS
» [ 3 - . - * *
HETOMHNHOWR S WMOOMO MHNOONGS HORBIIRN O

* - * L ] * * * »

QOO OHODODOO WNMHMHO HHEODODO0OO0OQO HOOOODVO
NOORFNOURWD ONOFE QOHMPMANDT QDOUHMNWMNO

e wE as AR TH e BH KA BB N

0.010
0.034
0.1b44
0.164
0.254
0.434
0.536

0.007
0.281
0.597
0.812
1.03

1.48

1.615

0.022
0.015
0.037
0.033
0.018

0.0024

0.127
0.184

0.2255

0.303
0.338
0,354
0.363
0,284

80.9

80.9

80.9

89.6
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Table 6. {(Continued)

Fun Solvent Initial Fesction ﬁb Cell Temp.
AIBNS time in length  (°C)
molarity  hoursimin. in mm,
x 102
1:20.1 0,243
1:45.6 0.1665
2:11.9 0.1095%
63 I 4,688% 0:00.0 0.0085 0,717  89.6
0:03.7 0.051
0:06.4 0.102
0:09.1 0,150
0:12.4 0,204
0:16.3 0.252
D:22.1 0.308
9330.5 0.357
0:40,5 0.393
1:01.2 0.382
1320‘ 0’331’
1:45.4 0.266
2:11.7 0.196
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Table 7. Infrared absorbance change on thermal decompoeltion
of dimethyl-N-(2-cyane-2-propyl)~ketenimine in
varlous solvents, with and wlthout ecsvengerse, at

geveral temperatures

Run Solvent Initial Initigl Reaectlion A°
ketenimine®  RERD time in

Cell Temp.

length (°C)

malarigy molar%ty hours 'min. in mm,
x 10 x 10
72 1€ 1.82 - 0:00 0.727 0.750 62.5
0:30 0.708
1:00 0.703
1:35 0.683
2:00 0.674
2:30 0,870
3:00 0.648
3:3& 0.627
L:00 0.608
5:00 0.80
6:01 0.57
8:00 0.557
10:02 0.504
73 1 1.78 - 0:00 0.698 0.750 62.5
1:00 0.671
2:02 0,648
3:01 0,618
4:02 0.6086
6:07 0,548
10:01 0.491
74 1I° 1.83 - 0:00 0.701 0.750 62.5
0:30 0.697
1:00 0.672

Dime thyl-N-(2-cyano-2-propyl )-ketenimine.
Pr-Butyl mercsptan.

®Infrared sbsorbance.

dr = carbon tetrachloride.

€II = benzene.
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Table 7. (Continued)

Run Solvent Initial Initipl  Reactlon AC Cell T%pp.
ketenimine®  REH time An length
malari%y molarity hoursimin, in mm,
x 10 x 102
1:35 0,649
2:00 0.634
2:30 0.619
3:00 0,589
3:34 0.575
4:00 0, 566
5:01  0.510
6:02 0.478
8:00 0.414
10:02 0.3725
75 II 1.85% - 0:00 0,708 0.75 62.5
1:00 0,666
2:01 n.624
3:01 0.587
L:03 0.562
8:00 0.505%
9:57 0.3875
76 I 1.87 0,087 0:00 0. 735 0,750 62.5
1:00 0.694
2:02 0.661
3:01 0.836
4:02 0.627
5:08 0.601
6:07 0.5825
8:05% 0.516
10:01 0.4739
77 I 1.89 0.043 0:00 0.743 0.750 62.5
1:02 0,722
2:00 0.6889
3100 0.664
:03 0.636
£:01 0.626
6:13 0.596
8:02 0.554
9: 24 0.538
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Table 7., (Continued)

Run Bolvent Initlel Initial Reaotion A® Cell Temp.
ketenimine®  RSEHD time in length (°C)
molarity molarity hoursimin. in mm.
x 102 x 102
78 I1 1.80 0,094 0:00 0.689 0.750 62.5
1:00  0.633
2:02 0. 598
3101 0.554
4102 N.524
5:08 0.494
6:07 0.461
8:0%5 0,414
10:01 0.350
79 II 1.75 0,047 0:00 0.669 0.750 82.5
1:02 0,612
2:00 0.575
3:00 0,541
4309 0.498
5:01 0.468
6:14 0,448
8:02 0.385
9:24 0.365
gof I 1.52  87.0 0:00  0.597 0.750 62.5
1:00 0.037
2:01 0D.016
:00 0.018
103 0,005
5:07  0.900
6:00 0.001
8:01 0.000
9:587 0.000
s1f 11 1.71 94,1 0:00  0.65% 0.750 62.5
1:00 0,011
2:01 0,008
3:00 0,007
by

Absorbances corrected for n-butyl mercaptan absorption.
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Teble 7. (Continued)

Run Folvent Inltlal a Initl Reaection A Cell Tenp.
ke tenimine REH time in length (°C)
molmrigy malar%gy houre imin. in mm,
x 10 x 10
4:03 -8
5:07 0,006
6:00 -
8:01 -
9:57 0.004
972 11 2,06 4,06 0:00  0.789 0.750 62.5
0:30 0.729
1:01 0.692
1:31 0.643
2:01 0.608
3122 0.512
th2 0,489
12 0.457
5:0 0.403
§:0 0.356
7:08 0.308
9gh I 1.97  4.05 0:00  0.773 0.750 62.5
0:30 0.740
1:01 0.700
1:31 0.8657
2:01 0.637
3:22 0,563
2:&2 0.537
112 0.491
5:0 0, hlsh
6:0 0,421
7:05 0.393
91 1Irt 1.18 - 0:00  0.457 0.750 70.0
0:10 0.453

BNo data collected.

hLiquid nitrogen wae used to cool tubes during evacustion-
nitrogen flush cycle prior to sealing off each tube.

