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ABSTRACT

The thermal decompoéitions of 1,l'-azocyanocyclochexane and

the related N—(l-cyanocyclohexyl)—pentamethyleneketenimine were
carried out in chlorobenzene sclutions containing varying amounts
of scavengers. Bromine and iodine were used to scavenge cyanocyclo-
hexyl radicals from the decomposition of the azo compound and DPPH
was similarly used in the case of the ketenimine. The stable 1,1'-
dicyanobicyclohexyl is a main prdduct in both decompositions and
its formation is taken as a measure of the extent of geminate re-
cambination. The decrease in its yield observed at high scavenger
concentrations (> 0.1 M) is attributed to scavenging of caged radi-
cals. The dependence of the decrease in yicld on scavcngcr conccn—

tration indicates that secondary recombination is unimportant.

Whereas theory predicts a dependenceon the square root of the
scavenger concentration, a linear relation is observed. It is
concluded that interference, by scavenger, with primary reccmbina-
tion can occur only if the scavenger molecule is a nearest neighbor

to the radical pair at the time of its formation.
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INTRODUCTION

The concept of the cage reaction was introduced by Franck
and Rabinowitch (l) in 1954 to describe the behavior of reactive
radical fragments which are produced as nearest neighbors in solu-
tion. In 1945 Matheson (2) incorporated a cage reaction in his
kinetic treatment of benzoyl peroxide initiated polymerizations
and in 1951 Hammond (3) suggested that cage reactions might account
for some of the anomalous behavior of benzoyloxy radicals. However,
important evidence for the existencé of the cage effect was not ob-
tained until 1954-55 when it was generally realized that cage effects
play an important role in thermal decomposition reactions (4-7). In
1960 Hammond (8,9) reported results for the thermal decomposition of
two azcnitriles which demonstrated that geminate radical recombina-
tion is an important path for formation of products.

The cage effect is a consequence of the large interaction
between two particles in solution. Due to the slowness of diffusion
in liquid systems, a pair of molecules exist as nearest neighbors for
a time which is long compared to molecular vibration frequencies.
Therefore, collisions between two particles in solution occur in sets,
with each set corresponding to an encounter between the two particles.
In additicn, the prcbability for re-encounter between two particlés

which have been separated by one or two molecular dismeters should be
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such that encounters between two particles in solution should also
show a tendency to occur in sets (10,11,12). These considerations
have led Noyes (13) to postulate the existence of at least three
kinetically distinct radical-radical recombination processes:

(1) "primary recombination" in which the fragments from a specific
dissociation recombine in the cage in which they are formed; (2)
"secondary recombination" in which the fragments from a specific
dissociation recombine after being separated through diffusion;
(3) recombination of radical fragments which escape both primary
and secondary recombination with fragments from other dissociations.
The recombination of original partners by primary and secondary
recombination is referred to as geminate radical recombination or

cage effect.

Recombination of Iodine Atoms

When molecules of icdine are dissociated photochemically
in sclution, the effect of geminate recombination is the reduction
of the quantum yield of free iodine atoms. Any variation in size
of the cage effect under different conditions of temperature, wave-
length and viscosity of solvent produces an inverse variation in
the quantum yield of iodine dissociation. To measure quantum

vyields, Noyes employed the allyl iodide scavenging technique (14)
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which involves measuring the additional iodine Tormed in the presence
of oxygen and allyl iodide. Iodine atoms which escape their original
partners react with allyl iodide to form iodine molecules and allyl
radicals. The allyl radicals are scavenged by oxygen and ultimately
yield products containing no iodine. Allyl iocdide is also photo-
chemically dissociated but it is possible to separate the contribu-
tion of free lodine atoms from allyl iodide by measuring rates of
iodine formation at different concentrations of iodine and allyl
iodide.

Noyce found that the quantum yield of iodine dissociation
increased with increasing temperature and with light of decreasing
wavelength (14,15). The latter result is consistent with the idea
that the excess energy of a quantum containing more energy than
necessary for bond breakage appears as kinetic energy of the sepa-
rating atoms. The root-mean~square displacement distance for dif-
fusion of iodine atoms was calculated by application of equations
developed by Noyes. The results were 0.76 ﬁ in hexane and 0.13 X
in hexachlorobutadiene (15). Noyes believes that the value for
hexachlorobutadiene is too small even if diffusive displacements
are opposed by no potential barrier.

The dependence of the quantum yield on viscosity was ob-

tained with a series of hydrocarbon solvents and is represented
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graphically in Figure 1 (16). A six~fold increase in viscosity
reduces the value from 0.66 in hexane to 0.18. At higher viscosi-
ties the quantum yield approaches a limiting value greater than
zero. Noyes suggests that the limiting quantum yield is consistent
with the Rabinowitch cage in which the separating atoms are pushing
against only a few segments of molecules rather than against whole

molecules.
Azonitriles

Aliphatic azonitriles have proved to be useful systems for
the study of cage effects. These compounds are easily prepared
uging ketones, hydrazine and sodium cyanide as starting materials.
The stabilizing effect of the cyano group on the radicals produced
allows for rapid decomposition at temperatures below 100° C. De-
composition follows clean first—order kinetics with no evidence cof
induced deccmposition and is independent of solvent. A variety of
reaction rates are obtained by making suitable structural changes
(17).

Thermal decomposition of agzonitriles probably proceeds with
simultaneous cleavage of the two carbon-nitrogen bonds and not by
a process involving stepwise cleavage of these bonds. No direct

evidence for simultaneous cleavage is available for azonitriles.
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However, by comparing activation energies of several symmetrical and
unsymmetrical azoalkanes, several authors (18-20) concluded that ali-
phatic azo compounds decompose with simultaneous cleavage of the two
carbon-nitrogen bonds in the rate determining step. Seltzer (21,22)
reached the same conclusion from his study of the secondary G-deu-
terium isotope effect in the thermal decomposition of azo-bis-C-
phenylethane-Q,Q"'~do, G-phenylethyl-G-d-azo-2-propane and CG-phenyl-
ethylazo-2-propane-2-d. His interpretation of the obhserved isotope
effect rested upon the comparison of its magnitude with those en-
countered in reactions approaching SNl character. Further indirect
evidence Tor a one step process is the fact that no azo compounds are
detected as products from reaction mixtures of two azonitriles (17).
Also, the large heat of formation of the nitrogen molecule is prob-
ably required to account for the low activation energy (approximately
25--35 kcal/molc) of azonitrile decomposition (17).

Overberger (20,23-29) investigated the effect of structure
on the reactivity of symmetrical aliphatic azonitriles of the general

form

o e
R—C—N=N—C—R
:|R 1 ;é 1

He interpreted the variation in veactivity in terms of steric in-
teractions between the alkyl groups on the same half of the azo

linkage and, in some instances, between alkyl groups on different
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halvee of the azo linkage. He found that symmctrical cycloalkyl—
azonitriles are more stable than their open chain analogues and at-
tributed this to ring strain which decreases resonance stabilization
of the radicals (27).

Cyanoalkyl radicals are relatively inactive species which
disappear in inert solvents by reaction with other cyancalkyl
radicals. They initiate vinyl polymerization (25) and react with
a large number of compounds such as mercaptans (4,30), quinocnes

(31), iodine (32), bromine (8) and 1,l-diphenyl-2-picrylhydrazyl (L).

1,1l'-Azocyanocyclohexane

The main products of 1,l'-azocyanccyclchexane (RNpR) de-
composition are the stable compound 1,1'-dicyanobicyclohexyl (RR)
(23) and the intermediate N-(l-cyanocyclchexyl)-pentamethylene—
ketenimine (RR'). The intermediate RR' is unstable and slowly
isomerizes to RR (8). Appreciable amounts of disproportionation
products are formed since the yield of RR is only 72.%% under con-—
ditions where RR' would have reacted completely (27). The advantage
of the cyanocyclohexyl system for kinetic studies is that RR' is an
easily purified crystalline material at room temperature whose re-

activity relative to RNpR permits easy kinetic measurements (8).
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Hammond, et al. (8), showed that the decomposition of
RNsR and RR' is a radical process involving two paths for the
formation of prcducts. These two paths are geminate radical
(re)combinatign and Lhe couplling of radlcals separaled Lrom
their original partners by diffusion into the bulk of the solu-
tion. The decompositions were described by the following kinetic
scheme in which geminate radical pairs are indicated by placing a
bar over the formulag. Disproportionation products were assumed
to be stable and were counted as RR. No attempt was made to dis—

tingulsh between stages of diffusive separation of geminate radicals.
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Hammond distinguished between radical pairs arising from RNzR and
those arising from RR' since the effect of the nitrogen molecule is
to separate, at least initially, the radicals by a molecular diame-
ter. In addition, RNéR and RR' may yield radical pairs which have
different thermal energies at the time of their formation (8,9).
Radicals which have diffused into the bulk of the solution should
have achievedvthermal equilibrium so no distinction was made be~
tween the "free" radicals produced from RR' and those produced from
RNoR.

Several of the kinetic results obtained by Hammond will be
briefly presented. The following quantities relating to geminate
radicals from RNoR occur repeatedly in kinetic expressions and are

defined here for simplicity.
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a' = efficiency factor

ky/ (k2 + kg + ki)

1

z' = fraction of geminate radicals which form RR'
= k&/ (kb + ki + ki)
w' = fraction of geminate radicals which form RR

ko/ (ke + kg + kg)

Anslogous expressions relating to geminate radicals arising from

RR' are represented by a', z"

and w". Only those experiments
carried out at 80° C in chlorobenzene will be discussed.

The first-order rate constants for RNoR and RR' decomposition
were measured with and without added scavenger. Whereas the experi-

mental rate constant for RN=R correspconds to ki and is not appreci-

ably affected by dilute scavenger, that for RR' is related to k; by

kgxp = k(1 - 2" - a"kg/ (ke + kg)) ()

in the absence of scavenger and by

L L
Koy = k1 (1 - 2z™) (2)

in the presence of scavenger. The scavenger prevents formaticn of
RR' by coupling of radicals which have escaped from their cage and

was found to accelerate RR' decomposition by a factor of 1.5.
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Two techniques were used to measure efficiency factors. The
iodine-lifetime method (4) was applicable only to RNzR and the value

of a' was calculated with the equation

a' = (I2) /k1ta (RN2R) | (3)

The oxidation-inhibition method (33) was used to measure rates of
radical production from both RNzR and RR'. However, measurements
for RR' yielded a"/(1 - z") and not a". Calculations were made

with the equations
a' = (DBPC) /kiti(RNzR)_ (%)
and

a"/(1 - 2") = (DBEC) /Kl t1(BR'), ()

where DBPC is the inhibitor 2,4—di~§7butyl~gfcresol which should
react with two cyancalkylperoxy radicals (33).

