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ABSTRACT 

In  the interaction of iodine atoms with butene-2 a t  65" C no addition products are observed 
although cis-trans isomerization of the butene occurs readily. Iodine atoms have been 
generated by photolyzing iodine in three spectral regions. The limiting quantum yield of the 
isomerization reaction is about 0.1 a t  4358 A. The low quantum yield shows that  chain 
reactions, similar to those observed in olefin photochlorinations and photobrominations, do 
not take place. A mechanism involving initial formation of T-complexes between iodine 
atoms and butene-2 is tentatively considered. 

INTRODUCTION 

A study of the relative rates of addition of various reagents to olefins in the gas phase 
has been in progress for the past several years (I). Such studies provide information on 
the nature of the process of addition to double bonds and whether in this process the 
attacking species behaves as an electrophilic, nucleophilic, or radical reagent. The 
variation of the rate constants for addition with structure of the olefins has shown that 
in their reactions with olefins, oxygen atoms (2) and ozone (3) behave as electrophilic 
reagents, while hydrogen atoms (4) have the character of radical (electroneutral) reagents. 
-As an extension of this series a study of the addition of iodine atoms to olefins was begun 
and this paper reports the first results. 

The photoiodination of the butenes, propylene, and ethylene in chloroform solution 
was studied by Forbes and Nelson (5) and quantum yields for disappearance of iodine 
were found to be of the order of 1. The addition product of iodine atoms with the butenes, 
diiodobutane, was found to be unstable a t  room temperature and the reaction was done 
a t  -70" C. Since the diiodobutane was not stable a t  temperatures required for the gas 
phase study (B), butene-2 was chosen for the reference olefin in the present work in the 
hope that the cis-trans isomerization would provide a measure of the rate of reaction of 
iodine atoms with the double bond. 

EXPERIMENTAL 

Materials 
Reagent grade iodine was sublimed once and sealed off in a reservoir. Phillips Research Grade butene 

was used after two bulb-to-bulb distillations. cis-Butene was found to contain less than 0.1% trans-butene. 
Oxygen was prepared by heating potassiun~ permanganate, and Red-band grade of nitrogen was obtained 
from Linde Air Company. 

Apparatus 
The experiments were done in a cylindrical Pyrex cell 10 ctn long and 5 cm in diameter. A high-pressure 

mercury arc lamp, Mazda type ME/D. was used and a roughly parallel beam was obtained using a 250-cc 
flask as a spherical lens. A 935 phototube and microammeter, placed beyond the reaction vessel, were 
used to measure relative light intensities. The lamp, flask, reaction cell, and phototube were mounted on 
an  optical bench and the reaction cell was enclosed in a thermostatted oven. 

For experiments with light of wavelength greater than 5000 A, Corning filter 3-69 was used and the 

'Issued as -4J.R.C. No. 7296. 
2National Research Council Postdoctoral Fellow 1959-1961. Plfesent address: Chemistry Department, Univer- 

sity of Ottawa, Ottawa, Canada. 
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flask was filled with a dilute solution of copper sulphate. For some experiments a solution of NdC13 (7) was 
used to isolate the mercury line 5461 A. For light of wavelength less than BOO0 A, a filter solution was made 
of 6.2 g of copper sulphate and 75 cc of concentrated ammonium hydroxide diluted to 1 liter (8). The flask 
prol~ided a path length of about 8 cm for absorption. To isolate the mercury line 4358 A, Corning filter 
3-74 was used with this solution. 

A few experiments were done using a low-pressure mercury resonance lamp and Corning filter 7-54. In 
this case a quartz reaction vessel of similar dimensions replaced the Pyrex cell and the flask was not used. 

Iodine was admitted to the reaction vessel a t  its equilibrium vapor pressure from a constant-temperature 
reservoir through a heated stopcock. The pressure was calculated from the expression (9) 

The reaction vessel and iodine reservoir were separated from the main manifold by a large trap filled with 
glass beads and maintained a t  -78' C. This provided an effective means of keeping iodine from the main 
manifold and mercury from the reaction vessel. 

Pvocedu~e 
I t  was found necessary, in order to eliminate heterogeneous reaction, to avoid condensation of butene 

and iodine together. After allowing the iodine pressure to equilibrate for 10 minutes the reservoir was closed 
and butene admitted by momentarily connecting the reaction vessel to a bulb containing the appropriate 
quantity of gaseous butene. The pressure of butene always exceeded that  of iodine so that  no iodine escaped 
the cell. Nitrogen and oxygen were admitted in a similar manner from a much larger reservoir and in this 
case the pressure of nitrogen or oxygen was much greater than the combined pressures of iodine and butene. 