1III = gtyrene,
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Table 7. (Continued)

Run Solvent Initial Initi%l Resactlon A Cell Temm,
ketenimine®  RSH time in length (°C)
malarigy molarity hoursimin. in mm,
x 10 x 107
0:20 0.430
0:30 0.426
041 0.413
0:51 0.394
1:00 0,347
1:20 0.333
1:41 -8
2:00 -
2:132 -8
3:03 -
lgly I 2.28 -— 0:00.0 0,932 0.717 80.9
0:10.5 0.879
0:20,0 0,828
0:30,0 0.789
0:40.5 0,740
0:50.0 0,703
1:00.5 0.652
1:20.0 0.594
1:40.0 0.529
2:03.0 0.473
24:30.0 0,046
hg II 2.25 - 0:00,0 0,898 0.717 80.9
0:10.5 0.823
0:20.0 0.749
O:E0.0 0.874
0:40,5 0,615
0:50.0 0,566
1:00.5 0,513
1:20.0 0,416
1:40,0 0,349
2:03.0 0,276
24:30,0 0,022
2 I 2.16 2.99 0:00.0 0.883 0,717 80.9
0:10,0 0,792
0:25.0 0.684
0:40,0 0.583
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Table 7., (Continued)

Run Solvent Initial Iniuigl Resctlon
ketenimine® RSH time in
molarigy molar%%y hours:!min.,
x 10 x 10

AG

Cell Tenmp.

length
in mm,

(°C)

»e ww
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L3 II 2. 23 3.11
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0.511
0.422

0.891
0.777
0.645
0.531
0,454

0.412
0.3375
0.1825
0.152
0.09%
0.060
0,042
00,0305
0,027
0.0235

0.444
0,370
0.2675
0'181
0.118
0,068
0.047
0.038
0,032
0.0245

0.4505%
0.359
0.2425
0.169
0.107
0.068
0.044
0,031
0,028

0.717

0.717

0.717

0.717

80.9

80.9

80,9

80.9




84

Pable 8. Initial rate of formation of dimethyl-N-(2-cyano-

2-propyl)-ketenimine
Run Solvent ?gg . k2&5 kAIng ks

x 10 | x 10 kKAIBN
68 1° 62.5 0.69 1.18 0.58
69 I 682.5 0.67 1.18 0.57
65 I 69.6 1.45 3.10 0.47
56 I 80.9 7.4 13.3 0.56
87 I 80.9 7.2 13.3 0.5k
63 I 89.6 16.7 38.5 0.43
70 ? 62.5 0.68 1,42 0.48
71 II 62.5 0.68 1.b2 0.48
66 11 69.6 1.75 3.73 0.b7
55 II 80.9 6.8 16.0 0.43
88 II 80.9 7.0 16.0 0.44
6l II 89.6 18.6 46.2 0.40

®1Initial fractionsl rate corstant of dimethyl-N-(2-
eyano-2-propyl)-ketenimine formstion.

bﬁate censtant of 2.2'«azo«h;an1sobutjron1trile
decomposition,

®Carbon tetrachloride.

dB@nzene.
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Table 9. Eolvent and temperature dependence of the firet
order rate constante of the decomposition of
dimethyl~N-(2-cyano-2-propyl)-ketenimine

Run Solvent Tem. Ketenimine® K x 107

(ec molarity x 102 (eec.™1)

72 P 62.5 1,82 1.02

73 I 62.5 1.78 1.04

Il I 80.9 2,28° 9.6k

74 114 62,5 1.83 1.71

75 II 62.5 1.85 1.71

Iy II 80.9 2.25° 16.3

Table 10,

8Dime thyl-HN-( 2-eyano-2-propyl )-ketenimine.

bﬁarban tetrachloride,

CCorrected to account for 25 per cent impurity.

dﬂanmm .