The initial rate of formation of RR' from RNsR in the pres-—
ence of scavenger was zero order with respect to RR'. Therefore,

z' was calculated with the expression

2 = (a(RR')/at), _, /ki(RNzR), (6)
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Table I contains the numerical values of the quantities
determined by Hammond. The values for z", w" and w' were not
determined although numerous other measurements were made with
and without the presence of scavenger. In all their experiments
the concentration of scavenger was so low that scavenging of caged

radicals was of no significance.

TABIE I

Values of Distribution Factors Determined by Hammond (8)

a' (iodine-lifetime method) = 0.67
a' (oxidation—inhibition method) = 0.61
z! = 0.21
a"/(1 - z") = 0.43

Theory of Diffusion Controlled Reactions

Samuels (34), Monchick (35) and Kupperman (36,37) have
presented theories of diffusion controlled reactions for radia-—
tion chemistry where large numbers of reactive species are produced
in small regionskof s solution. Roy, et al. (38-46), have treated
the results of numerous experiments where radical pairs are produced
by thermal, photochemical and radiation-chemical processes with a
modification of the theory developed by Samuels and Magee (34).

Noyes (12,13,47-49) and Monchick (50) have developed theories of
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diffusion controlled reactions which are specifically applicable
to radicals produced in pairs. The thecry developed by Noyes is
based on the Rebinowitch cage (1) and is mathematically more simple
‘than that developed by Monchick.

Noyes considered the reaction of an isolated pair of mole-
cules in a liquid of infinite volume and used probability concepts
to describe the relative reactivity of the two molecules. The
theory is applicable to a geminate moleculaf pair if the initial
configuration of the system is taken as that for two molecules
which have Jjust separated from a non-reactive encounter at time
zero. The fundamental parameters in the theory are

& = probability two molecules will react during an
encounter

p = probability two molecules separating ifrom a non-
reactive encounter will ultimately encounter each
other at least once more

B = probability two molecules whose centers were
initially separated by a distance ry will ulti-
mately encounter each other at leasgt once more

B' = probability two molecules separating from a non-—
reactive encounter will ultimately react with
each other

B = probahility two molecules whose centers were
initially separated by a distance r, will ulti-
mately react with each other

h(t)dt

il

time dependent probability two moleculegs separat-—
ing from a non-reactive encounter at time zero will
react with each other between t and t + dt
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h (t)dt = time dependent probability two molecules whose
@ S e .
centers were initially separated by a distance
r at time zero will react with each other
between t and t + dt
The relationships between the fundamental parameters are
given by the following equations which are essentially a result

of the above definitions.

e}

B' =[ h(t)at (1)

@

B, [o h_(t)at @)

1]

w
I}

ap/(1 - B +ap) (9)

B'

]

ap_ /(1 - & + GB) (20)

The "true" rate constant for radical-radical reaction, ko,
is the product of the rate constant for encounters and the proba-—
bility of reaction during an encounter. It is the value of the
rate constant at the instant of formation of the radicals. The

instantaneous rate constant, k,, is related to x by

£
€

k. = k(1 - f n(t)dt) (11)

At long times k, falls to a "long time" rate constant, k', where

T

k' = k(1 - ') (22)
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If the molecular pair is assumed to be inert and to have
relative displacements which are randomly directed at all molec—
ular separations, the frequency of reencounters at time t is given
by the theory of random flights (51) and takes the form.ptuB/Eeﬂq/t,
where p and ¢ are constants. Noyes assumed that h(t) obeys this

form and satisfies equation (7). Then h(t) is given by

— o 2 e
n(t) = at> 2emmE/BE (13)
where a is a constant having dimension sec.l/g. If the initial
separation is r_, ho(t) is given by
2/p'2
ho(t) = at«B/Ee—na /Bo k (14)

Noyes further assumed that at relatively long times h(t) could be

approximated by

n(t) =0 0<t< k4a®/p'2
(15)
- a2 4ba2/p'2 < t <
or if the initial separation is r
ho(t) =0 0<t< haz/ﬁ('f (16)

= at"3/2 l;a2/¢3(;2 <t <o
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The probability that two molecules which are inert to re—
combination will have reacted with added scavenger by time t is
-2
(L -« kS(S)t). Then the probability, @, that the molecular pair,

which otherwise would have recombined, reacts with scavenger is given

by
g - j (1 - e 2500y () (27)

where ks is the "long time" scavenging rate constant. Noyes assumed

h(t) to be given by equation (15) and determined that

1/2

S
!

= 2&(2ﬂks(8)) + 8ksa2(8)/5' + e (18)

1/7

mn

2a (2nk_(8)) (19)

To a first approximation, ¢ is independent of the initial separation
and is a linear function of the square root of the scavenger concen—
tration. The square root dependence on scavenger concentration was
alsc predicted by Monchick (35) and Roy (hl).

Jortner, et al. (52,53), lavestigated the photochemistry of
aqueous iodide solutions and proposed the following mechanism involv—

ing two cages.
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RoCHOR, o RoCOH + Ho

Electrons which diffuse into the bulk of the soluticn are
oxidized by hydrogen ion. Iodine and hydrogen are formed from re—

actions of kinetically free iodine and hydrogen atoms.

PH —> Ho
2 —— Io

-

I+ ———> I

I+ I —> Ig

2Ty ——> Ig + I

They derived a more general expression for § by letting h(t)

in equation (17) take the form given by equation (14). The more
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geheral expression for ¢ approximated equation (ig) for scavenger
concentrations less than one molar.

They obsgerved equivalent quantum yields of iodine and hydro-
&cn formabion in the ebscnce of aleohol over a pH range of -1 to +6.
A good Tit to the square root law was obtained. Also, the same
limiting guantum yields at high and low pH were observed in the
presence of 1 M alcohol. However, the guantum yield of hydrogen
formation had increased to its limiting value at a pH (~ 3) where
the quantum yields in the absence of alcohol were unaffected by
hydrogen ions. No dependence of the quantum yields on the alcohol
concentration was found wﬁen it was present at levels greater than
0.2 M. These results were interpreted in terms of consecutive scav-
enging by H+; the scavenging of H atoms from I+H by H+ ions takes
place in the pH region where complete scavenging of I + e  has already
occurred.

Noyes chose a microscopic model which involves randomly di-
rected diffusive displacements and used the theory of random flights
to obtain explicij: funetions for the fundamental parameters in terms
of the microscopic parameters. The use of equations from the theory
of random flights rested upon the assumption that the encounter diame-
ter was sufficiently small compared to the root-mean-square displace-—
ment distance for relative diffusive motion. This assumption is also

implicit in equations (13) and (1L).
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RESULTS AND  DISCUSSION

The yields of RR for the thermal decomposition of RNzR at
80° in chlorobenzene solutions containing varying amounts of bromine
or iodine were determined by isotope dilution analysis. A low ini-
tial concentration (10‘5 M) of l,l’~azo~(cyano—Clu)~cyclohexane was
employed so that the scavenger remained in excess throughout de-
composgition, even at very low scavenger concentrations. Decomposi-—
tion was carricd to at lcast 99.6% complction. Sincc brominc and
iodine efficiently scavenge R and rapidly destroy RR' (8), the only
path open for the formation of RR is by combination ¢f geminate
radicals from RNsR.

The data are presented graphically in Figure 2 and tabulated
in Table II. They show that iodine and bromine give essentially
identical results. The constancy of the RR yield for scavenger
concentrations lower than 0.1 M indicates that below this concen-
tration only those R which escape geminate combination are scavenged.
Table VI shows that the constancy of the RR yield is not due to re—
action of R with an impurity which might preclude detection of any
variation in RR yield. The fact that the yield of RR becomes de-
pendent on scavenger concentration when the latter is present at
levels greater than 0.1 M demonstratesthat scavenging of paired

radicals becomes fast enough to compete with geminate combination.
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TABLE II

Yield of RR Produced by Decomposition of RNpR in Chlorobenzene

Containing Varying Amounts of Scavenger:

[RNER]O - 1.00 x 1077 mole 1.7% at 80.0° ¢ for 8 Days

(Bfe)o (Iz)o ]

mole 1.7% % Yield RR mole 1.7 % % Yield RR
5.30x10 7 9.3%6 5.51x10“5 9.20
6.61 9.45 9.94 i 9.23
9.9L 9.363;9.45 9.94;:10_5 8.58
3.30x10 9.27 %.31x10 9.47
6.61 . 9.18 6.63 9.09
9.91 -3 9.27;9.36 9.9k 5 9.13
3.30x10 9.36 %,%1%10 9.23
6.61 9.18 6.63 9.3%
8.48 9.27 9.52 9.04
9.91 9.00 9.94 1 9.20
1.13x10 ° 9.326 2.00x10 8.91
1.70 9.45 .17 7.81
1.90 8.96 5-15 4 6.89
3.30 9.00 1.03x10 4, =6
3.80 9.18

5.65 9.18

6.61 9.00

8.48 8.88

9.91 9.09

1.23x10 9.2%

1.70 8.80

1.73 8.88

2.24 8.45

2.87 7.97

3.56 8.11

5.89 7.47

1.02x10 4,91
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TABLE IIT

Yield of RR Produced by Decomposition of RR' in Chlorobenzene

Containing Varying Amounts of DPPH:

[RR'] = 1.72 x 1072 mole 1.7 at 80.0° ¢ for 1k Days
O

(DPPH)O
mole 1.1 % Yield RR
1.67x10"5 2h. 7
§-§5 25.3
3.07 L 2h.3

.00x10 26.5
1.67 25.1
3.3 26.8
6.67 3 26.8
1.00x10 28.1
1.67 28.§
22 20
6'07, > 27.9
1.67x10 28.6
3.23 25.7
6.67 1 26.k4
1.00x10 24.8
1.62 23.6
2.90 21.7
3.85 20.0
5. (0 7.4
7.52 15.8
1.02x10 14.3
1.

’_J
ISR
N



- 25 -

It is unlikely that the observed decrease in RR yield at high
scavenger concentration arises from destruction of RNpR or RR in the
reaction mixture. This conclusion is supported by the equivalent de-
creases in RR yield when bromine and iodine are used as scavengers
(Fig. 2). The two halogens would nct be expected to have equivalent
reactivity in any bimolecular reactions with RNzR or RR. Further-
more, Figure 4 shows that RR survives in the reaction mixture when
the bromine concentration is less than one molar. Also, the first-
order rate constant for the decomposition of RNzR at 80° in chloro-
benzene containing 0.819 M bromine was determined by isctope dilu-
tion analysis (Fig. 5) and calculated to be 1.33 x lO_BSec.hl.

The value (8) in neat chlorobenzene is 8.42 x lO_ésec.“l s0 that

RNoR decomposition is 1.58 times faster in chlorobenzene containing
0.819 M bromine than in pure chlorobenzene. This small rate differ-
ence 1s best ascribed to a solvent effect and not to reaction of

RNoR by any path other than spontanecus decomposition. Trapp and
Hammond (5&) found that the decomposition of azobisisobutyronitrile,
ABN, in liquid bromine at 80° was no more than a factor of two faster
than in other media.