Pressures of iodine ranged from 0.5 inm to 5 mm and of butene from 1 to 25 cm. Highest pressure of 
nitrogen used was 46 cm and of oxygen 20 cm. iflost of the experiments were done a t  65' C and a t  conversions 
of about 2Y0, where a back reaction could be neglected. Fine copper or nickel screens were used to reduce 
the incident light intensity. 

Analysis 
The hydrocarbon products were analyzed on a 50-ft gas chromatographic column of dimethylsulpholane 

on firebrick a t  25' C. 

,\feasi~rement of Light Intensity 
Potassium ferrioxalate was used as an  external actinometer (10) with light of wavelengths 4358 A and 

2537 A. A c~lindrical cell about 1 cm thick and of the same diameter as the reaction cell was placed first 
in front of and then behind the reaction vessel, and measurements were taken with and without iodine 
in the vessel. 

RESULTS 

The reaction of iodine atoms with cis-butene-2 caused isomerization to trans-butene-2 
and a t  conversions of less than 3% no other products were observed. Experiments with 
long tiines of irradiation showed that the final ratio of trans-butenelcis-butene approached 
the equilibrium value a t  65' C, 0.726 (11). Even a t  these high conversions there was no 
evidence for the formation of heavier products and i t  may be assumed that  the diiodo- 
butane was not an important product. 

Several series of experiments were done with constant iodine pressure and variable 
butene pressure, utilizing light from three spectral regions for production of iodine 
atoms: region (a) X > 5000 A; region (b) X < 5000 A; region (c) X = 2537 A. Only wave- 
lengths transmitted by Pyrex were included in region (b). The two regions (a) and (b) 
correspond to  the banded region and the continuum, respectively, of the iodine spectrum. 
In the banded region predissociation occurs, yielding two ground state atoms (12), while 
in the continuum direct dissociation gives one ground state, ' P 3 , 2 ,  and one excited state, 
2Pl,z, atom (13). 

In regions (a) and (b) the initial rapid increase in the rate as the butene pressure was 
increased was followed by a much slower increase a t  higher butene pressures. Typical 
series of results are shown in Fig. l ( a ,  b, and c). A few series of experiments were done 
with constant butene pressure and variable iodine pressure, with incident light of wave- 
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length greater than 5000 A, one of which is shown in Fig. 2. In this case a limiting rate 
was reached a t  about 4 mm of iodine. 

The dependence of the rate on the absorbed light intensity a t  various pressures of iodine 
and of butene is shown in Fig. 3(a-f). At high light intensities the rate was a linear function 
of the intensity, but in each case extrapolated to  a small positive intercept. 
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FIG. l ( a ) .  Dependence of rate of isomerization on butene pressure a t  wavelengths > 5000 (temp. 
54" C, iodine pressure 2 mm). 

( 6 ) .  Effect of nitrogen additions on the rate of isomerization a t  wavelengths > 5000 (temp. 
65' C, iodine pressure 4 mm). 

( 6 ) .  Dependence of rate of isomerization on butene pressure a t  4358 a (temp. G5" C, iodine 
pressure 4 mm). 
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FIG. 2. Dependence of rate of isomerization on iodine pressure (temp. 65' C, wavelength > 5000 '4). 
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FIG. 3(a-j). Dependence of rate of isomerizatioll on light intensity. 
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In the banded region, using the mercury green line, 5461 A, addition of butene or 
nitrogen to iodine caused an increase in the light absorbed by the iodine, as measured 
by the phototube. A maximum increase of about 28% was observed. The ratio of the 
absorption with added gas to  the absorption with iodine alone as a function of added gas 
is shown in Fig. 4. This increased absorption is most probably the effect of pressure on 
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FIG. 4. Effect of additions of butene and nitrogen on light absorption by iodine in the banded region 

the width of the absorption band of the iodine molecule. Obviously such an effect would 
not occur in a region of continuous absorption and indeed was not observed with light 
of wavelength less than 5000 A. 

Addition of nitrogen, on the other hand, did not appear to increase the concentration 
of iodine atoms in the banded region by increased predissociation of the iodine molecule 
(Fig. l ib)).  Pressures of up to 45 cm of nitrogen were added to 4 cm of butene and 2 mm 
of iodine, under which conditions the indirect effect of the nitrogen on the rate as a result 
of the increased light absorption by the iodine was almost within the experimental error 
in rate measurements. The rate of isomerization itself was not increased and in fact 
gradually decreased slightly, probably due to the effect of nitrogen as a third body in 
removing iodine atoms. 

Oxygen caused a more pronounced drop in the rate of isomerization, but still a large 
excess (about 10 times that  of butene) was required to decrease the rate by 25y0. I t  seems 
likely that  this decrease was again the result of reinoval of iodine atoms by recombination 
on oxygen, which might be much more efficient than recombination on nitrogen. With 
still greater pressures of oxygen, reactions with butene took place, but this aspect was 
not pursued further. 