Bolvent dependence of the Arrhenius energy of

activation and frequency factor for the decomposl-
tion of dimethyl-N-(2-cyano-2-propyl)-ketenimine

Solvent 7® AE, (Kcal/mole)
Carbon tetrachloride 4,86 x 1013 28.7
Benzene 1.14 x 104 28.9

8Fpequency factor in k(see.~l) = Z exp. (- AE,/RT).
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Table 11. Folvent and temperature dependence of the first
order rete constants of the decomposition of
dimethyl-N~( 2-cyano-2-propyl)-ketenimine in the
presence of socavengers

Hun Solvent Tenmp. Ketenimine® RSHP k x 105

\ (°c) molarlgy molar%f (sec.~1)
x 10 x 10

77 1¢ 62,5 1.89 0.043 1.00f

76 I 62.5 1.87 0.087 0.99f

98 I B82.5 1.97 4,05 2.74

80 I 62.5 1.52 87.0 77.07

b2 I 80.9 2.16 2.99 17.4

59 I 80.9 1.08 9.28 k5.9

60 I 80.9 1.09 9.17 b7.3

79 ¢ 62.5 1.75 0.047 1.90

78 11 62.5 1.80 0.09% 1.75f

97 II 62.5 2.08 L.o8 3.73

81 II 62.5 1.71 94,0 180.°

43 11 80.9 2.23 3.11 22.3

58 II 80.9 1.02 8,53 48.8

91 riz® 70.0 1.18 - 7.1f

&Dime thyl-N-{ 2-cyano-2-propyl)-ketenimine.
bn~Busy1 mercaptan.

CCarbon tetrachloride.

dBanzena.

€styrene.

rﬁanelﬁerable scatter.
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Table 12, Polymerization of styrene initiated by dimetiyl-
N-{2-cysno-2-propyl)-ketenimine and 2,2'-azo-bis-
isobutyronitrile

(Styrene molarity, 8,28)

Run Initiator® Time in Readinge® Dilstometer Temp.

rolarity x 102 minutes in en. (ec)
51 1%--1.867 40,0 38,730 ad 70.2
45,0 37,100
49,90 35.805
55.5 33.950
61.0 32,220
65.0 30.885
50  TI®--1.9% 39,0 41,790 - 70.2
b, 0 39,940
Lg.,o 38.415
54,0 36.530
62.0 33,085

EInitiator molarity calculated at run temperature.

bﬁaadlnga made with & precision cathetometer.

e
I

i

&imethyl-N-(2-cyano~2-propyl)~ketenimine.
4
A

it

wvolume of dilatometer A ig 19.959 cc.
®11 = 2,2'-azo-bls-isobutyronitrile.
fB = volume of dAilstometsr B is 17.320 co.
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Teble 12, (Continued)

Run Initiator® 5 Time 1in Readingﬂb Dilatometer T%Fp.

molarity x 10 minutes in om, (°¢)
86K I--1.167 12.0 33.345 A 70.0

15.0 32.320
18.0 31,245
20.0 30,525
22.0 29.815
24,0 29.110
28.0 27.710
30.0 27.015
3%.0 25.685
37.0 2,670
39,0 24,020
41,0 23.350
43,0 22.695%
45,0 22.040
51.0 20,115
53.0 19.480
55.0 18.845
57.0 18,255
60.0 17.315
67.0 15.190

5.0 30,720
2.0 30,015
10,0 28,955
13.0 27.880
16.0 26.860
19.0 25.830
22.0 24,815
25.0 23.830
28,0 22,835
32.0 21.515
35.0 20. 540
38.0 19.590
42,0 18.355
49,0 16.180
51,0 15.575
53.0 14,970

55.0 14.375
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Pable 12, {Continued)

Run Initiator® Time in Readings® Dilatometer Temp,
molarity x 102 milnutes in cm, (“°c)

13,0 30,840
\ 15.0 30,345
' 20,0 29,020
25.0 27.690
30,0 26.375
35,0 25,080
Lo.o 23.780
L5, 0 22.525
50,0 21.270
55,0 20.010
60.0 18.800
65.0 17.590
72.0 15.885
75.0 15.195
80.0 14,008
83.0 13.340

EC = wolume of dilatometer C is 23.993 ce.
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Tsble 13. Comparison of the effliclency of radlesl production

by dimethyl-N«{2-cyano-2-propyl)-ketenimine and
2,2'-nzo~ple~1sobutyronitrile in styrene
polymerization

(Temperature, 70,.0°; styrene molarity, 8,28)

Run Initiztor® Initial rgte 8
molarity Rg x 10 a
x 102 moléeg/l.~-eec. 2
9 5K 1%--0.998 2,254 _—
9l 11%--1.161 2.358 0.636
86K II--1.167 2.376 0.642

%Initiator molarity calculated at run temperature.

bﬂatlo of dimethyl-N=-(2-cyeno~2-propyl)~-ketenimine
efficlency to 2,2'-azo-big-isobutyronitrile efficiency (Run
95) using the rate congtant for decomposition of dimethy)l-
N~ (2~cyano~2-propyl)~ketenimine in gtyrene as 0,71 x 10~
geconds~1 (Run 91¥ and the rate conestant for decomposision
of 2,2'~%za~b ~isobutyronitrile in styrene as 0.48 x 10~
seconds™+ (ae determined by nitrogen evolution by Dr. S. K.
Liu in these laboratories).

C2,2'-Azo-bis-isobutyronitrile.
dDimethy1~ﬁ~(2-cyanan2~prcpy1)«ketenimine.



Flgure 8.