That RR does not survive in chlorobenzene solutions when the
bromine concentration is greater than one molar is surprising, be~

cause 80% of the RR was recovered when it was heated in liquid bromine
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Fig. 5. Rate of decamposition of RNzR at 80.0° C
in chlorobenzene contsining 0.819 M bromine.
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at 80° for eight days. However, the results in Table VII indicate
that both ionic and radical bromination of chlorobenzene occur at
high bromine concentrations and it may e that some intermediste or
by-product in the formation of Efbromochlorobenzene destroys RR.

It is possible that HBr destroys RR or catalyzes its reaction with
bromine.

RNoR was also decomposed in the presence and absence of
1,1-diphenyl-2-picrylhydrazyl, DPPH, and the yields of RR determined
by isotope dilution analysis. The formation of RR in solutions cone-
taining DPPH occurs by comblaatlon of gemlnale radlcals Lrouw RNzR
and RR', since DPPH does not react with RR' (8). Table VI shows
that larger yields of RR were obtained without the presence of
DPPH oo that at lecact gome of the radicals which diffused from
their cage coupled to form RR. 1In the absence of DPPH, progres—
sively smaller RR yields were obtained with decreasing initial
RNoR concentrations. Apparently the reaction between B and some
scavenger became fast enough to compete with radical-radical re-
actions between free R. Since the sgolvent was carefully purified
in these experiments (the purification procedure included heating
chlorobenzene solutions of O.1 M RNzR at 80° for three days to elim-
inate very small amounts of active impurities), the free R were prob-
ably scavenged by chlorchenzene. Table VI shows that surface effects
played no significant role in the destruction of free R except, pos-

sibly, when the initial RNpR concentration was 10—5 M.



TABIE IV

Recovery of RR after Heating in Chloronenzene Solutions

Containing Varying Amounts of Bromine at 80.0° C for

8 Days: [RR]O - 1.01 x 1072 mo1c 1.7t

Without RNzR With (RNQR)O - 1.00x107% mole 1.7%
(Brz)o (Brz)o
mole 1.7F % Recovery RR mole 1.7% % Recovery ER
0.0787 98.3 0.0341 98.6
0.450 98.6 0.408 97.3
0.800 99.9 0.850 96.8
1.13 95.1 1.07 94.8
1.35 92.% 1.32 89.3
1.51 86.8 1.50 .3
1.75 65.7 1.77 41.5
1.95 33.9 1.95 21.2
2.50 2.63% 2.50 2.34
2.90 0.00 2.90 0.00
TABIE V

Rate of Decomposition of RNoR at 80.0° C in Chlorobenzene Containing

0.819 M Bromine: [RNER]O = 1.00 x 1072 mole 1.7%

Time (hours) 7 + logio [RNRI]
0.5 1.97
1.5 1.96
5.5 1.92
G5 1.88
10.5 1.77
15.5 1.64
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TABIE VT

Yield of RR Produced by Decomposition of RNoR in Chlorobenzene

Solutions at 80.0° C for 8 Days

(meo @Hﬂ%
mole l.ml mole 1.
1.00xzo:z l.OOxlO:g
5.00x10_5 1.00x10
5.00x10_5 —_—
5.00x10_7 —
1.00x10 ——

% Yield RR

without glass woocl

15.7;15.6
15.3;14.9
36.9335.6
59.0
64.5;6%.9
68.2

TABLE VII

% Yield RR

with glass wool

RS,

91.;:;5.5
59.4;61.6
03.3

ettt g

Production of Bromochlorobenzenes from Chlorobenzene Solutions

(RNZR)O
-1
mole 1.

0.100

0.100

*¥Based on bromine

Heated at 80.0° C for 8 Days

(BTE)Ql
mole 1.

1.4
1.3

2.66
2.70

% Yield Bromochlorobenzenes®™

10
27
16
Lo



The experiments reported in Table VI were not carried to
completion. Although the reaction time of eight days was suf-
Ticient %o aéhieve at least 99.6% conversion of RNoR, it was not
long cnough for complete rcaction of the intermediste RR! (the
undecomposed RR' was destroyed with bromine at the end of the
reaction period). The yield of undecomposed RR' would be ap—
proximately 12% if no scavenger were present in the reaction
mixture. The yield of RR would, therefore, fall between 68%
and 80% in the complete conversion of RNpR at initial concentra—

tion of ZLO“l M. The value reported in the literature is 72% 7).

Roy, et al. (41), studied the thermal decomposition of
ABN at 80° in toluene solutions containing varying amounts of
iodine. They found no dependence of the amount of icdide incor—
porated in the reactiocn products as organoiodides on the icdine
concentration. However, since the maximum iodine concentration
in their experiments was 0.151 M and since ABN and RNoR are
thought to decompose by the same mechanism (8,9), these results
are in agreement with the data in Figure 2.

The yields of RR for the thermal decomposition of RR' at
80° in chlorobenzene solutions containing varying amounts of DPPH
were also determined by isotope dilution analysis. A low initial
concentration (1.72 x 1077 M) of N—(lwcyano—Clu~cyclohexyl)—penta~

methyleneketenimine was used and the decomposition was carried to
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at least 99.6% completion. Under these conditions the only path
for RR fdrmation is coupling of geminate radicals. Results are
reported graphically in Figure 3 and tabulated in Table IIT. The
decrease in RR yield at high DPPH concentration indicates that
scavenging of paired radicals can be made fast enough to compete
with geminate recombination.

The RR yield without DPPH was only 24.9% so that a sig-
nificant amount of reactive impurity was present in the reaction
solutions. However, the chlorobenzene used in the RR' and RNgR
experiments was purified by the same procedure so that the con-
centration of impurity should not have been exceptionally large.

Table VIII shows that RR survived in reaction mixtures
containing DPPH. Although the exact solubility of DPPH in chloro-
benzene at 80° was not determined, its saturation point was less
than 1.5 M. This concentration is the highest value listed in
Table VIII.

In all RNoR and RR' experiments where scavenger 1s listed
as present in amounts greater than 0.1 M, the units of concentraticn
are actually moles per milliliter of solvent and not moles per mil-
liliter of solutiocn. However, calibration experiments with bromine
showed that below one mclar the two concentration values differ at
room temperature by only a few per cent. A similar result would

also be expected for iodine and DPPH.



1,1-Diphenyl-2-picrylhydrazine, HDPPH, gave anomalous be-
havior when it was used as a scavenger for RR' decomposition
(Table XITI). The RR yields were always lower than those cbtained
with ﬁPPH and were not reproducible. Hammond (8) observed analo-
gous scavenging behavior for HDPPH and suggested that induced de-

composition of RR' occurs.

TABLE VIIT

Recovery of RR after Heating in Chlorcbenzene Solutions

Containing Varying Amounts of DPPH at 80.0° C for 1h Days:

[RR]é = 5.03 x 1072 mole l.ﬂl

Without RNoR With (R.NZR)O = 5.10:;10"2 mole 1.7t
(DPPH) (DPPH)
mole 1.7% % Recovery RR mole 1.7% % Recovery RR
0.0255 97.2 0.04k6 95.6
0.149 96.0 0.157 93.1
0.306 97.7 0.611 9k.6
0.637 98.7 1.15 96.6
1.06 91 i 1.51 96.2

1.59 98.1



Distribution Factors for RN-R and RR'

The distribution factors for geminate radicals as de—
fined earlier are not exactly correct in that disproportionation
products were counted as RR. Since more than 20% of the materials
Tfrom decomposition of RNzR are disproportionation producte and
since a significant part of this amount might be due to geminate
disproportionation, the distribution factors are redefined. The

followling terms are for gemlnate radlcals L[rom RNsR, where k. 1s

a
the rate constant for geminate radical disproportionation:

a' = efficiency factor

= ka/ (k2 + kg + ko + k)
z' = fraction of geminate radicals which form RR'

= kg/(ké + ki + kg + ké)
w' = fraction of geminate radicals which form RR

= k2/ (ks + ks + ko + k)
x' = fraction of geminate radicals which disproportionate

= ké/(ké + ks + ko + k)

Analogous expressions relating to geminate radicals from RR' are
represented by a", z", w'" and x". The quentities a', z' and
a"/(1L - z") as defined here have the same experimental values

(Table I) as the corresponding quantities defined by Hammond (8).



A complete analysis of the distribution of geminate radi-
cals produced by RNzR cén be made and used to determine which
measurement of the efficiency factor, a', gives the more accurate
value. The efficiency factor determined by the iodine-~lifetime
method (a' = 0.67) yields a value of 2.6% for x' whereas that
determined by the oxidation-inhibition method (a' = 0.61) yields
x' equal to 8.6%. It seems unlikely that only 2.6% of the dis-
proporticnation products arise from geminate radicals. There—
fore, the value of a' determined by the oxidation-inhibition

method is arbitrarily chosen and listed in Table IX.

TABIE IX

Distribution Factors for Geminate Radicals

Produced by RN=R and RR'

RN=R RR'
a' = 0.61 a" = 0.26
z' = 0.21 z" = 0.40
w! = 0.094 w' = 0.16
%' = 0.086 x" = 0.18

The ketenimine distribution factors are calculated with

the following four linear algebraic equations.
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a" + z" W + x" =1 (20)
w'/(1L - 2z") =o0.27 21)
a"/(L - 2") = 0.h3 (22)

2"/(2" + " + x") = 0.54 (23)

Equation (21) relates the experimental yield of RR (Fig. 3) to w"
and z". The factor (1 - z”)~l arises because geminate radicals
produced by RR' mey recombine to regenerate RR'. The yield of RR

is then given by

%RR/100

w' vz o+ e w"(z")n + o (g&)

W/ - ")

1

Similarly, the (1 = z")—l factor occurs in equation (22). Enough
independent experiments have not been carried out with RR' so that
some agsumption about the relative reaction rates of geminate radi-
cals from RR' is necessary. The least restrictive asoumption ic
that the geminate reactivity ratio, equation (gé), is identical
to that found for RNzR decomposition. It is not necessarily ac-
curate but it should give a good estimate of a". The very high
value of a' relative to a" is not surprising since the radicals
produced from the azo compound are separated initially by a nitro-—
gen molecule.

The yield of RR produced by decomposition of RNzR in the
presence of DPPH is 15.4% (average of four values listed in

Table VI) and is given by



...57..

11 i

vz kw2 o+ e 2w (2") (25)

154

1

h

w' o+ oz /(1 -~ 2")

Equation (25) can be rearranged to give the yield of RR produced by
" decomposition of RR' in the presence of DPPH. Equation (gé) then
relates four quantities which were determined by independent experi-

nments.

]

4RR/100 = w"/(1 = z") = (.15k - w')/z’ (26)

(.154 — .094)/.21

H

= .286

The results accord very well since the experimental value of %RR is

27.0% (Fig. 3).

