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Kinetie Studies of Photochemical Addition of Iodine tD Cyelohexene 

Akio KINJO*, Toshio UCHlHARA*, 
Shitoku TOMA**, and Yoshiaki KINJO*** 

Summary 

Several mechanisms have been proposed for the addition of iodine 

to double bond. We have studied kinetics of the addition of iodine to 

cyclohexene under the irradiation of the sample solution at the iodine 

absorption band in visible region and at the charge transfer band in 

ultraviolet region of the electron donor acceptor complex between iodine 

and cyc1ohexene. The apparent order of the reaction was 3/2 and 0.64 

with respect to iodine and cyc1ohexene, respectively, when the sample 

solution was illuminated with visible light. We observed an evidence to 

suggest that the complex participates in the reaction from the study of 

temperature effect on the kinetics. However, kinetic data could not be 

fully explained by the complex participation mechanism alone. The 

experimental results seem to be explained by co-occurance of rad:cal chain 

mechanism and complex participation mechanism in parallel. 

In case of the illuminatjon of the solution with 315 nm light, the 

apparent order of the reaction was 2 and 0.64 with respect to iodine and 

cyclohexene, respectively. The electron donor acceptor complex may 

produce radicals upon the charge transfer absorption, and the subsequent 

reaction seems to proceed in the same way as illuminated with visible 

light because the apparent reaction order with respect to cyclohexene 

is same. 

1. Introduction 

Iodine does not add to alkene in nonpolar solvent at dark placel • 2), but the 

reaction takes place when the solution is illuminated with visible light which causes 

dissociation of iodine molecule into atomic iodine3). Mechanistic studies have been done 

for the reaction. Skell and Pavlis4) proposed a radical chain mechanism, proceeding via 

a bridged radical intermediate on the basis of their study of the addition-elimination 

cycle of iodine to cis- and trans-2-butenes. Benson, et a1.5), suggested the iodine atom 

catalyzed single step addition of iodine molecule to double bond from their study of 

the iodine atom catalyzed elimination of iodine molecule from vicinal diiodides. 
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Recently, Ayres, et al.6), made kinetic studies of the addition of iodine to several 

pentene isomers in carbon tetrachloride at 25°C under the ordinary room illumination 

by means of the activity measurement of tagged iodine. On the basis of their experi­

mental results of the reaction order and the positive correlation between the rate cons­

tants and the complexing abilities of the pentene isomers, they proposed a mechanism 

in which the electron donor acceptor complex (EDA complex) of iodine and pentene 

participates in the rate determining step. However, their observed correlation between 

the rate constant and the equilibrium constant of the EDA complex may not be a direct 

evidence for the actual participation of the complex in the rate determining step if the 

reactivities and the complexing abilities of these pentene isomers are proportional. 

So far, the reaction has been studied by illuminating the solution with light in 

the region of absorption of iodine (visible light). No informations are available for 

the reaction when the solution was irradiated at the charge transfer band (CT band) in 

ultraviolet region. 

We have made kinetic studies for the iodine-cyc1ohexene system under the various 

conditions such as different temperatures and solvents to obtain more informations about 

the reaction by exposing the solution to visible and ultraviolet light. 

2. Experimen tab 

(1) Materials 

Commercial iodine of reagent grade was sublimed first with calcium oxide and 

potassium iodide, and sublimed again under nitrogen atmosphere for purification follo­

wing the method in a literature.7) It was kept in a desicator until use. Cyc1ohexane, 

n-hexane, n-heptane and carbon tetrachloride of reagent grade were used as solvents 

after purifying by the method described elsewhere.s, 9) Cyc10hexene employed in this 

study was reagent grade material of Ishizu Pharmaceutical Co.. It was used without 

further purification. 

(2) Apparatus 

When the kinetic experiments were performed by illuminating the solution with 

visible light, an ordinary 100-watt tangsten bulb was used as the light source. A filter 

of one em glass cell containing 0.01 mo111 ethanol solution of 8-hydroxyquinoline was 

placed between the light source and the reaction vessel to remove ultraviolet light com­

pletely. The effectiveness of the filter was certified. For this test, the filter and 

the light source were placed in front of input slit of Hitachi EPS-3T recording spectr­

ophotometer, and the energy was measured as a function of wavelength. The stability 

and reproducibility of the light source was also confirmed for several switching on-off 

actions. The reaction vessel was a glass cell with a thickness of 0.2 em, which was 

placed in a constant temperature bath with glass wall for the regulation of the reaction 

temperature. 