Inductlion period, due to water, in the formation
of dimethyl-N-(2-eyano-2-propyl)-ketenimine

Abscisea; Time 1in hours at 82.5°
Ordinate; (Ketenimine)/(AIBN),

Run 70, benzene solution, & ; Run 68, moist
carbon tetrachloride solution, @



0.18
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kot k, ¥
BT = exp(-AER(L/T - /1) = ;}2;-;

and the date of Taldt-Erben and Bywater (14) in toluene solu-
tlon where the k' are in toluene and the k" are in a second
solvent, This method assumes the Arrhenius activation
energlies for 2,2'-azo-big-isobutyronitrile decomposition in
theee three solvents ere equal. Values of k" at 62.5° used

were

carbon tetrachloride, k" = 1.18 x 10~ gecondas—1

i

1]

and bengzene, k" = 1.42 x 1075 seconds™! .

The k,/kpypy date in Teble 8 end the first order rate
constants for decomposition of dimethyl-N-{2-cyano-2-propyl)-
ketenimine in Table 9 could aleo be obtained by computations
using basic (ketenimine)/(AIBN), data, If thie basic mechaniem

ig used
AIBN —= ZR. + Né k3
ZRy —— Tetramethyleuccinonitrile k,
7R* — > Ketenimine k4

Reteninine ——a Products k#



L

The integrated rate equation for ketenimine 1is

where
2R = “gaged" free radlcals,
X3
gg*:r”gg = the rate fraction of formatlion of the
ketenlmine proportional to k,/kstmy
in Table 8,
and
ky = rate of decomposition of the ketenimine,

The velue for k4/(kp + k3) ie constant throughout an
entire run provided that the correct ki 1s fitted into the
equation, As a cheok on the data in Tebles 8 and 9, Table
14 gives a sempling of the computed values.

Thege computatione are rather tedlous for several reasone;
first, successlve approximations of k; are necessary, and,
ssoond, the date are not sufficlently uniform.

The Arrhenius energles of sctivation (Table 10) were
determined for benzene and carbon tetrachloride solutlons

from the average rate constante at two temperatures.
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Table 14. Computed rstes of decomposition of dimethyl-N-
{ 2-cyano-2-propyl)-ketenimine and the initial
frection of formstlon of dimethyl-N-(2-cyano-2-

propyl)-ketenimine
Run Solvent %e%%. kj, x 105 kB/(kz -+ k3)
0
70 Benzene 62.5 1.85 0.54
55 Benzene 80.9 16.5 0.49

£11 decompositions were observed to be first order in
dimethyl-N-(2-cyano-2-propyl)-ketenimine irrespective of the
solvent system (Table 11), except decompositions in the pres-
ence of high concentrations of n-butyl mercaptan., These
appear to follow peeudo-first order kinetlces; firet order
in dimethyl-N-(2-cyano~2-propyl)-ketenimine and firet order
in n-butyl mercaptan.

Figure 9 illustrates the inocreassed first order rate
constant for decomposltion of dimethyl-N-(2-cyano-2-propyl)-
ketenimine, observed in the presence of an approximately
equimolar amount of n-butyl mercaptan.

The comparison of efficlency factors of Run 51 to Run
50 does not appear in Table 13 since the dimethyl-N-(2-
eyano-2-propyl)-ketenimine ueed in Run 51 was measurably

impure.
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The other tables are self explanatory and will be
discussed later. Runs marked by a K were made by Mr., Richard

T. Keys.
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DIBCUSSION

The inefficlent yleld of scavengable free radicals upon
thermal decomposition of 2,2'-azo-bis-isobutyronitrile (Table
2) hae prompted publieation of several hypotheses (11, 38,
k3) to explain this sbnormality. The most often cited ex-
planation 1e that of the "cage® effect (see "Historical').
Another suggestion (11) is that 2,2'-azo-bils-isobutyronitrile

mey undergo a non-radlical g¢is expulsion of nitrogen

producing tetramethylsuccinonitrlle directly.

The decompositlon of 2,2'-azo-bis-isobutyronitrile in
1iquid bromine {34 molar) wae found (Table L) to follow firet
order kinetles, Although the first order rate constant 1s
8lightly higher than those cobserved in other solvents, thie
constant is not large enough to be coneldered a pseudo-first
order rate constant. Thie implies that the decomposition of
2,2'-agzo~blg~1sobutyronitrile in bromine is probably via free
radicale, The absence of tetramethylsuccinonitrile as a
product of the decomposltlon of 2,2'-azo-bls-isobutyronitrile
in bromine rules out the views (11) that 2,2'-azo-bis-
isobutyronitrile may decompose by a cle non-radlical path

producing tetramethylsuccinonitrile directly.
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The recent reports (14, 15) of the presence of an inter-
mediate, dimethyl-N-{2-cyano-2-propyl)-ketenimine, in this
decomposition in dry teluene suggest the poesibility of e
correlation betwesn inefficlency of radical production and
the preegence of thls intermediate. Early experimental work
reported herein confirmed the presence of dimethyl-N-{2-
cyano=-2-propyl)-ketenimine aes an intermediate in the decompo~
sition of 2,2'-azo~bis-lsobutyronitrile in a variety of
solvente! Dbenzene, carbon tetrachloride, oyclohexane, and
glacisl scetic acld.