Dependence of RR Yield on Scavenger Concentration

The data for decomposition of RNsR and RR' at 80° in chloro-
benzene demonstrate that reactions of scavenger (bromine, iodine and
DPPH) with geminate cyanocyclohexyl radicals occur at scavenger con-
centrations above 0.1 M. The efficiency of scavenging of paired
fadicals is predicted by three independent theories (13,35,41) to
vary with the square root of the scavenger concentration. The theory
developed by Noyes (13) predicts e linear relationship, equation (19),

between $ and the square root of the scavenger concentration. The
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varisble @ can be related to the RR yields for RNzR and RR' de-

composition. The expression for the azo compound is
%RR/100 = w' (1 - @)

and that for the ketenimine is

I

4RR/100

e + W"(Z")n(l _ ¢)Il+l s ..

w'(l-8)/(~-2"(1-9))

Equation (28) rearranges to
4RR/ (100w" + $RRz") - (1 - @)
Therefore, the theories predict that
. 1/2
%RR/100w' = 1 - m(S)
for RNzR and
4RR/ (L00W" + %RRz") = 1 - mf(S)l/e

for RR', where m and m' are constants.
2

Wl - @) + 2" (1 - gr" (L - @) + .-

(27)

(28)

(30)

(1)

The functions given by equations (30) and (31) are plotted

in Figures 6 and 7. It is clear that these plots do not define a

straight line with an intercept of ome and, consequently, that the

square root law is not cbeyed by either system. Also, Figures 8

and 9 show that ¢ is a linear function of the first power of the

scavenger concentration.
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Fig. 6. Dependence of RR yield on the square root of the
scavenger concentration for RNoR decomposition.
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Fig. 8. Dependence of RR yield on the first power of the
scavenger concentration for RioR decomposition.
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Fig. 9. Dependence of RR yield on the first power of the
gcavenger conceptration for RR' decampositian.
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Although these results might be considered to indicate
that the rates of the reacticas of the scaveagers with the radi-
cals are less than diffusion controlled, this does not appear to
be the case bhecause iodine and bromine give essentially identical
results. Also, Figure 10 shows That within the precision of the
determination of the yielas of RR and within the accuracy of the
estimation of w" and z", bromine, iodine and DPPH scavenge the
radicals at almost equivalent rates. 1t would appesar, therefore,
that the theoretical treatments of diffusion controllied reactions
of radicals produced in pairs are in erxror.

A bagic assumpticn icherent in the theory developed hy
Noyes and, presumably, inherent as well in the other two theories
is that the encounter dilameter for radicels be sufficiently small
compared to the displacement distaznce Tor relative diffusive mo-
tion., This is the condition that real molecules of finite size
behave as point particles or that their diffusive motion be truly
random in three dimensions. The mathematical treatments employed
do not account for any influence of molecular size or geometry on
the relative motion of two particles at close proximity.

Another assuaption made by Woyes 1s that the probability
at time t of reaction between a particular molecular pair is equiva-

lent to that calculated for a pair of inert molecules. However, for
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a real system the probability of reaction at time © is dependent on
the event that the specific molecular pair has act rsacted by tiwe t.
Therefore, the probability used by Noyes for reaction at time t should
be multiplied by the time dependent probability that the two molecules
have not already reacted with =zach other. The theory can be extended
to describe the reactions of real molecules by introducing the vari-
able T(b) to represent the probablility that the molecular palr has

not reacted by time t. The following treatment is similar to that

of Noyes (12,13,47-19) and requires the definitions of the following

quantities:

O = probability that two molecules will react with each
olher durlng an encounltec

tiie dependent rate congtant for encounters in the
abcence cf scavenger between two incrt molcculcs
whose centers were initially separated by TS

6, (8)

7(t) = time dependent probability that in the absence of
scavenger the two molecules have not reacted with
each other by time t©

8(t) = time dependent probability that two inert molecules
have not "reacted" with scavenger by time t
6(t) = time dependent probability that the two molecules

have not reacted with each cther or with scavenger
by time t.

It is assumed that & is time independent.
When a molecular pair is Tormed at time zero in the ab-

sence of scavenger, the time rate of change of t(t) is given Ly



~at(t)/dt = cn_(t)1(t) (32)
so that t

(4 = e [ o (0)e (33)

0

In the presence of scavenger the time rate of change of &(t) is
given by

~as(t)/at = 2k_(8)s(t) (34)
and

5(t) = exp~2kS(S)t (35)

where k , the rate constant for scavenging, is assumed to be time

(]

independent, The variable ©(t) describes the situation encountered

in real systems. Its time rate of change is

- ~ae(t)/at = aho(t)@(t) + 2ks(s)9(t) (36)

It follows that

o(t) = =(t)s” (37)
The last expression states that the obability that a molecular
pair‘has not reaéted by time t is : product cf the probability
that the two molecules havg not .ombined by time © and the prol-
ability that they have not res d with scavenger by time t. Inte-

gration of equation (36) ove L1 times gives
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O

- [0ty =1 = [an )eternteras (38)

«©

+f 2k_(S)7(t)o(t)at

o]

Equation (38) states that the sum probability of eventual recombi-
nation and of eventual reaction with scavenger is one.

It T ig the probability that in the absence of scavenger
the radical pair never reacts (Tm is the efficiency factor), then

(1 - rm_) = fano(t)T(t)dt (39)

3 4

O

Equatioa (;g) is a boundary conditioca and differs by the factor
1(t) from that used by Noyes. Noyes assumed 7(t) to he one at all
times.

The prcbability, ¢, is given by the integral over all times
of the product of the probability, (L - &(t)), that the mclecular pair
has reacted with scavenger by time t and the probability, Qho(t)T(t)dt,
that the molecular pair would otherwise have recombined at time €.

[>9]

[ @ = steon (eye(eas (10)
Q

=
I

(- ) _j on_(t)7(t)5(c)at (h1)

-7 +f 2k _(s)t(t)a(t)a (42)
@)
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If the expression for h (t) is taken to be that given by
the thecry of random flights (51),
a (t) = at™3/2ob/t (43)
then 1(t) takes the form

(t)

I

Tmexp(lnT;l)(erf x) (L)

waere

™
n

ca (x/5) 2

If 1(t) is given by equation (4k4), the integrals in equations (LO),
(41) and (42) appareﬁtly do not have analytic solutions and would
require analysis by numerical methods. Also, there appear to be no
"obvious” approximate solutions of thne integrals valid at dilute
scavenger concentrations. Since ¢ must be simply proportional tc
the first power of the scavenger concentration when it is present

in small amounts (Fj_g. lO), the use of eguation (iﬂ_) Lo represent
ho(t) is suspect. Equation (43) actuslly is an approximation valid
only for a relatively large number of successive diffusive displace-
ments (51). If the recombination process for a molecular pair should
be over aiter a few diffusive steps, the description of their rela—

tive motion by the random flights method is not valid.



-~ b9 -

Monchick (50) used the Smoluchowski or diffusion equation
to describe the behavicr of a geminate radical pair. Chandresskhar
(51) showed that the Smoluchowskil partial differential equation can
be derived [rom the theory of random Clights by a 1imlllug vrocess
which is valid only for a large number of successive flights. How—
ever, the treatment based on the differential equation assumes that
diffusive moticn 1g continuocus, i.e., the molecules undergo very
small diffusive displacements al a very high frequency. It is
argued, therefore, that the differential equation should apply for
time intervals greater than ca, 10—15 sec. (50). The theoryv pre—
dicts a linear relationship oetween ¢ and the sgquare root of the
scavenger concentration. The model chosen 1s that of two inert
particles which can "react" with each other. As with the theory cf
Noyes, no acccunt is taken of the fact that real molecules can react
only once.

The theoretical treatments consider recombinaticn of &
molecular pair to be very probable after the occurrence of a fairly
large number of diffuslve Jumps. Congseguently, they predict that
scavenging cf radicals should be competitive with secondary recom—
bination at low scavenger corcentrations (lO"5 - 1072 M) (13). The
mathematical cgqueations erc complex and, if they arc applicable, do
not appear to “easily" yield & linear deperdence between ¢ and the

square root of The scavenger concentration. The theories contain
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the necessary simplifying assumption that the effect of solvent on
the reactivity of a molecule is negligible so that ¢ is time inde-
pendent.

An alternsate viewpolnl 1s Lo assume that recombination
occurs only before diffusicn takes place or, at the latest, after
one or two small diffusive steps. The assumption is that geminate
radicals lose their identity immediately after diffusion or that

the probability for secondary recombination is very small. The

quantity ¢ is then directly proportional to the statistical dis-~
tributior of scavenger abcut the molecular pair at the time of its
birth.
Nearest neighbor scavenging can be included in the kinetic
scheme.
K
2R + Nz + S —E&—» RR, RR', etc.

knr
—E 5 RS + R + N2

k"”
—t > R+ 8+ R+ N

k"' = sum of the rate constants for geminate destruction
: of radicals

= k3" + kg' + k'
2 3 a

g = fraction of geminate radicals which react with
ecach other when formed neside a scavenger
kll 1
£ 11 1 11

= Tm mt ttr = W + Z + X
kg + ks + k4
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= Traction of geminate radicals which react with a

v =
scavenger when Tormed as nearest neignbor to it
}<.Ul
s
= k!ll + k"' + kM
g s Ly
71 = probability that RNzR has one scavenger molecule

as nearest neighbor.
At dilute scavenger concentrations ¢ is given by

$ = yiv (45)
Ir XS is the mole fraction of scavenger present and if n is
the average number of nearest neighbor molecules around a radical

pair at the Instant of its formation, then

n—-1

Y1 = HXS(l - XS) (46)

At high concentrations of scavenger the probability of having two

or more nearest neighbor scavenger molecules must be considered:

¥ o= Yy + Yo + et 7n.=[l- (l—-XS)n] (EI)
y=oa =1 (=% )" ~mx (1-x )™
7 = probapility that RNsR has cne or more

scavenger molecules as nearest neighbors

Table X shows tnat y —~ 73 is significantly large in the

concentration range of interest (in chlorobenzene golutions XS is
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TABIE X
71 7 =71
X = 0.020 i 0.075 C.002
= 5 .092 .00k
6 .108 .006
8 .139 .010
X = 0.040 I L2 .009
© 5 170 015
6 .196 .02
8 .2Lko .038
X = 0.060 L .199 020
- 5 234 L0352
6 264 L0lk6
8 .311 L079
X, = 0.080 n .2kg Q34
5 .287 L0514
6 316 077
8 357 .130

one~tenth the molarity at concentrations less than one molar).
Unless v £ 1 even when y ~ y1 is nsgligible, any variation of v
with XS should be important.

Figure 11 conteins a plot of 1 - 7y against Xs for four
valuca of n., The plotoe show that the probeability function hao
more curvature at higher values of n. However, within the pre-
cision of the determination of RR yields (Fig. 10), all four

ocurves approximate a straight line.