A series of experiments was done a t  a temperature of 98" C with 4 lnin of iodine using 
light in the banded region. The rate of isomerization was increased by about a factor of 
three and approached a limiting rate higher than that a t  65' C. 

The Quantum Yield 
Region (b) 
The quantum yield measurements were made with light of wavelength 4358 Lk since the 

potassium ferrioxalate solution absorbs too weakly a t  wavelengths greater than 5000 a 
to  permit a reliable measurement of the light intensity in that region. The average 
incident intensity a t  4358 i% was 4 X  1019 quanta/min. Absorption by iodine a t  4 mm was 
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16% or 6.6X1018 quanta/min. Using the values for the rate of isomerization shown in 
Fig. l(c) a plot of I/+ against l /p is shown in Fig. 5 .  From the intercept the upper limit 

FIG. 5. Plot of the reciprocal quantum yield against reciprocal pressure a t  4358 A. (The data are from 
Fig. l(c).)  

of 4 is seen to be approximately 0.1. The assumptioll is made, of course, that the primary 
quantum yield for production of iodine atoms is 2, but there seems little doubt of this 
for wavelengths less than 5000 A. This very low value makes it a t  once apparent that 
the reaction is not a chain process with iodine atoms as the chain carriers, such as is 
observed in the similar reactions of bromine and chlorine atoms. 

Region (c) 
The few experiments done with the low-pressure mercury resonance lamp, region (c), 

are shown in Fig. 6. At 2537 .!i the average total incident intensity was 3X10I7 quanta/ 

FIG. 6. Dependence of rate of isomerization on butene pressure a t  2537 A (temp. 65' C). 

min, with about 2 X 1016 quanta/min absorbed by 4 mm of iodine. Under these conditions 
of low light intensity absorbed the rate was a linear function of the butene pressure over 
the range of pressures studied. 
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DISCUSSION 

Of the two possible species which nlay cause isomerization, an iodine atom or an 
excited iodine molecule, the former appears the more probable in the present system. Only 
light of wavelength greater than 5000 A would form an excited iodine molecule with 
sufficient lifetime to  undergo energy transfer. However, the similarity of the kinetics of 
isomerization with incident light of wavelength both above and below 5000 A suggests 
that  the saine species is operative in both cases. Furthermore, addition of nitrogen, and 
oxygen, especially, would be expected to quench excited molecules more efficiently than 
is indicated by the results. 

,lfechanism of Isomerization 

Regions (a) and (b) 
In discussing the mechanism of isolnerization of cis-butene by iodine atoms the follow- 

ing observations must be considered : 
(a) The rate of isomerization was not first order with respect to butene. 
(b) The rate was linearly dependent on the light intensity for high light intensities, 

extrapolating to a small positive intercept. 
(c) The liiniting quantum yield for isomerization was about 0.1. 
The first result indicates that isornerization does not occur entirely by the simple 

addition of an iodine atom to cis-butene followed by dissociation of the radicals so formed 
to give a certain fraction, a ,  of trans-butene: 

where C and T refer to cis- and trans-butene respectively. In this case the rate of isomeri- 
zation mould be a linear function of the butene pressure. However, if butene is also an 
efficient third body for recombination of iodine atoms, then an increase in butene pressure 
would have the effect of reducing the iodine atom concentration. If the rate of recombi- 
nation is appreciable compared to the rate of isomerization, then the rate of isomerization 
mill not increase linearly with butene pressure but will approach a limiting value. 

The fact that the quantum yield approached a limiting value much less than 1 inay be 
interpreted to mean that butene acts as a third body for the recombination of iodine 
atoms without necessarily undergoing isomerization. In other words the reaction of an 
iodine atom with butene does not always form a radical in which rotation about the C-C 
bond inay occur. The interaction complex then must preserve the rigidity of the double 
bond and be sufficiently stable to allow recombination of iodine atoms by further reaction 
of the complex with another iodine atom. Such a structure may be a a-complex of an 
iodine at0111 with the double bond. These have been postulated (14) to occur in the 
recombination of iodine atoms with various third bodies and in the reaction of oxygen 
atoins and ozone with olefins (13). 

The linear dependence of the rate of isomerization on the absorbed light intensity raises 
the problem of the order of the recombination reaction of iodine atoms in the present 
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system. In the flash photolysis experiments (14, 15) the rate of recombination of iodine 
atoms is second order in iodine atoms. In the present system the concentration of iodine 
atoms is less than that  under the conditions of flash photolysis. Hence in this case, also, 
recombination will be second order in iodine atoms and the concentration of iodine atoms 
will depend on the square root of the absorbed light intensity. In order for the rate to 
appear linear with respect to light intensity under these conditions the rate of isomerization 
must also be second order in iodine atom concentration. Reactions [2] and [2a] will not 
give this dependence. 