Thie intermedlate waes suggested to form and to decompose
by econsecutive first order resctions (14, 15, 51). This has
been confirmed in terme of & generallzed mechaniem (Tables 8,
9, and 14), Thege calculations are of particular value since
the rate constant for decomposition of dimethyl-N-(2-cyano-2-
propyl)-ketenimine can be determined without actually 1lsoclating
pure dimethyl-N-({2-cysno-2-propyl)-ketenimine and measuring
its rate of decomposition independently.

That redicale are produced in thils decomposition wes
explicitly demonstrated by the sbllity of the ketenimine to
initlate the polymerization of'étyrens (Tablee 12 and 13).
Further, comparison of the rates of polymerization, Rp. of
styrene by dimethyl-N-(2-eyano-2-propyl)-ketenimine and
2,2'-azo-bis~isobutyronitrile by the accepted relationshlp
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2
(Rp ) m ng'nl k}. (Il) (E-’l)
(Rpp)2 &3 kp (Ip)

where the subscripts 1 and 2 dlstinguleh between initiators,
and a and k are the efflclency factors and ratee of decompo-

eltion in styrene, glves the ratio

Bretenimine/8atpy - O-6%. (E-2)

This would suggest the vlew that the radlcals produced
from 2,2'-azo-bis~isobutyronitrile are in & looser ‘“cage" than
the radlcals from dlmethyl-N-({2-cyano-2-propyl)-ketenimine,
Thie view ie consistent with the fact that & nitrogen molecule
is produced on decompoeition of 2,2'-azo-bis-isobutyronitrile
but 1s not present in the ketenimine produced “cage'.

The moet plsusible mechanlism for the decomposition of
2,2'~azo-bis-1sobutyronitrile (AIBN) in the light of these

exnerimental resulte, 1is

AIBN —= 7ZR" F W, Xy
ZR* + N, —= R-R' + N, kq

T W, —= R + N, Ky,



elthe

or

and

where

2R + N,

r

:Ro

R-R

R-R!

it

11

i
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2R* ——m= 2R- kS'
2R —ome HR? kﬁ

R-R! —3= ZRe k,
2R- —s— R-R kg
7R+ —s= R-R! kg
2R+ —>= 2R* K10

2-cyano-2-propyl radilecal,

two R+, formed in the rresence of
a nitrogen molecule, in a "cage'| also

referred to ae a*loosely caged pair®,
tetramethyleuccinonitrile,

dimethyl-N-(2-cyano-2-propyl)-

ke tenimine,
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D
a3

and

2R. = 2R+ in a ‘"cage®.

By this mechaniem the initial rate of dimethyl-R-(2-
¢yano-2-propyl )-ketenimine formation is 48 per cent of the
2, 2'~azo-pleg~-iaobutyronitrile decomposition rate (Runs 70 and

71, Table 8)., In terme of the proposed mechanism, this ie

gndg )
A 2 = 2 (5-3)
klh‘&mﬁ) kz + k3 + k& + (kg + k3+ k‘q,)(k5 -+ k&) ' -

The first term represents the fraction of the "loosely
ceged pair” which combine to generate the ketenimine and the
gecond term, the fraction sepsrated by diffusion multiplied
by the fraction of the freely diffusing radicale whioh combine
at 8 later encounter to give ketenimine, The fraction sepa-
rated by diffusion as messured by efficiency studiees (11, 36,
38) ie 61 per cent. If the assumption 1s made thet only two

per cent of the loosely caged redicals produce dinitrile, then

k
0.48 = 0,37 + 0.81 E—ﬁ--:-s—'ig

or

< 0.18 . (E-4)
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This aseumption may seem low., However, Dr, J, N. Een in
1952 in theee laboratories completely decomposed 2,2'-szo-bis-
lsobutyronltrile in an excese of lodine in carbon tetrachloride
st 80.0%. Dr, Sen isolated approximately a five per cent
Yield of tetramethyleuccinonitrile. Since iodline scavenges
ketenimine over the perlod of the resotion, the only source
of tetramethylsuccinonitrile ie from the original loose cege,
Lvldence to suggest that tetramethylsuccinonitrile yleld is
lower in benzene than in carbon tetrachloride g provided by
Hemmond, ef al. (11). The observed mole ner cent yisld of
tetramethylesucclinonltrile decreases with increasing concentra-
tion of n-butyl mercapten at 80.0°; in carbon tetrachloride
with initial merceptan molarity equal to 0.6 M, the dinitrile
yield 1s reduced to 12 per cent, while in tolusne under
similar conditlens the dinl4rile yield ie flve per cent.