¢ = constantx(X_) (L8)
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The fact that bromine, iodine and DPPH give identiesl results
(Fig. 10) suggests that v should be essentially unity for all values
of ¥ . When v ¥ 1, the ordinate ia Figure 11 is esquivalent to (1L - @)
and excesllent agreement between Lhe experilmenlal llne and the curve
for n = 5 is obtained. This value of n is reasonable and, oa the
average, 1s the smallest possible number of anearest neighbors.

The experimental data for RNzR and RR' decomposition are con~
sistent with the asserticn that geminate recombination is almost en-
tirely primary recombination with little or no contribution from
secondary recombination. Radicalg which are produced in pairs may

react in their natal cage or they may separate by diffusion. Once

n

the imprigoned radicals escape from thelr cage, thelr pairing ideatity
is lost and they have little chance of reacting with their original
partners. The decrease in the probability of reaction immediately
after the aiffusion orocess has started may be caused by a "collapsing

cage"

effect in which the radicals are pushed apart by the solvent
molecules. Alternatively, the solvent molecules may complex with the
radicals and decrease O to such an extent that no reaction results
from reencounters of "geminate radicals." It is probable in either
case that the initial diffusion process is not a completely random
one.

The absence of secondary recodbination might be a result of

s

the fact that diffusive displacement distances of cyanocyclohexyl
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radicals are larger than their encounter diameters. Calculations show
that sccondary rccombination is unimportant ucder these conditions
(12). 4 diffusion model which involves large diffusive jumps occurring
at a low frequency would alsc account for extensive primary recombina-
tion of the velatively inert cvanocvclohexyl radicals.

Most of the earlier work in the literature which supported the
notion of secondary recombination involved experiments concerned with
energy Lransfer processes (38-46). The effects of scavengers and of
reaction products on these energy transfer processes were not clearly
determined. It is possible, therefore, that data attributed to inter-
ference by scavenger with secondary recombination was actually a re-
sult of the destruction of excited states in the radiolysis and photol-
ysis experiments. The results of Jortner (52,55) are not understood

and no explanation is offered.

The z! Factor

The fraction of geminate radicals which form RR' in the
thermal decomposition of RN=R was previously measured in chlorobenzene
(8). The study has been extended and the values of z' determined for
three additional solvents: n-heptane, sym-tetrachloroethane and
N,N-Gimethylaniline. Initial rates of formation cf RR' in the pres-

ence of DPPH were measured and the distribution factors calculated
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with equation (é). The data are reported in Table XI and show that,
within experimental accuracy, the z' factor is independent of a three-
fold change in viscosity. Noyes found that the amount of geminate re—
-combination of iodine atoms was markedly reduced by a sixfold change
in the viscosity of the hydrocarbon solvents (Fig. 1).

The higher value of z' obtained with N,N-dimethylaniline is
probably nct a result of coupling of kinetically free radicals. The
initial rate of formation of RR' measured in the absence of DPPH cor-
responds tc that measured in the presence of the scavenger (the frac—
tion of RNoR which forms RR' in the absence of DPPH was calculated to
be 0.31). It appears; therefore, that this solvent is an efficient
gcavenger of cyanocyclonexyl radicals.

The larger cage effcet observed with N,N-dimcthylanilinc can
be rationalized by assuning that this electron rich solvent complexes -
strongly with cyanocyclchexyl radicals. If the reactivity of the
complexed radicals is such that @ is essentially unchanged, the
geminate radicals would be in an encounter position and could react
even after bheing separated by two solvent molecules. Therefore,
scavenging cf the cage by solvent molecules which complex with the
radicalg could decrease radical mobility more than reactivity and
produce a larger cage effect. This result would be best realized if
the diffusion prccess involves rather large diffusive jumps which

cccur at a low frequency.
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EXPERIMENTAL

All melting ana bolling polnts are uncorrected.

n-Heptane.—Matheson, Coleman and Bell reagent grade n-heptane
was distilled through a Vigreux column and the fraction boiling at

64,0° ¢, 242 m. Hg, was collected for experimental use.

sym-Tetrachloroethane .~~Matheson, Coleman and Bell reagent

grade sym-tetrachloroethane was used without further purification.

N,N-Dimethylaniline.~~Following the procedure of Meltzer and

Tobolsky (58), one kilogram of Matheson, Coleman and Bell mono-free
grade, N,N-dimethylaniline was refluxed with 100 g. of acetic anhydride
for four hours. The cooled solution was added slowly to 1.5 1. cf 6 M
hydrochloric acid using an ice bath to keep the agueous solution below
25° C. After repeated extractions with small portione of ether, the
aqueous solution was neutralized by slow addition of a ccneentrated
aguecus sodium hydroxide solution. An ice bath was used to keep the
temperature below 25° C. The organic layer was separated from the
water layer and washed succeésively with 0.5 M aqueous sodium hydroxide
solution and water; dried with sodium hydroxide pellets; and distilled

twice at reduced pressure. Approximately 500 ml. of colorless material
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boiling at 72.5° ¢, 10 mm. Hg, was collecled for experimental use

from the second distillation.

Chlorohenzene.—-Matheson, Coleman and Bell reagent grade

‘chlorobenzene was extracted repeatedly with small portions of con-—
centrated gulfuric aecid; waghed succesgively with water and 5%
agueous sodium bicarbonate solution; dried with calcium chloride;
and finally, distilled from phosphorus pentoxide through a Vigreux
column at atmospheric pressure. The middle fraction was collected,
made 0.1 M in RNzR and heated under a nitrogen atmosphere for three
days at 80° C. The chlorobenzene was filtered; distilled at reduced
pressure; exuracted repeatedly with swall portions of concentrated
sulfuric acid; washed succesgsively with water and 10% agueous po-
tassium hydroxide solution; dried with calcium chloride; and dis—
tilled ffom phosphorus pentoXide through a spinning band column at
atmospheric pressure. The middle fraction was collected for ex—

perimental use.

Bromine.—Mallinckrodt analytical reagent grade bromine was

used without further purification.

lodine.—~Baker and Adamson reagent grade iodine was used

without further purification.

1,1-Diphenyl-2~picrylhydrazine (HDPPH).——The method of Poirier,

Kahler and Benington (59) was followed. Three recrystallizaticns of
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the crude compound from a chloroform~ethanol solution gave material

melting at 172.3-173.9° ¢; reported (59) m.p. is 17h-176° C.

1, 1-Diphenyl-2—picrylhydrazyl (DPPH).-——The methcd of Gold-

.schmidt and Renn (60) was followed. Two recrystallizations of the
crude compound from a chlcroform—-ligroin solution gave material
melting at 134-136° C¢. After heating under vacuum at 100° ¢ For
eight hours, the compound melted at 134-136° C; reported (61) m.p.

is 137° C.

l,l'~Azo~(cyano—clu)—cyclohexaua (RNgR-ClA).——The method of

preparation of RNzR has already been described (8). The preparation
of the radicactive azo compound consisted in adding a small amount of
NaCN—Clh to the reaction mixture in the preparation of the hydrazine
compound. Rl\IgR--Cl)1L of high specific activity (~ 0.5 mc./mmoles.) was
obtained by adding 8.3 mg. (1.69 mmoles.) of NaCl\]'—Clbr (Tracerlan),
specific activity = 5.9 mc./mmoles., tc an initial reaction mixture
containing 100 mg. (20.4 mmoles.) of NaCN. The RN2R~Clu compound was
purified by column chromatography in benzene on neutral alumina
(Merck reagent grade) followed by two recrystallizations from meth-

ancl; m.p. 113.5-114.5° C, Gec.; reported (27) m.p. is 114-115° ¢, dec.

N—(l~Cyano—Cl4mcyclohexyl)~pentamethyleneketenimine (RR'—ClA).~~

)| 1)
RR'Cl+ of high specific activity was prepared from RNZR»«C'L

' by the

procedure of Wu, Hammond, and Wright (8). A solution of 485 mg.
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(1}99 mroles. ) of ngﬂrclh ia 10 wl. of n-heptane was refluxed under
a nitrogen atmosphere for 7.5 nhours. The soluticn was cooled to
room temperature and the crystals which separated were filtered.

The yellow, olly residue obtained by allowing the filtrate to evap-
orate to dryness at room temperature was dissolved in 5 mi. of
benzene and diluted with 104 mg. (0.482 mmoles.) of inactive RR'.
The venzene solution was added ©o aa alumina (Merck reagent grade)
column and developed with a 1l:1 mixture of pentane and venzene.
Evaporation at room temperature cf the cnromatograms gave a small
amount of light yellow solid., This material was sublimed under
vacuum at 30° C to give 16.4 mg. (3.07% yield) of white RR'~Clu

melting at 68.3-70.2° C; reported (8) m.p. is 68-69° C.

1,1'-Dicyancbicyclohexyl (RR).~—A solution of 28 g. RNzR

in 21. of reagent grade n-heptane was refluxed under a nitrogen

atmosphere for three days. Half the solvent was removed by evapo-

rabtlion on a hot plate and the sclution was allowed tc cool to roow

temperature. The crystals were filtered, dried under vacuum at

100° ¢ for two days and sublimed under vacuum at 120° C; m.p. 221~
54 oy : IoYs Q g ll‘*' s

222°% C; reported (2() m.p. is 22L.225° ¢. RR-C was obtained

1k

from the kinetic runs with RNsR-C™ .



Counting Procedure.——Radlocarbon analyses were perforamed

with a Packard Tri-Carb Ligquid Scintillavicn Spectromster, Model
51M~EX, using 20 ml. potassium free, no~vit glass liquid scintil-
lation spectrometer vials with tin foil lined tolusne-resistant
caps. Packard Instruments Cc. scintillaticn grades 2,5-diphenyl-—
oxazole, PPO, and p-vis-[2~(5-phenyloxazoyl)l-benzene, POPOP,

were used as primary and secondary scintillators, respectively.
The scintillation solution comsisted of 3.50 g. of PPQ and 0.100 g.
of POPOP dissolved in one liter of Baker and Adamson reagent grade
toluene. A sample was prepared for counting by pilpetting 20.0 ml.
of gcintillation solution ianto a vial containing a known amount of
active compound.

'I'oluene--Cl)+ was used to determine the effects of RNzR, RR
and RR!' on the scintillation processes. The results are shown
graphically in Figures 12, 13 and 1k. RR was the only compound
which did not change the counting rate. Relatively poor precision
was obtained since only a few milligrams of very active toluene was
employed. For convenience, RR—«C:U+ wao ugcd in plaocc of tolucne—~C
as a radiation source in the calibration vials needed to correct
for the scintillation effects of RNzR and RR'.