This situation will occur if isomerization proceeds not only by reactions [I] and [2] 
but by a certain fraction of the encounters represented by reaction [5]. If this reaction 
takes place by the simple abstraction of the iodine atom from the T-complex formed in 
[3] then isomerization would not be expected to occur. However, if 2,3-diiodobutane is 
formed as an intermediate, rotation about the C-C bond becomes possible and in the 
subsequent decomposition to butene and iodine isomerization may occur. 

C:I  + I + C I ,  [6 I 

The linear dependence of the rate on the absorbed light intensity rules out the occur- 
rence of isomerization by reaction [2a],  which would lead to a dependence on the square 
root of intensity. Thus recombination of iodine atoms on butene appears to occur entirely 
by reactions 131, 141, 151, and [6]. This would suggest that the complex formed in [3] has a 
longer life than the radical formed in [I]. The heat of formation of the CIHBI radical may 
be very roughly estimated to be 25 kcal/mole.* With this value the radical is unstable 
toward the formation of butene-1 by 7 kcal/mole and slightly more for butene-2. On the 
other hand Christie et al. (15) have found values of a few kcal/mole for the heats of 
formation of several complexes formed by interaction of an iodine atom and a hydro- 
carbon molecule. Rand and Strong (16) also found a con~plex formation between iodine 
atoms and benzene when iodine was flash photolyzed in benzene solution. They found 
that the complex disappeared by a second-order mechanism and might be more stable 
than the complex formed between iodine molecules and benzene. By analogy, the con~plex 
formed in [3] might well be more stable than the radical and have a lower energy barrier 
for formation. 

If the mechanism of isomerization may be described by the following reactions, 

*Values used i n  this estinzation (17): Hrzs(CaH~a) = -29.8; D(sec-CaHg-H) = D(sec-CaHi-H) = 94; 
D(H9) = 103.8; D(I,j = 55.36; D(sec-C4H9-I) = 48; D(sec-CaHsI-H) = D(sec-C4Hg-Hj. 
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the rate of isoinerization (ri) equals a[kz(R) +kT(CIZ)]. Therefore, for second-order atomic 
recombination (i.e. kg >> klo(I) and k4 >> (kb+kJ(I)), 

At constant pressures of C and 12 

The intensity dependence plots (Fig. 3(a-f)) extrapolated to a small intercept and i t  
may be seen that  such behavior is consistent with this mechanism. Plots of r i / la+ against 
I,* for each series of intensity dependence curves gave straight lines from which values 
for K1 and K q  were obtained. The ratio (klk4+klak3)q/k3k4k6 was equal to the ( i n t e r~ep t )~ /  
slope. Table I shows this ratio as well as values for K1, K?, K ~ I , ~ ,  and K21a for each series 

T A B L E  I 
Determination o f  t he  constants in t he  rate equadon 

( i n t e r ~ e p t ) ~  , 
~ l f ~ l a *  ~ 6 *  - - slope 

I z  Butene Y r (klk4+klaks)' 
( m m )  (mm) Butene K I  K2 KIV'IS KnIa 1%) (%) k 3 k A  

- 
7 fin n nm n - i n  n 235 o 0561 0.074 43.0 57.0 0.0429 

*?I, ria. ~ 6 .  and Y are, respectively. rates of reactions 111. [la], 161, and t h e  total isomerization. 

of experiments covering a wide range of iodine and butene concentrations. The proportion 
of the isomerization which occurs by reactions [6] and [7] is greatest when the Iz/butene 
ratio is largest. Absolute values for the ratio k10k~k4/k~kgk3 may not be obtained from these 
plots since only relative values for I, were measured. 

The observed dependence of the isomerization rate on the concentration of the reactants 
is qualitatively in agreement with the considered mechanism. A detailed quantitative 
treatment is precluded by the appreciable experimental scatter and by the complexity 
of the rate expressions. The proposed reaction mechanism is therefore of a tentative 
character. Both reactions [I] and [la] have been included into the mechanism to show that 
the kinetic expressioils are independent of whether the iodobutyl radicals (R) are assumed 
to be formed by direct addition of iodine atoms or by rearrangement of T-complexes (C:I). 

Region (c) 
Reactions [5 ]  and [6] would be expected to be less efficient a t  low light intensities and 
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this is shown by the experiments using the mercury resonance line 2537 A (Fig. 6). The 
light absorbed in this region was about 300 times less than that  a t  4358 A. Although the 
points are scattered there appeared to be no curvature in the plot of rate against butene 
pressure. The quantum yield divided by the equilibrium trans/& value reached unity 
a t  about 7 cm of butene and continued to  increase as the butene pressure was increased. 
The rate of reaction [6] thus appears to be considerably reduced a t  these light intensities. 
At the same time, the more highly energetic iodine atom formed in this region may make 
reaction [I] much faster relative to  [3]. 
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