In this mechanienm

k B
Eg = (E-5)

geince radicals geparsated by diffusion must re-encounter before
recombination, The only voseible result of such an encountger,
the life of which 1s long enough to result in combination, is
that a cage ldentical to 2R+ is formed., Thie is also

equivalent to
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kg kg

k5 T kﬁ = g + k9 = 0,18 (E-8)

from equation (E-4),
Apnlying eteady etete kinetices to this mechanism, the
observed rate constant for the decompoeltlion of dimethyl-N-

( 2-cysno-2-propyl }~ketenimine in the absence of scavenger 1s

_ 4 ;SQR»R'Q My . kg

~X10 *s ;-
t T T NG T &y). (&

The second frection of the firet term represents the
frection of the csged psir which recombine to regenerate the
ketenimine, and the second term, the frsetlon separated by
diffusion multiplled by the frection of the freely diffusing
radicels which recombline at 2 later encounter to glve keteni-
mine.

This equation can be condensed and rewritten as

k
- SRR -y (1 - Py (£-8)
or
- d dt "R' At 0.82 k? .



106

From the observed rate conetant for decomposition of dimethyl-
N-(2-eyano-2-propyl)-ketenimine in benzene at 62.5° (Runs 74
and 75, Table 9), the rate constant

k7 = 2,08 x 10”5 seconds™t . (E-9)

n-Butyl merceptan (BuSH) is observed to resct directly
with the ketenimine in addltion to esocavenging the diffused

free radloals.
R-E' + BuBH —== products kll
The observed rate conetant for decomposition of dimethyl-N-

{ 2-cysno~2-propyl)-ketenimine in the prerence of n-butyl

meroaptan is

- B-R! = - kQ 3H
P k7(l e + k; (BuSH) (E-10)

or for eimplicity

d. R"‘_ ' Lo y
- 44 = ko X + J¥yq(BuSH). (E-11)
In this nomenclature, the observed rate constant in the absence

of eBcavenger (E-7) becomes
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- LAnBRY) = ok X+ xp ¥ (E-12)

Inserting the concentratlons and rate constants from Runs
74, 79, and 97 (Tablees 9 and 11), in benzene at 62.5°, into &

get of simultsneous eqguationes, gives

k, X = 1.88 x 10~5 geconds™? (E-13)
k, ¥ = -0.170 x 10~% geconas™! (E-14)
ky;7 = 4.56 x 10"’4 litere/mole~gecond , (E-15)

Insertion of the valuee of X and Y into equations (E-13)
and (E-14) glves

X = 1.88 x107° = [1- - )

7 ’ kg + k9 + k30! 77

or
-5
- 1.88 x 10
kg = L ) (E-16)
(- GamTT

and

;- -5 - - kK10 kg K
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or

-5
g, = LlZElOZ (£-17)

8y 8
5+ %6
Equating equations (E-16) and (E-17), the efficiency of
radlcal production, g is

g&k - 9;45 » (E"la)

This implise that

kg -

= 0.Nn99 (E~19)
kg + kg + Ky

the fraction of the caged pairs which recombine to regenerate

the ketenimine, While

k30 -
(kg + kg + klg?(kﬁ Ty - 0,082 (E-20)

18 the frasction of radicale peparcted by diffusion multiplied
by the fraction of freely diffusing radicals which recombine
at a lager encounter to give ketenimine,

To check these calculations, the efficlency of radicsal
productlon from 2,2'-~azo-big-isobutyronitrile 1s obtainable
from equations (E-2) and (E-18)
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sarpy = 0.70 . (E-21)

Thie 1e in excellent sgreement with the reported effleclency in
styrene (31, 33, 3%) of 0,70 at 60.0°.

Support for the hypothesie that only two per cent of the
loose cage, Zﬁﬁf:f"ﬁg’ produces dinitrile is present in the
expreesion for k4/(k; + k3) tabulated in Table 14 (Run 70).

This fraction in terme of the proposed mechaniem is

k3 Ky k9 kg -
k2 + k3+ka+ k2 + k3+ku(k8 TRy ¥ Eo | Es+ k6> 0. 3h.

Solving for kq/(ky + kg 4 ky)

kq

» ] EQ
gy s (5-22)

s value identical to that choeen in equation (E-4) 1s obtained,

A relatively straight forward experiment existe that
could further support thls hypothesle, Data on the quantita-
tive recovery of the dinitrile‘fcrmed in the decomposition of
2,2'~az0-pis~-icobutyronisrile in the presence of an exceses of
iodine in benzene at 62.5° would be very useful.

It 18 obeerved that the initial rate fractlon of forma-
tion of dimethyl-¥-(2-cyano-2-propyl)-ketenimine decresses
with increael ng temperature (Table 8), Thie would be expected

geince the observed energy of sctivation for decomposition of
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dimethyl-N-{2-cyano-2-propyl)-ketenimine is lower than thaet
of the parent azo conmpound, Therefore the ketenimine 1s less
etable at higher temperatures, Thies 1s in agreement with the
work of Tal@t-Erben and Bywater (50), who observed fewer
ketenimine linkagee in higher temperature polymerization of
methecrylonitrile., At higher temperatures the loose cage
ghould be expected to produce proportlonally more dinitrile
than the tight cage (2R:), which already yielde a high per
cent of dinitrile, accounting for the major reduction in the
initisl rate fraction of formation of dimethyl-N-(2-cyano-2-
propyl)-ketenimine, This would then agree with the reported
five per cent limiting yleld of tetramethylsuccinonitrile in
toluene at 80.0% and the two per cent value in benzene as
shown in the above equations,