Specific activities of the very active RI\IER--C]'LL and RR'wClLL

compounds were determined by measuring counting rates for one milli-



- Gk -

‘Wi 30 308370 UOTINITIAMGOR gy *BTL

| (Bui) ¥y~ LM
08l 091 Obl 020 00I 08 09 ovr 0z
T _ _ T T T T T
Q. 0 ?
B Oo—0o—0 ~O O====== = I't

©

ol

(Ww/wdd), O} X ALIAILOV D14103dS



T O 139720 uoTyeTTTauT0n ‘€T ‘Frg

(bw) Yy 1M
ovi oci 00l 0B 09 O 161 )

- 65 ~

! 1 | I T I ]

(ww/wdd) . Ol X ALIAILOV D13193dS



2.0

SPECIFIC ACTIVITY x 10™%(cpm/mm)

i 1

Pig. 1lhb.

100 200
Wt.RNo R (mg)

Seintillation effect of RNpR.

300



- 67 -

liter of their dilute (~ lo"5g) chlorobenzene solutions. Correc—
tions were made for the scintillation effect of chlorobenzene.

All counting rates necessary for the calculation of yields
were determined at the same time and were corrected for background

L

radiation. Yields were calculated with the following expression.

N mmoles. carrier $.8. gariched carrier
Yiela = - - z -
mmoles. starting materiel s.a. starting material -

s.a. enriched carrier

e

Degassing Procedure.—-Ampoules were prepared by constricting

100 x 1% mm. or 150 x 18 mm. culture tubes. Solutions (1-5 ml.) were
pipetted into the tubes which were then degassed by four freeze—pump-
thaw cycles with freezing at liquid nitrogen temperatures and thawing
at room temperature. The ampoules were sealed under vacuum while ime—

mersed in the cooling bath.

Isotope Dilution Procecure.—Ampoules were removed from the

constant temperature vath, cleaned and immerced in a liquid nitrogen
bath. After its contents had solidified, a tube was opensd by care—
fully removing its top. Both parts of the tube were then immediately
placed in an Erlemmeyer flask containing a kaown amount of RR (~ 0.2 z.)
dissolved in 50 ml. of benzene. In the bromine experiments, the carrier
solution alsc contained a few drops of acetone which destroyed ths scave

enger. Complete mixing was achieved by swirling the flask.



The benzene soluticns were added to alumina (Merck reazent
grade) columns (300 = 20 mm., dry packcd) which were then eluted
with aa additionsl 200 ml. of benzene. In the bromine experiments,
the benzene solutions were diluted with 450 ml. of ligroin, added to
alumina columns and eluted with 500 wl. of ligroin aad, finally,

200 ml. of benzene.

The benzene sluents were evaporated to a few milliliters on
a steam bath and diluted with twice as many milliliters of ligrcin.
The crystals of RR—-Cll+ were collected by filtration, driea uander
vacuum at room temperavure for at least two hours and weighed into

sciptillation vials.

Decomposition cf RNoR and RR'.--Reaction solutions containing

14

scavengers were made from prepared stock solutions of RNzR-C™ and

14

RR'-C in chlcrohenzene. For concentraticns of iodine or DPPH

gregter than 0.1 M the stock chloropenzene soluticns were added to
aumpoules containing knowa amounts of these scavengers. The con-
centration of bromine present at levels greater than 0.1 M was de-
termianed by weighing the ampoules when they contained uanly stock
solutions and again after additicn of bromine and sealing. At
smaller scavenger concentrations the reaclion solutions were pre~—

pared by repeated dilutions of ~ 0.1 M scavenger solutions.
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he sealed tubes were kept in a constant temperature bath at
80.0° C for a pericd long enough 1o effect at least 99.6% dccomposi-
tion. Solutions containing RN2R~CLM were heated for 8 days whereas
those containiang RR'—ClM and DPDIL requived 1h days of heatiayg.

Chlorobenzens solutions cf RR' and HDPPH were similarly pre—
pared and heated at 80.0° C for 14 days. The results are reported in
Table XI1.

1l

When RNpR-C™ was decomposed in the absence of scavenger, the
carrier solution contained a few drops cof bromine to destroy any unde-
1k

1k
composed RR—C'H which might otherwise have produced additional RR-C

in the subsequent workup process.

Survival of RR in the Reaction Mixtures.--Stock soluticns of

14 14

RR~C and RR-C Pplus BNzR 1n chlorobenzene were prepared and used to

make up reaction soluticns containing bromine and DPPH. The prepara—
tion of ampoules and the workup procedures were identical to those
uged in the decompositicn experimentec. Scalcd tubcs containing bromine
were heated at 80.0° C for 8 days; those containing DPPH were heated
at 80.0° C for 14 days.

In one experiment & solution of 119 mg. (0.552 mmoles.) of
RR in 3 ml. of bromine was heated in a sealed tube at 80.0° C for
8 days. The reaction mixture was diluted with 239 mg. (1.11 mmoies.)
of RR-—CJJ‘L followed by removal of bromine at room temperature with an
aspirator. The white residue was dissolved in 50 ml. of benzene and

recrystallized twice from the same solvent. The ﬂﬂ—Clu melted at

220-221.5° C and recovery was calculated to be 79.8%.
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TABLE XIT

Yield of RR Produced by Decomposition of RR' in Chlorobenzene

Containing Varying Amounts of HDPPH:

[RR'] = 1.72 x 1072 mole 1.7F at 8C.0° ¢ for 1k Days

9]

.05 1k,
A9 15.
LTT 1.
87 10.
i 11.
.90

.00x10°

(HDPPH)O

mole 1.°% % Yield RR

L67x10™2 oL, 3

3% 5.4

OT Ly 11.1

.00x10 26.5

67 16.0

. 3% 26.7

67 21.5
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Rate of Decomposition of RNpR ia the Presence of Bromine.—A

1.00 x lO~5.ﬁ solution of 1‘31\'12'*‘{--(311]r in chlorchenzens was made $.819 M
in bromine., Awmpoules contsining one ml. of tals solution were de-
gassed and heatz=d at 8C.0° ¢ 1n a cunsbeanl Leaperalure balh T'or pe—
riods of wne to seventy hours. The carrier solutions consisted of
known amounts of RNzR (~ 0.3 g.) in 25 ml. of benzene. They also
containcd cnough acetone to destroy the secavenger. After isotopic
mixing, the solutions were added to alumina (Merck reagent grade)
columns (300 x 20 mm., dry packed) followed by elution with 200 ml.
of benzene. The eluents were allowed tc evaporate to dryness at
roor temperature. The RNgR--ClJ+ was recrystallized twice from meth-
anol, dried under vacuum at room temperature for two hours and
welghed into secintillation vials for analysis.

A good fit to first order kinetics was obtained (Fig. 5)

. - -1
and. the value of ki was calculated to be 1.33%3 x 10 2 sec. .

Formation of Bromochlorobenzenes.-—~Solutions of bromine in

chlorobenzene and of bromine in chlorobenzene also 0.1 M in RN2R

were heated in sealed ampoules for eight days at 80.0° C. Aliquots
from the reaction mixtures were subjected to vapor phase chromatog-—
raphy on a gilicone column at 172° C. Symmetrical peaks were obtained
at the retention time characteristic of Efbromochlorobenzene. Aliquots

from samples of the reaction mixtures in which bromine had neen de-
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stroyed with acetone showed identical peak areas. No peaks charac-—
teristic of m~ and o-bromochlorobenzene wers observed since their
retention times under these conditions were almost identical with
the retention time for the para compound. Yields were determined hy
comparison of the peak areas with those obtained from chromatograms

of solutions containing known amounts of p-bromcchlorobenzene.

Infrared Analyses.——Measurements were made with a Beckmann

model IR7 recordirg infrared spectrometer using a single pair of
matched, l-mm., sodium chloride cells. The absorption band of the
ketenimine at 2020 cm:l was followed. ZEmpirical calibration curves
of optical density versus ccncentration were determined for each

solvent. The concentrations of RR' were obbained from these curves.

Initial Rates of RR' Formation.—-The initial rates of forma-

tion of RR' from RNoR were determined in theptane, sym~tetrachloro-
ethane and N,N-dimethylaniline using DPPH as a scavenger in each
solvent. The batch~sampling technique of Wu, Hammond and Wright (8)
was used for kinetic measurements. The amount of ketenimine formed
was determined by infrared analysis and the data were fitted to the
integrated f'orm of the first-order law by the method of least squares.
The first-order rate constants for decomposition of RNpR in
n-heptane, sym-tetrachloroethene ana N,N-dimethylaniline were deter-
mined by manometric monitoring cf the rate of nitrogen evolutica. The
apparatus and procedure were those described by Hammond, et al. (33).

The z' factors were calculated with equation (é).



REFERENCES



N i

10,

11.

- 74 -

REFERENCES

]

. Franck ana E. Rabinowitch, Trans. Faraday Soc., 30, 120 (1951+).
M. 8. Matheson, J. Chem. Phys., 13, 584 (19L5).

G. S. Hammona, J. T. Rudesil and F. J. Modie, J. Am. Chem. Soec.,
A5, 2929 (1991). |

G. S. Hammona, J. N. Sen and C. E. Boozer, J. Am. Chem. Soc., Ny
324l (1955).

C. Walling, J. Polymer Sci., 1k, 214 (1954).

J. C. Benington, Trens. Faraday Soc., 51, 1392 (1955).

M. Levy, M. Steinberg and M. Szwarc, J. Am. Chem. Soc., 76, 5978
(1954).

C. H. 5. Wu, G. 8. Hammond and J. M. Wright, J. Am. Chem. Soc.,
82, 5386 (1960).

G. 5. Hammona, C. H. 8. Wu, 0. D. Trapp, J. Warkentin and K. T.
Keys, J. Am. Chem. Soc., 82, 5394 (1960).

E. Rebinowitch and W. C. Wood, Trans. Faraday Soc., 32, 1381
(1936). |

E. Rabinowitch, Trans. Fareday Soc., 33, 1225 (1937).

R. M. Noyes, J. Chem. Phys., 22, 1349 (195k).

R. M. Noyes, J. Am. Chem. Soc., 77, 2042 (1954). ‘

F. W. Lempe and R. M. Noyes, J. Am. Chem. Soc., 76, 2140 (1954).

L. F. Meadows and R. M. Noyes, J. Am. Chem. Soc., 82, 1872 (1960).



16.

i7.

18.

19.

20.

22.

23.

2k,

25.

27.

28.

29.

...75..

D. Booth and R. M. Noyes, J. Am. Chem. Soc., 82, 1868 (1960).

C. Walling, "Frse Radicals in Solutiorn,"” John Wiley and Sons,
Ine., New York, N.Y., 1957.

H. C. Rampsberger, J. Am. Chem. Sce., 51, 2134 (1929).

S. G. Cohen and C. H. Weng, J. Am. Chem. Soc., 77, 3628 (1955).
C. G. Uverberger and A. V. DiGuilio, J. Am. Chem. Soc., 81,
2154 (1959).