A thermostated high pressure mercury lamp of Riko Kagaku Sangyo Co., was 
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used as a light source when the reaction was studied by exposing the solution to light 

in the CT region. A combination of filters consisting of 2.5 cm thick aqueous cobal­

tous sulfate solution (60 g of CoS04·7H20 in 100 ml water) and 0.5 cm thick aqueous 

potassium chromate solution (0.4 g K2Cr04/1) was employed to isolate 315 nm light. 

The effectiveness of the filter, the stability and reproducibility of the light source were 

also checked. The intensity of light of 315 nm gradually increased when the lamp was 

turned on, but became stable and reproducible after eight minutes elapsed. Therefore, 

the kinetic experiments were carried out by starting to illuminate the sample solution 

ten minutes after the lamp was turned on. The reaction vessel for the CT band 

irradiation was a quartz cell of 0.5 em path length with a glass stopper. The cell was 

placed in a dark box with a shutter. The box had also a device to keep the inside 

temperature at a desired value by the circulation of the thermostated water. 

In both cases the apparatus were kept at fixed positions to make experimental 

conditions same throughout all experiments. 

(3) Kinetic Experiments 

All the solutions were prepared under a red lamp of an ordinary dark room, 

which was confirmed not to cause the reaction in our previous study.2) An aliquot of 

the sample solution was placed in the reaction cell and exposed to the light for a desired 

length of time. Then the sample was taken for assay. The reaction was followed 

by measuring the absorbance of iodine. The measurement of the absorbance was made 

at 25°C throughout the experiments. The concentration of the total iodine (complexed 

and uncomplexed iodine) was read from the calibration curve. The experimental data 

were treated using the total iodine concentration. The identification of the final 

product was not pursued when the reaction was initiated with visible light because it 

was already confirmed as the addition product by the other investigators.6) 

In our preliminary experiment it was found that the reaction was faster when 

oxygen was removed from the solution with nitrogen than otherwise, but the order of 

the reaction was same in both cases. So all experiments were run without removing 

oxygen. 

3. Resul ts and Discussion 

(1) Reaction with Visible Light 

Several kinetic runs were made for the addition of iodine to cyclohexene with 

cyclohexene in excess. The velocity of the reaction was followed only in early stage 

of the reaction since the velocity became gradully leveling off later. This phenomena 

are supposed due to the reverse reaction. lO) From the slope of a double logarithmic 

plot of velocity vs. the concentration of 12. the reaction was found to be 3/2 order 

with respect to 12 as mentioned by Ayres, et al .. 
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Fig, 1. Plot of the 3/2 order rate equation for the addition of 
iodine to cyclohexene in n-hexane with visible light 

Since excess cyclohexene was used in the experiments, the rate of disappearance 

of iodine with respect to the concentration of iodine at time t can be expressed by 

equation (1) according to Ayres, et a1.. 

(1) 

Integration of equation (1) yields the following expression 

1/(a-x)1/2 = kt/2 + l/a1l2 (2) 

where a is the concentration of iodine at zero time and (a-x) the concentration of 

iodine at time t. The rate constant k is determined from the slope of the straight line 

obtained by plotting the values of 1/(a-x)ll2 vs. t/2. 
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Table 1. Temperature effect on rate constant k for the addition of io:line to 

cyclohexene with visible light and equilibrium constant Kc for EDA 

complex in n-hexane 

Temp (cyclohexene) (12) k Kc* 

°C mo111 mol/l mo1-% 1%min-1 mol-II 

5 0.107 1.16x 10-3 2.31 1.89 

15 0.107 1.16x 10-3 1.88 1.73 

25 0.107 1.16x 10-3 1.69 1.53 

35 0.107 1.16x 10-3 1.61 1.35 

* Taken from ref. 2) 

First, the effect of temperature on the reaction was studied. Kinetic runs were 

made for the addition of iodine to cyc10hexene in n-hexane at various temperatures 

with keeping the concentrations of cyc10hexene and iodine at constant values. A plot 

of 1/(a-x)l12 VS. t/2 for the data obtained is shown in Fig, 1. The rate constants 

obtained from the slopes are presented in Table 1 together with the equilibrium const­

ants of the EDA complex between iodine and cyclohexene in n-hexane at respective 

temperatures for comparison. 

Next, kinetic experiments were carried out for the addition of iodine to cyclohe­

xene at 25°C with changing solvent to see the effect of solvent on the reaction kinetics. 