Therefore a cholce of

k2

K, 7 ¥ + K 2

in carbon tetrachloride at 82.35° seeme reasonable. The
meseured efficiency of redicsl production from 2,2'-azo-bis-

isobutyronitrile (11) ie

ki

z 0,L% , (E-24)
kp+ Ky 4+ Ky
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The initlsl rate of formation of dimethyl-N-(2-cyano-2-
propyl)-ketenimine ie 57.5 per cent of the 2,2'-azo-ble-ico-
butyronitrile decomposition rate (Runs 68 and 69, Table 8),

Bubstituting these values into equation (E-3) gives

kg
0, = 0.4 A
575 7 + 0.45 ¥5 + kg
or
kg kg
= = 0, .
KT ¥ ¥ 1 K 23 {E-25)

The observed rate constant for the decomposition of dimethyl-
N-{ 2-cyano-2-propyl)~ketenimine (Rune 72 and 73, Table 9) and
(E-25) fit equation (E-9), giving the rate conetant

Xp = 1.3 x 107 seconds™ . (E-286)

The rate conetant for decomposition of dimethyl-N-(2«
cyano~2-propyl)-ketenimine in ocsrbon tetrachloride appears
not to change in the preesence of small amounts of n-butyl
mercaptan., Unfortunately, conesiderable gcatter was observed
which 1e attributed to the lowered freeszing point of the
¢arbon tetrachloride and n-butyl mercaptan solution, with the
result thet the concentration of n-butyl mercaptan ls far from

certain in ell cerbon tetrachloride solvent runs, except for
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Run 98, (In thie case 1liquid nitrogen was used ae the freezing
coolant in the evacuatlon and sealing operatione.) This error
would be particularly notlcesble st the very low concentre-
tions of n-butyl mercaptan. Therefore the error in the rate
constante assoclated with these lower concentratione of n-
butyl mercaptan ls very large.

If the aesumption ie made that the ratio of efflciency
factors found in etyrene 1g valid in caerbon tetrachloride

solution, then

k10 : = 0.29 (B-27)
kg + kg + K39 © 77
This implies thst
kg + k9
= 0.71 , (£-28
and
kg
= 0.16 , (E~29)

kg + kg9 + Ky

the fractlion of cseged radicals which recomblne to regenerate
the ketenimine,

With these calculations and the observed rate conetant
and mercsptan concentration of Run 98 (Table 11), determina-

tion of the second order rate constant for addition of
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n-butyl mercaptan to dimethyl-N-(2-cyano-2-propyl)-ketenimine
is possible,.

-l

k17 = 4,00 x 107 1liters/mole-second., (E-30)

In terme of the proposed mechanism the mole fraction

yield of tetramethylsuccinonitrile (THEN) at infinite time 1s

k2
kp+ k34 Ky

4+

(E-31)
kg kg “ﬂ%:a + k14 + ¥15) (1 . k1 )
(kg + kg + Ky0){ky 5 4 %97 (BuBH) - k9 ) \" ~ %y, 1 ¥y 4 (BusH)

where

= ks k10 ( kg ‘ + kg )
kg + kg + kjo\kg + %9 4 ¥10 = kg 4 kg

k3
13 7 LT R TR

+

ky kg

5
S
1

K ky kg
15 {k, k3+ k},;)(kj_;. kg) °

11

Uslng the rate constante and rate constant ratios calcu-

lated above for decomposlitlone in csrbon tetrachloride a$
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62.50. the mole fraction yleld of tetramethylsuecinonitrile

expected in the presence of 0.6 M n-butyl mercaptan would be

S TMEN -
{%f@.}(; - 0'10 :

a¢ compered to 12 mole per cent reported {11) at 80,0°,

Eimiler sgreement exists for caloulation of decompoei-
tion in benzene solution.

It will be noted that although the gis-non-radical de-
composition of 2,2'-aze-hls-lsobutyronitrile produecing tetra-
methylsuceinonitrile direoctly hes been ruled out, such a gis
non-radical decomposition of 2,2'-azo-blg~lsobutyronitrile
giving dimethyl-N-(2-cyano-2-propyl)-ketenimine is conceiv-
able, The fact that the "loosely oaged radicals”, 2R- + N,
produce & very smell fraction of tetramethylsuccinonitrile
while the "caged" radicsals, @ﬁr, gilve tetramethylsuccino-
nitrile a2 conslderable advantage in product ratlo, strongly
suggests thie alternative., Further, molecular models show
that 2,2'-azo-bis-lsobutyronitrile has an approprlate geometry
for such & non-radical formastion of dimethyl-N-(2-cyano-2-
propyl)~ketenimine,

Another view baving the game end result consletes of
decomposition of 2,2'-azo~ble-1sobutyronitrile initially

giving two dilfferent radical fragments,
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(‘3}:’33)2 ?d”% = i@-€|§(€3}§3)2———-—>(3’f’§3)2 ?-—-N = N
CHN CHN CN

+ (CHq) 5 C-CN (F-1)
The azo redical could lose nitrogen on formation of ketenimine,