S. Seltzer, J. Am. Chem. Soc., 83, 2625 (1961).

S. Seltzer, J. Am. Chem. Soc., 85, 1k (1963).

C. G. Overberger, M. T. O'Shaughnessy and H. Shalit, J. An.
Chem. Soc., 71, 2661 (1949).

C. G. Overberger and M. B. Berenbaum, J. Am. Chem. Soc., 73,
2618 (1951).

C. G. Ovefberger and H. Biletch, J. Am. Chem. Soc., 73, 4880
(1951).

C. G. Overberger and M. B. Berembaum, J. Am. Chem. Soc., T3,
4883 (1951).

C. G. Overberger, H. Biletch, A. B. Pinestone, J. Lilken and
J. Herbert, J. Am. Chem. Soc., 75, 2078 (1953).

C. G. Overberger and A. Lebovits, J. Am. Chem. Scc., 76, 2722
(1954).

C. G. Overberger, W. F. Hale, M. B. Berenbaum and A. B. Finestone,

J. Am. Chen. Soc., 76, 6185 (1954).



3L,
.
53.

3k,

36.

38.

29.

ho.

hi.,

L2,

437,

- 76 -

'P. Bruin, A. F. Bickel and E. C. Kooyman, Rec. trav. chim.,

61, 1115 (1952).

F. J. Lopez Aparicio snd W. A. Waters, J. Chem. Soc., 4666 (1952).
M. C. Ford and W. A. Waters, J. Chem. Soc., 1851 (1951).

C. E. Boozer, G. S. Hammond, C. E. Hamilton and J. N. Sen,

J. Am. Chem. Soc., 77, %233 (1955).

A. H. Samuels and J. L. Magee, J. Chem. Phys., 2L, 1080 (1953).
L. Mecnchick, J. L. Magee and A. H. Samuels, J. Chem. Phys., 26,
935 (1957).

A. Kupperman snd G. Belford, J. Chem. Phys., 36, 1412 (1962).

A. Kuppermsn and G. Belford, J. Chem. Phys., 1427 (1962).

J. C. Roy, R. R. Williams, Jr. and W. H. Hamill, J. Am. Chem.
Soc., 76, 2274 (1954).

J. C. Roy, W. H. Hemill and R. R. Willisms, Jr., J. Am. Chem.
Soc., 17, 2953 (1955).

J. R. Nash, W. H. Hamill and R. R. Williams, Jr., J. Phys. Chem.,

60, 823 (1956).

J. K. Roy, J. E. Nash, R. R. Williams, Jr. and W. H. Hamill,

J. Am. Chem. Soc., 78, 519 (1956).

D. L. Bunbury, R. R. Williams, Jr. and W. H. Hamill, J. Am. Chem.
Soc., 78, 6228 (1956).

R. F. Pottie, W. H. Hamiil apd R. R. Williams, dr., J. Am. Chen.

Soc., 80, ha2k (1958).



..."‘('”{’._.

‘44, J. R. Nasa, R. R. Willisms, Jr. and W. H. Hamill, J. Am. Chem.
Soc., 82, 5974 (1960).

45, W. A. Gillis, R. R. Williems, Jr. and W. H. Hamill, J. Am. Chem.
Soc., 83, 17 (1961).

L6, T. C. Vogt and W. H. Hamill, J. Phys. Chem., 67, 292 (1963).

L7. R. M. Noyes, J. Am. Chem. Soc., 78, 5486 (1956).

L8, R. M. Noyes, J. Phys. Chem., 65, 765 (1961).

49, R. M. Noyes, "Progress in Reaction Kinetics," Pergamcn Press,
New York, N.Y., 1961, Chapt. 5.

50. L. Monchick, J. Chem. Phys., 2k, 381 (1956).

51. 8. Chandrasekhar, Rev. Mod. Pays., 15, 1 (1943).

52. J. Jortner, R. D. Levine, M. 0. Ottolenghl and G. Stein,
J. Phys. Chem., 65, 1232 (1961).

5%. J. Jortner, M. Ottolenghi and G. Stein, J. Phys. Chem., éé,
2029 (1962).

54. 0. D. Trapp and G. S. Hammond, J. Am. Chem. Soc., 81, L4376
(1959).

55. F. D. Rossini, "Selected Velueg of Physical and Thermodynamic
Properties of Hydrocarbons and Related Compounds,” Carnegie

Press, 1953, p. 227.



- 78 -

56.. E. W. Washburn, "International Critical Tables of Numerical Data,
Physics, (hewistry and Technology," McGraw-Hill Co., lst ed.,
Vol. 7, pp. 211-22%,

57. C. D. Hdodgman, "Haadbook of Chemistry and Physics," Chemical
Rubber Publishing Co., 3lst ed., p. 1757.

58. T. Meltzer and A. Tobolsky, J. Am. Chem. Scc., 76, 5178 (1954).

59. R. H. Foirier, K. J. Kapnler and H. Benington, J. Org. Chemn.,
17, 1k37 (1952).

60. §. Goldschmidt and K. Renn, Ber., 55, 628 (1922).

61. J. A. Lyons and W. II. Waters, J. Polymer Sci., 18, 1kl (1955).



_79._.

PROPOSITIONS



-1 -

PROPOSITION I

Molecular Clustering in Binary Liquid Mixtures

Most explanations of critical phenocmena which occur in the
region of the critical solution temperature of binary liguid systems
nave in commen the assumption of microheterogeneity or molecular
clustering in the liqgquid mixture. It is proposed that measurements
of the cage effect near the critical solution temperature of certain
binary liguid mixtures might provide further evidence of molecular

clustering.

Critical Phenomena of Binary Liquid Systems

Within a temperature range of ocne or two degrees above the
critical solution temperature, binary liquid mixtures exhibit the
phenomencn of eritical opalescence (an abnormally strong scattering
of light which increases with decreasing wavelength). Since a con-
tilnucus and homogeneous medium would have a constant index of refrac—
tion from one volume element to esnother, this phenomenon is generally
attributed (1-5) to concentration fluctuations so that the refractive
index of the medium varies throughout the vcolume elements. A large
numher of binary liguid systems of organic compounds have been in—
vestigated. By studying the anomalous depolarization of scabttered

light, Krishnan (6) claims to have detected the presence of molecular



[

clusters in the system aniline—cyclchexane over a temperature range
extending 20° apuve the critical solution temperature.

Chynoweth and Schneider (7) first studied ultrasonic (about
_600 K.c.) abgorption in binary liquid sysiems near the crillcal
solution temperature. They investigated the systems aciline-n-
hexane and triethylamine-water and found a large anumalous absorp-
tion of sound energy in the region extending approximately 2° on
either side cf the critical solution temperature and increasing rapildly
as the transition temperature was approached. This critical phenomenon
has since been observed (8-12) in a variety of binary liquid systems.
Explanations of this anomalous effect include a molecular mechanism
which depends upoa the microheterogeneity of the single phase (7,8,13,
1k4).

Numerous other physical properties such as viscosity, heat
capacity and flow birefrigence show anomalous behavior in the rsgion
of the critical solution temperature. As with the two examples dis-
cussed, the notion of molecular clustering is usually invoked in their

explanation.

Molecular Clustering

Suppose the molecular structure of a solution of two liguids,
A and B, consists of molecular aggregates of A mixed with molecular

aggregates of B. Also, suppose that a sclid solute C is very soluble
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in liguid A and iasoluble in liguid B. If the aggregates of A are
relatively large, then we might expect the molecules of ¢ to disteib-
ute themselves almost exclusively in the clusters of liguid 4. If C
can cleave thermally to yleld radical fragmeats, the amount of gami-
nate recoxbination in the liquid mixture should be nearly ideatical
t¢ that for pure liguid A. This result could he observed experi~
mentally by further restricting the choice of liquides A and B so that
the amount of geminate recombination is significantly different in
the twe liquids.

Figure 1 1llustrates a typical phase aiagram at constant
pressure for two partially miscible liquids whose coexistence curve
possesses an upper consclute temperature. The region outside the
coexistence curve corresponds to one-phase systems, whereas the
region within the curve represents two-phase systems. Addition to
a mixture oI two partially miscible liquids of & solute which is
soluble in one of the liguid components and insoluble in the other
would probably cause the critical solution temperature to increase
(15). 1If we restrict the choice of two partially miscible liquids,
A and B, so that a solute C is very soluble in A and relatively in-
soluble in B, then Figure 1 shouldAalso illustrate the general shape
of the coexistence curve for mixtures of A and B containing a small

amount of solute C.
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Evidence for molecular association might be obtaiaed by meas—
uring the amount of geminate recombination associated with the thermal
decomposition of C along the constant composition line OXT' Figure 2
11lusbrates a possible vaclatlion with tewperabure of the amount of
geminate reccmbination for liquid A, GA, and that for Liquid B, QB'
Liguids A and B are chosen so that QB is significantly smaller than
CXA. We would expect O’,A and (XB to decreasse with inecreasing temperature.

If large molecular clusters do indeed exist in the region of
the critical solution temperature, the variation with temperaturs
along the line OX,I1 of the amcunt of geminate radical rescombination,

G, for the liguid mixture of composition XT should be approximately
equal to aA in this region. As long as relatively lsrge clusters of
A exist, ¢ should be almost identical with oy - If at temperatures
gomewhat abcve the critical solution temperature molecular associa-
tion disappears and we have complelely random mixing on the molecular
level, O should deviate fronm QA and might behave as indicated oy the
broken curve in Figure 2.

Further evidence for molecular clustering could be. obtained
by observing the bchavicr of & as the mole fraction of liguid A is
changed at constant temperature. Thus, if (& is measured along the
constant temperature line OTX in Pigure 1, its variation might be

similar to the broken curve in Figure 3.
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By measuring & as a function of tempevature at constact com-
position of the liquid mixture and as & function of the camposition
of' the liquid mixture at constant temperature, a qualitative picturs
of the gtruecture of a ligquid mixture might be constructed in terms

of molecular assoclatiocn over the one-phase domain.

Measurement of Geminate Recombination

A system which permits easy wmeasurenment of the amount of
geminate recombination is 1,1'-azocyanocyclohexane (RNzR). The
yield of either RR or RR' produced by its thermal decomposition in
the presence of scavenger could be used as a measure of the extent

of geminate recombination.

Choice of a Binary Iiguid System

The two liquid componentis of the binsry liguid system
must have the following propertiesg: (l) the two pertially misgeible
liquids should have an upper consolute temperature arouad 80°, the
temperature region for relatively rapid decomposition of RN-R; (2)

the solubility near 80° of RNpR should be significantly different in

the two ligquids; (3) the amount of geminate recombination should be

w

significantly different in the two liquids; and, (M) the scavenger

must be eificient in the liquid mixture. The last ccndition can be

<

testea by varying the scavenger concentration.



A high rolecular weight hydroearboa (E;hexadecane) and a low
molecular weight polar compound (benzens) will probably have these
properties. Since critical solution temperature data for systems of
this kind are presently unavailable, preliminary tests wculd heve to
be performed in order to fiand the right iiquid systen.