The data were plotted for the 3/2 order rate equation as before. Straight lines were 

obtained in all solvents used. From the slopes the 3/2 order rate constants were 

determined as usual. The resultant rate constants are given in Table 2. The table 

also includes the equilibrium constants of the EDA complex in respective solvent. 

Finally, studies were made to obtain informations on the order of the reaction 

with respect to cyc1ohexene. Kinetic runs were made for iodine-cyclohexene system 

in n-hexane solvent at 25'C with changing the concentration of cyclohexene. The 

concentration of cyc10hexene was in excess also in this study. The resultant rate 

constants are presented in Table 3. 

If the order of the reaction with respect to cyclohexene is simple, the rate cons­

tant obtained in the previous paragraph can be expressed by 

k = k' (cyclohexene)n (3) 

Taking logarithm of equation (3) yields the following expression 

log k = log k' + n log (cyc1ohexene) (4) 
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where (cyclohexene) refers to the concentration of cyclohexene, n order of the reaction 

with respect to cyclohexene and k' the rate constant in the complete form of the rate 

equation. A plot of log k vs. log (cyclohexene) should give a straight line, the 

slope being the order of the reaction with respect to cyclohexene. The data of Table 

3 were plotted in Fig. 2, giving a straight line. From the slope the apparent order of 

the reaction was determined to be 0.64 which suggests the reaction being complicated. 

Table 2. Solvent effect on rate constant k for the addition of iodine to cyc10hexene 

with visible light and equilibrium constant Kc for EDA complex at 25°C 

Solvent ( cyc1ohexene) (12) k Kc 

mo111 moll1 mo1-%1%min-1 mo1- I1 

Cyc10hexane 0.107 9.25x10-4 1.55 3.09 

Carbon tetrachloride 0.107 9.73x 10-4 1.57 1.60 

n-Hexane 0.107 1.16x 10-3 1.68 1.53* 

n-Heptane 0.107 1.21 X 10-3 1.59 1.79 

• Tak~n from ref. 2). Other Kc values were determined, in this study, by the method 

described in ref. 2). 

According to the radical chain mechanism of Skell and Pavlis, the reaction may 

be expressed in a series of the following reactions 

i 
12 + hv ~ 21 (5) 

K 
I + C ( ) CI (6) 

kl 
CI + h ~ Ch + I (7) 

t 
1 + I ~ h (8) 

t 
1 + CI ~ C + 12 (9) 

where i and t refer to the initiation and termination step, C cyclohexene, CI bridged 

radical intermediate and CI2 the final addition product. Reaction (7) is also expressed 

as the reversible one like (6) in their mechanism. However, if reaction (7) is rate 

determining step, it may be expressed by one directional arrow in the early stage of the 

reaction investigated in the present study. If reaction (6) is rate determining step, 

the order of the reaction with respect to iodine should be 1/2 order, being different 
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from the experimental result. In order to be 3/2 order with respect to iodine, the rate 

determining step must be reaction (7). And further, the equilibrium of reaction (d) 

is supposed to be established instantaneously because iodine atom is produced immedia­

tely when the sample solution is illuminated. Then the rate of appearance of the 

product is expressed by 

(10) 

Since the concentration of iodine was low and the reaction cell was thin in the present 

study, (1) = ko(12)~J holds6) where ko is a constant including quantum yield of disso­

ciation of iodine molecule, rate constant for the recombination of iodine atoms and etc •. 

Using this relation for reaction (6), the concentration of the radical intermediate is 

given by the following expression 

(Cl) = Kko(C)(12)112 (11) 

Substitution of (el) from equation (11) for that of equation (10) yields the following 

ra te expression 

(12) 

where k' = kl K ko Therefore, this mechanism should give the first order with respect 

to cyclohexene, but our result is 0.64 far from unity. The mechanism of iodine atom 

catalyzed single step addition should also give the first order with respect to cyclohex-

ene. 