»
(CHy)p C = € = Net (CHy)y ?wﬁ = N» —>=ketenimine +N,, (F-2)
CN

or, on formation of tetramethyleuccinonitrile (TMSN),

. *
(CH3) 2 C-CN + (CH3)p ?mﬁ = Ne —==— TMSN + N, , (F-3)
CN

or, independent decomposition,

A3 .
(CHy)p C-N = e —=— (CHg)p C-CN + N, , (F-b)
CN

Of the firet two paths, the second (F-3) would be the less
favoreble since more steric hindrance existe &s the sz
trigonal hybrid Z-oyano-2-propyl radical moves in on the
tetrahedral carbon (3, above), Hence, the former path (F-2)
would account for almost all of the reactlions with the azo

radlcal.
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Thie view explalne the temperature effect on what was
previously referred to as the “"loose cage”, although it 1is
actually & normel ocage containing an unlike palr of radicals,
Incressing tempersature would decrease the 4ifference in the
gteric hindrance between these two paths, hence an increasged
fraction of tetramethylsuccinonitrile would be produced.

The second view 1s preferred since free radicals are known
to be produced on decomposition of 2,2'-azo-bis-isobutyroni-
trile. Thus 1f the major portion of the ketenlimine were pro-
duced by a non-radiecal path as suggested in the first view,
this would imply that there 1g llttle or no cege effeet in the
decompoeition of 2,2'-~gzo-bis~isobutyronitrile forming free
redicale. This would be in sharp contrast with the large ob-
served cage effect in the decomposition of dimethyl-N-(2-cyano-
2-propyl )~ketenimine,

The energles of activetion reported in Table 10 are prob-
ably not very realistic since the true energy of activation
for the decomposition of dimethyl-N-(2-cyano-2-propyl)-keteni-
mine should be obtalned ueing the caloulated k7 rate constants,

The magnitude of the errore hae been estimated for a
sempling of these measurements. The purity of dimethyl-N-(2-
cyano-2-propyl)~ketenimine ie very critical in the determina-
tion of the initisl rate fractlon of formatlion of dimethyl-

N-{ 2-cyano~2-propyl)~ketenimine. Comparison of values

determined by the disappearance of the bromine spectrum on
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titration of ketenimine solutlon and the values determined by
infrared snslyses (Table 5) glves a standard deviation of
0.006, or spproximately three per cent, supporting the validity
of the infrared measurements.

The best linear fit of the data in several rune wes deter-
mined by the method of least squares, The samples chosen for
these calculations represent the extremes ln preeision. Run
81 (Table 11) represents the best dats and the least squares
calculations of the rate constant and probable error are

(3.71 T 0,02) x 1@“5 seconds"l. The leaet precise data, Run

91 (Table 11) give k = (7.19 * 0.57) x 10™° seconds™ ', There-
fore the data scatter rangee from 0,5 per cent at begt to 8.0
per cent.

The computed fraction of formation of dimethyl-N-(2-cyano-
2-propyl)-ketenimine (Table 14, Run 70) has a standard devia-
tian.or spproxinmstely three per cent.

Dimethyl~N-(2-cyano~2-propyl)-ketenimine provides & unique
gource of free readlcals and should provide an svenue for ob-

taining understanding of some polymerization and photolysis

free redical mechanisme.
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SUKMARY

On the bsseils of the experimental resulte renorted in

thie theeile and the previously reported kinetic studles of

others, certain hypotheses have been developed in the

discuesion,

The most significant experimental observatlons are:

1. Dimethyl-N-(2-ecyano-2-propyl)-ketenimine is an
intermedlate in the decompositlion of 2,2'-azo-bis-
isowutyronitrile,

2. Thie intermedlate forme and decomposes by consecu-
tive first order resctions,

3. Dimethyl-b-(2-cyano-2-propyl)-ketenimine cen be
is0lated in the pure state,

4, Guansitative infrered analysile ie an excellent %ool
for following the ketenimine concentration.

5., The decomposition of dimethyl—NQ(2~cyane~2—propy1)-
ketenimine produces free radicals,

6., No tetramethyleuccinonltrile ie formed when 2,2'-~
azo~bis-isobutyronitrile 1g decomposed in bromine.

The hypotheses sdvenced to account for these facts are:

1., The mechenlem for decomposition of 2,2'-szo-bis~-

lgsobutyronitrile and ketenimine involves two

different "cages"; one for decompoeing
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2,2'«azp-big~1sobutyronitrile, which favors dimethyl-
N-( 2-cyano-2~propyl )-ke tenimine formation; and one
for decompoeing ketenimine, which favors tetramethyl-
succinonitrile formation.

Dime thyl-N-{ 2-¢yano-2-propyl)-ketenimine is initially
formed by elther & non-radical decomposition of 2,2%'-
azo-bis~isobutyronitrile, or, 2,2'-azo-bla~-isobutyro-
nitrile on decomposition gives an azo radical &nd a
2=-cyano-2-propyl radlcal, which preferentially yield
dimethyl~N-{ 2-cyano-2-propyl)-ketenimine for steric

reagone.
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