The choice of benzene and a Lydrocarbon 1s reasounable slace
X-ray studies by Bell ang Davey (16) support the potion of molecular
association in the benzene-cyclcohexane system. Nosworthy, et adi.
(17) have also hypothesized molecular clustering for the benzens—
cyclohexane system in order to cxplain cncrgy transfcr phencucna in
scintillation measurements.

If the initial experiments for the thermal decomposition of
RN=R prove Truitful, the meagurement of geminate recombinalion in the
photclysis of this compound is desirable since the temperature restric-

tion on the binary liquid system is removed.
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PROPOSIFITON 11

The Phoetochromlice State of Dlanthirone

Recent studies of the photochemistry of cis-stilbene in-
dicate that 12,13-dihydrophenanthrens is an unstable photoproaucs
which either regenerates cis—-stilbene by thermal isomerization or
reacts with a suitable hydrcgen acceptor to form phenanthreane (1-3).
It is proposed that an analogcus process, the formation of 1,1'-
dihydrohelianthrone, II, is responsible for the photochromism ex—

hibited by dianthrone, I.

0 0

H
0 0]
I IT

The phenomenon of photochromism is clogely related to that
of thermochromisim, the two having been frequently interpreted as .
triplet—triplet transitions (4). Kistiakowsky (5) studied the thermo-
chromism of I and concluded that the colored species is the lowest

triplet of I in which the two aramatic ring systems are in planes



perpendicular to each other. Electron paramagnetic resonance mcasure-—
ments on thermochromic solutions demonstrats the preseance of para—
megnetic species (6), although these are thought to be decomposition
products of I (7). Magnetic susceptibility measurements by Kortum (8)
>on a thermochromic derivative of I showed that it was diamsgnetic at
all temperatures. He proposed that the thermochromic stats is a2 gso-
metric isomer of I with a singlet ground state. Harnik (9,10) reached
a similar conclusion from X-ray crystallographic studies of I.

Hirshberg (ll) claims that the thermochromic and photochromic
spectra are identical and that the colored species is a geometrical
isomer of I. Kortum has questioned this conclusion and offered
spectroscopic evidence that the two states are different. He pro-
poses that the photochromic state is a triplet similar to that pro-
posed by Kistiakowsky for the thermochromic state. However, no
electron parasmagnetic resonance was observed with photochromic solu—
tions of I (12).

Woodward (13) proposed the diradical III to represent the

colored species formed from I.

o)

11T
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''he evidence for structure 1il is that pyridine solutions of I at
25° display ac z.p.r. which increases with temperature (14). How—
ever, the enolic form of II 1s produced upon low temperature ir-
radiation <f pyridine solutions of I.

The rate of disappearance of the colored species in ethanol
is greater thac that in iscoctane by only a factor of two (13). This
result indicates the absence of a betaine structure.

Evidence which supports a photochromic state represented by II
is the formation of helianthrone upon irradiation of solutions of I
containing oxygen (15). In addition, II might be expected tc enolize
in pyridine and the e:.p.r. obgerved in this solvent could be due to
decomposiltion products of the enclic tcrm. Oxldation experiments
with photochromic solutions of I would determine if the colored species
is the precursor of helianthrone.

A series of energy btransfer experiments are proposed tc deter—
mine the spin state of the photochromic species. Sensitization and
quenching experiments with compounds possessing known triplet emergies
should show whether the colored species is a long lived biradical such
as I1I. Results from these experiments, coupled with those from the
oxidaticn experiments, should determine whether II is the best repre—

sentatica of the photochromic species.
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PROPOSITION I[iT

Cage FfTects “n the Decomposition of Cyclic Azonitriles

Recent experiments (1) indicate that radical pairs produced
thermally frem acyclic azonitriles undergo little or no secondary re—
combination. However, such a process might occur if the geninate
radicals are so constrained that they are physically unable to aif-
fuse into the bulk of the solution. AIn order to investigate this
possibility, it is proposed that cage effects in the pyrolysis and
photolysis of cyelic azonitriles be measured over a wide range of
scavenger concentrations.

Evidence that supports a secondary recomblnation process al-
ready exists. The inefficiency of diradicals in initiating polymeri-
zations has been attributed to chemical reactions between the ends of
the growing polymer cheins (2). For example, Overberger (3) found
that‘cyclic azo compounds are very poor initiators compared with their
open chain analogues. Also, statistical calculations predict self-
termination reactiqns to be more probable than biradical chain propaga-—
tion reactions (4). Bince the calculaticas ignore the influence of
ring strain, the probability of the latter reactions figures to be
vanishingly small.

The only attempt (5) to prepare a cyclic azonitrile failed,
apparently because of thermal instability. However, the synthesis

invelved a six-membered ring where the azo bonds would necegsarily be



of the cis—configuration. A stable cyelic azounitrile will probably
require a large ring where the azo group can assume the more stable

trang-configuration. Cyelic pheayl szo compounds of small, mediua

w

and large ring slzes have Deen prepared and thelr decompositions
studied (). However, a complicating side veaction, isomerization
to a hydrazone, makes their use as model compounds unatiractive.

Nevertheless, they can be used in this study should the preparation

of the azonitriles be unsuccessful.
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PROPOSITION IV

Energy Transfer iln Scintillator Bolutions

Oince the phenomenon of liquid scintillation was sbtudied by
Kallmann (1), the luminescence of a large rumber of organic scintil-
latcrs in various solvents has been investigated (1-12). However,
most studies have heen mcre concerned with the discovery of new
scintillators and more efficient scintillaticn solvents than with
a detailed investigation of the excitation transfer processes. For
example, nearly all scintillation data have veen obbained with asrated
solutions even though it is known (1%,14) that the presence of dis-
solved gases markedly affects countiang rates. It is proposed that
excitation transfer processes in scintillation solutions containing
carbon-14 be Studied.. The initial experiments can be carried out
with commercial liquid scintillation spectrameters but later work
nay reguire modifications of the ohotomultiplier, light reflecting
and electronic components of these instruments.

It is known (15,16) that, at the low scintillator concentra-
tiong ordinarily employed, excitation energy from the ionizing par-
ticle is tracsierred through the solvent to the scintilliator mole—
cule. Under these conditions, added sclutes present at higher con-
centraticns quench excited solvent molecules and catch the energy be-

fore it can reach the scintillator. Some preliminary experiments



el

involving ketones as quenchers have been carried out. The data

are reported in Table I and shuw a correlation between the quernching

effects of the ketones and thelr triplet energies. It is proposed
that this study be continued in order to determine the effects of

concentration variation, of any luminescencs of the ketounes and,

pessibly, phosphorescence off POPOP oa the couating rates. We may
then bhe ahle to understand some of The ensrgy transfer processes

occurring in these solutions.

It would be of great interest to investigate the possibility
of detecting phosphorescence with a scintillation spectrometer since
vhosphorescent counting rates would prove invaluable in the study of
triplet—triplet energy transfer. This technique cculd provide a
convenient method for determining whether meolecules in the triplet

state can escape the local region of a disintegration and diffuse

into Tthe bulk of the solution.
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TABLE T
Quenching Effects of Carbonyl Compounds on the Scintillation of POPOPT
in Benzene Solutions® Containing ACC~Clel as a Radiation Source:
Lacc-c™] = 107 mote 1.7Y [Popop] = 107Y 1.7
Molarity x10° cpm{l@ml.i’é EI(kcal.)E
— — 33,000 —
propiophenone 0.82 17,000 h .7
xanthone 0.99 6, THH .2
acetophenone 1.05 13,800 3.6
benzophenone 1.03 9,380 68.5
Y—gcetylbiphenyl 1.03 9, %20 6,1
B~acetonaphthone 1.03 8,260 59.%
O~acetonaphthone 1.02 6,2L0 56.4
piacetyl 0.98 4,350 54.9
fluorencne 1.01 6,690 5%.0
benzanthrone 1.00 6k 51.0
3—acetylpyrene 1.00 2,150 ~ L7

*A1l solutions were degassed belfore counting.

2pctivity of benzene solutions > 10° dpm/10 ml.

ECounting rate of benzene without POPOP = 2,760 cpm/10 ml.

SThe fluorescent: maximum of POPOP is ~ 73 keal.

?p—bis—[Q—(SMphenyloxazoyl)]_benzene_
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rROFOSLSLON v

A Tesb 0T Lhe Duzl Iun Palyr Hypothesls

Winstein, et al., (1), have cairied out devailsd studles of salt
effects in the solvolysis of arylsulfonates and related compowsds.
They chbserved a spscial salt effect superimposed on the aormal salt
efZect and attributed the former to intevference by addsd salt with
ion pair reburr. They fcund that lithius perchlorate salt effecte
on the polarimetric rate constant in lhe acetclysis of threo-i-
anisyl—-2-putyl bromobenzenesulfonate showed only the normal linsar
effect. In adlition, the salt effects on the titrimelric rats
constant showed a combination of the initiel special nor-linear
effect and the normal linear effect. However, the special salt
effect only partly closed the gap between the polarimetric and
titrimetric rate constants. Winstein (2) concluded that the best
interpretation of these results 1s that two ilon pairs, intimate and

solvent separated, are discrete intermediates in the acetolysgis.

X — R & — B%][X— ———rre

intimate solvent- dissociszted
icn pair separated ions
ion pair

It was concluded that return from dissociated ions is unimportant
in the threo-Z-anisyl-2-butyl system since it showed no common ion

rate depression of acetolysis (3). However, the occurrence of



induced common icn rate depression of acetolysis (k) shouwed that

the scavenging reaction of lithium perchlorats is reversible.

B2+ witei0, == &"||crop + Lty

Swain {5) has pointed out an alternate interpretation of
these results which does not require the dual ion pair hypothesis.
The gap hetween the polarimetric and titrimetric rate constante

e
A .

+ . —
can be due to reaction cf R “0104 with Li+X to regenerate R+

In order to test Swain's suggestion, it is proposed thst
concentration variation studies of the acetolysis of the threu—>—
anisyl—-2-butyl system be carried out. Lower initial substrate
concentrations would give smaller steady-state concentrations of
Li+X~ which, if made small enough, could decrease the regeneration
of R+||X~. If the gap between the polarimetric and titrimetric
rate constants is decreased at lower substrate concentrations, the
dual ion pair hypothesis will be questionable. Very low initial
substrate concentrations can be investigated using radiocarbon

techniques.



..5...
REFERENCES

S. Winstein, P. E. Klinedinst, Jr. and BE. Clipoiuger,

J. Am. Chem. Soc., 8%, 498G (1901) and previous papers.
8. Winstein aad G. C. Robinson, J. Am. Chem. Soc., 80,
169 (1958).

S. Winsteln, E. Clippinger, A. H. Fainberg, R. Heck snd
G. C. Robinson, J. Am. Chem. Soc., 78, 328 (1950).

S. Winstein, P. E. Xlinedinst, Jr. and G. C. Robinson,
J. m. Chem. Soc., 83, 885 (1961).

C. G. Swain and G. I. Tsuchihashi, J. Am. Chem. Soc., &k,

2021 (1962).