Table 3. The 3/2 order rate constant for the addition of iodine to cyclohexene in 

n-hexane at 25°C with visible light 

Run 

1 

2 

3 

4 

5 

6 

7 

(cyclohexene) 

mol/1 

4.05 X 10-2 

6.02 X 10-2 

8.10 X 10-2 

1.21 X 10-1 

1.62 X 10-1 

2.41 X 10-1 

3.21 X 10-1 

(12) k 

moll 1 mol-%11/2min-1 

1.11 X 10-3 1.15 

1.11 X 10-3 1.39 

1.11 X 10-3 1.65 

1.11 X 10-3 2.14 

1.11 X 10-3 2.58 

1.11 X 10-3 3.44 

1.11 X 10-3 4.03 
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As seen from Table 1, a good correlation was observed between the apparent 

rate constant k and the equilibrium constant Kc of the EDA complex in our study of 

the effect of the temperature on the reaction kinetics in n-hexane solvent. As the 

temperature becomes lower, both rate constant and equilibrium constant become larger. 

The rate constant k is affected by the steady concentration of iodine atom which is, 

in turn, influenced by the solvent viscosity because the disappearance of iodine atom 

due to the recombination of two iodine atoms is diffusion controlled process.ll) So it 

appears at first glance that the larger rate constant at lower temperature may be due 

to the larger concentration of iodine atom because the recombination reaction is slower 

at lower temperature. However, the steady concentration of iodine atom is not deter­

mined only by the velocity of recombination of iodine atoms. According to Rosman 

and Noyesl2), the steady concentration of iodine atom is expressed by 

(1) = (qcp/kr )l12 (13) 

where q is the rate of absorption of light,cp quantum yield for producing iodine atoms 

(12 + hv -+ 21) and kr rate constant for the recombination reaction of iodine atoms 

(21 -+ 12). They observed that both kr and cp increase with temperature and the ratio 

cp/kr also increses slightly with temperature in n-hexane. It means that the steady 

0.6 
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0.1 

O~5~~------~----~------~------~--~~ 0.5 0.7 0.9 1.1 1.3 

-log (eye lohexene~ 

Fig. 2. Double logarithmic plot of log k V8. -log (cyclohexene) for the addition 
of iodine to cyclohexene in n-hexane at 25°C with visible light 
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concentration of iodine atom slightly increases with temperature in our experiments since 

the light source was kept constant. Then, if the concentration of iodine atom alone 

is taken into account, the rate constant for the addition of iodine to cyclohexene would 

increase with temperature, but our observation was contrary. 

Further, in our preliminary experiment we observed that the velocity of the 

reaction became faster when oxygen was expelled from the solution by nitrogen as me­

ntioned previously. Oxygen dissolves into n-hexane more at lower temperature. It is 

supposed that if oxygen is removed from the solution, the addition reaction becomes 

even faster at lower temperature. As a conclusion, the observed correlation between 

the rate constant and the equilibrium constant strongly suggests that the EDA complex 

participates in the rate determining step. 

In our study of the solvent effect on the reaction kinetics (Table 2), we could 

not obtain the useful informations for the relation between the rate constant and the 

equilibrium constant. It is supposed due to the facts that dissociation and recombina­

tion velocities of iodine change from solvent to solvent and so the steady concentration 

of iodine atom. 

According to the EDA complex participation mechanism proposed by Ayres, et 

aI., the rate determining step of the reaction is the one containing the EDA complex, 

(14) 

where C·I2 is the EDA complex and CI2 the addition product. They derived, for the 

3/2 order rate constant k, the following expression 

(C)/k lilt} Kc + (C)/kl (15) 

where kl is the rate constant for the rate determining step (14), Kc equilibrium const­

ant for the iodine-cyc1ohexene EDA complex and (C) concentration 0\ cyc1ohexene. 

According to equation (15) a plot of (C)/k V8. (C) would give a straight line. Our 

data of Table 3 were used for the plot and the result is presented in Fig. 3. We did 

not obtain a straight line. 
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In our temperature effect on the reaction kinetics we obtained an evidence to 

suggest that the EDA complex participates in the reaction. However, as seen from 

Fig. 3, our kinetic data could not be fully explained by the EDA complex participation 

mechanism proposed by Ayres, et aI.. As a conclusion, it seems that photochemical 

addition of iodine to cyclohexene proceeds via both radical chain and EDA complex 

participation mechanisms in parallel. 

(2) Reaction with the 31.5 nm Light 

The absorption spectra of the n-hexane solution of iodine and cyclohexene are 

shown in Fig. 4 together with energy spectra of the light source for the reaction. 

The band in ultraviolet region is the charge transfer band of the EDA complex between 

iodine and cyclohexene and the band in visible region is absorption of iodine. A dot­

ted curve refers to energy spectra of the 3t5 nm light used to illuminate the sample 

solution and given in the figure to show its relative position to the CT band. Neither 

iodine nor cyclohexene has absorption in the vicinity of 315 nm. 
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550 
Wavelength (nm) 

Fig, 4. Absorption spectra of n-hexane solution of iodine and cyclohexene 
(solid curve) and energy spectra of light source (dotted curve) 

When the solution of iodine and cyclohexene in n-hexane was illuminated with 

the 315 nm light, the reaction proceeded smoothly. A new band appeared in the sho­

rter wavelength region of the CT band as the reaction proceeded. Since absorption 

spectra of the reaction mixture was same as those of the reaction mixture obtained by 

illumination with visible light, we concluded that the final product was addition prod­

uct. Further identifications of the product was not pursued. The tailing part of the 

absorption band of the product appeared at 315 nm, but the absorption of the light by 

the product during the reaction was neglected in the analysis of kinetic data because 

the kinetic experiments were carried out only in the early stage of the reaction. 

Several kinetic runs were made for the addition of iodine to cyclohexene in 

n-hexane at 25°C by illuminating the sample solution with the 315 nm light with 

cyclohexene in excess to obtain the order of the reaction with respect to iodine. A 

double logarithmic plot of the velocity vs. the concentration of iodine yielded a 

straight line, the slope being equal to the order of the reaction with respect to iodine. 

The reaction was found to be 2 order with respect to iodine in this case, while the 

order was 3/2 when the sample solution was illuminated by visible light in the previ­

ous section. 
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Since all kinetic runs were made with cyclohexene in excess, the rate of disapp­

earance of iodine with respect to the concentration of iodine at time t is expressed by 

(16) 

Integration of equation (16) yields the following expression 

l/(a-x) = kt + 1/a (17) 

where a is the initial concentration of iodine at zero time, (a-x) the concentration of 

iodine at time t, and t the time in minutes. The rate constant k were determined 

from the slope of the straight lines obtained by plotting the values of lI(a-x) vs. t. 

A plot of the data for kinetic runs made with various concentration of cyclohexene in 

n-hexane at 25°C is shown in Fig. 5. The second order rate constants were obtained 

from the slope for each concentration of cyclohexene. The resultant k values are 

presented in Table 4. 
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Table 4. The second order rate constant for the addition of iodine 

to cyclohexene in n·hexane at 25°C with 315 nm light 

Run 

1 

2 

3 

4 

5 

( cyclohexene) 

mo1/1 

4.01 X 10-1 

3.01 XlO-l 

2.02x 10-1 

9.88xl0-2 

7.92x 10-2 

(12) k 

mo111 mol-1 1 min-1 

2.05xlO-3 48.5 

2.05x 10-3 41.1 

2.01 X 10-3 35.9 

2.01 X 10-3 17.2 

2.05X10-3 15.6 

In order to determine the apparent order of the reaction with respect to cycloh­

exene, a double logarithmic plot of log k ·vs. log (cyclohexene) was made using the 

data of Table 4 as mentioned in the previous section. It gave a straight line. From 

the slope the apparent order of the reaction with respect to cyclohexene was' determined 

to be O. 64 in accordance with the result when the reaction was initiated with the 

visible light. 

Judging from the order of the reaction with respect to iodine and the fact that 

the only species absorbing in this region is the EDA complex, the initiation reaction 

must be the dissociation of the EDA complex into radicals. 

(18) 

C • h + hv -) CI + I (19) 

where again C is cyclohexene and C • 12 the EDA complex between iodine and cycloh­

exene. When iodine molecule, as mentioned previously, is dissociated by the visible 

light, the concentration of iodine atom was proportional to square root of the concen­

tration of iodine molecule, giving 3/2 order of the reaction with respet't to iodine in the 

addition reaction. In the present case one iodine atom is produced from one iodine 

molecule via the EDA complex. Then the concentration of iodine atom would be 

proportional to the concentration of iodine molecule if we assume that most of the 

iodine atom is consumed by the addition reaction, giving negligibly small amount of 

recombination of two iodine atoms. This assumption is supposed to be reasonable 

because the concentration of iodine atom may be low since it is produced from the 

EDA complex. This one to one correspondence of the concentration of iodine atom 

and molecule seems to be the reason for giving the second order with respect to iodine 

in the addition reaction when the solution is illuminated with the 315 nm light. 

Since the order of the reaction with respect to cyclohexene is 0.64: same as in the 
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case of the visible light irradiation, the subsequent reaction sequence following the 

initiation step appears to be same as the ~ase when the reaction is initiated with the 

visible light. 
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