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The Photochemistry of Polychlorobenzenes

in Micellar Media

INTRODUCTION

The polychlorinated compounds such as polychlorobiphenyls and

dioxin are known as pollutants in the environment. The photo-

chemistry of polychlorinated aromatic compounds has received much

attention recently, partly to provide a basis for understanding how

these toxic compounds are degraded in the environment and how they

can be converted to less toxic compounds.1-6 There is no report of

a mechanistic study on the photoreduction of halogenated compounds in

micellar media. We wish to report our understanding of the mechanism

of the photodechlorination of pentachlorobenzene in a surfactant

solution.

Surfactants generally consist of a hydrocarbon chain, which is

hydrophobic, and a polar or ionic group, which is hydrophilic. These

properties give the detergents the ability to form aggregates or

micelles by cooperative self-association. A typical detergent

structure is RX where R is a long hydrocarbon chain or some other

hydrophobic residue, and X is a hydrophilic part. Depending on the

nature of R, detergents are classified as nonionic, cationic,

or anionic, R-X+. Conventional representation of the

micelle formed by an ionic detergent is shown in Fig. 1. Even though

the picture shows it as spherical, the instantaneous or even the

average shape may be ellipsoid or irregular.
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Figure 1. Structure of Spherical Ionic Micelle

The core of the micelle consists of the hydrophobic parts of the

detergent molecules. The head groups and counterions of the

detergent molecules form the Stern-layer which is a compact region.

The Gouy-Chapman layer contains most of the unbound counterions.

Micelles begin to form at a certain small range of concentration

which is called the critical micelle concentration (CMC). The

micelles are absent or present in very low concentrations below the

CMC. All of detergent molecules form micelles above it. Generally,

the CMC of a detergent is determined by examining physical properties
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which change suddenly at a certain concentration.

Certyltrimethylammonium bromide, CH3(CH2)15N(CH3)3Br

(CTAB) was used as a detergent in the present study. The structure

of micelles of CTAB was proposed on the basis of NMR spin lattice

relaxation time measurements 7 to consist of three regions as shown

in Fig. 2. The CMCs of CTAB at various temperatures, which are shown

in Table 1, were reported.8

(a)

(b)

(c)

Figure 2. Structure of a CTAB Micelle

The picture represents three regions:

(a) A relatively rigid center which is formed
by the terminal -CH3 groups.

(b) A fluid region which is formed by most of the
-CH2- groups.

(c) A relatively rigid surface which is formed
mainly by the N-methyl groups and bromide
counterions.
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Table 1. Critical Micelle Concentrations of CTAB
at Various Temperatures

Temperature (°C) CMC (M)

25 5.0 - 9.8 x 10-4

35 9.5 - 10.2 x 10-4

45 1.155 x 10-3

The shape of a micelle is dependent on the temperature,

concentration and the nature of the detergent. The shapes of

micelles of CTAB at different temperatures and concentrations as

shown in Table 2 were determined using the absolute low-angle X-ray

scattering technique.9

Table 2. The Shapes of CTAB Micelles at Various
Temperatures (°C) and Concentrations (w/w)

Temperature,°C Spherical Sphere-rod Rod-like Middle
Micelles Transition Micelles Phases

70 0.05 0.25 0.32

50 0.05 0.17 0.26

27 0.05 0.10 ____ 0.25

Also, Ekwall, Mandell, and Solyoml° reported that the micellar

structure of CTAB began to change at a range of 9-11% at 25°C 45°C

on the basis of viscosity, density, and light-scattering measure-

ments. In addition, there is a report in which it is concluded that
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the size and shape of the CTAB micelles virtually do not change in

the region of 4-7% CTAB at 27 °C.11

Scheme I shows possible pathways for the photodechlorination of

chlorinated-aromatic compounds. The homolytic cleavage of the C-Cl

bond occurs only when the excited chloroarenes possess energy which

is comparable to or larger than the C-Cl bond dissociation energy.

If the energy is not sufficient for homolysis, the excited compound

needs help, which is available by forming an excimer or exciplex with

another ground state chloroarene or electron donor species such as an

amine or diene.

) Products

ArC1 1k* ArC1*1 iSC ) ArC1*3 y Products

electron
donor (D)

[ArC1-D4-] ) Products

Scheme I

Ruzo, Zabic, and Schuetz12 reported that simple homolytic

cleavage occurred in the case of polychlorobiphenyls in cyclohexane

upon irradiation at 300 nm. Especially, 2,2',4,4'-tetrachloro-

biphenyl, with a quantum yield of intersystem crossing 1.00 ± 0.05,

showed great efficiency in the photoreduction due to strain relief.



Cl

Cl

Cl

PCBP

[PCBP]*3

[PCBP]*1
1

[PCBP]*3
=

RH
Cl

Cl Cl

Cl

Arnold and Wong13 observed that homolysis occurred in the

irradiation of chlorobenzene in nonpolar solvents. Bunce et al.6

proposed the mechanism shown in Scheme II for the reaction of

chlorobenzene in hexane at 254 nm.

PhC1 PhC1* 1 isc yPhG1*3 -

INNNNN.NNN%NN.

PhC1

[PhC1-PhC1+]

Scheme II

y Products

6

They concluded that homolysis occurred from the excited triplet

state, under the assumption the triplet energy is comparable with or

larger than the Cl-C bond energy, which might be true if the triplet

energy is about 85 kcal/mol and the Cl-C bond dissociation energy is
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85-91 kcal/mol as claimed. This is supported by the fact that

biacetyl quenched the reaction. Furthermore, the possibility of

excimer contribution to the quantum yield was ruled out because the

reaction quantum yield was decreased as the concentration of chloro-

benzene increased. The quantum yield of intersystem crossing was

determined to be 0.64 ± 0.02, which was obtained from the biacetyl

sensitization technique.

Scheme III shows a mechanism based on kinetic data presented by

Bunce14 for the photoreduction of chlorobenzene in the presence of

triethylamine. Triethylamine is known as a good electron donor.15

ArC1 ArC1*1 isc ArC1*3

Et3N

[ArC1-Et30--] -4 Products

Scheme III

According to the above mechanism, products are obtained from

homolysis of the triplet state and the exciplex formed between the

triplet state and Et3N at low concentrations of Et3N.

The efficiency of photodechlorination of 1-chloronaphthalene is

enhanced by triethylamine.14 A mechanism involving a charge

transfer complex is shown in Scheme IV.



c10H7c1 hr c10H7c1*1
X=Et3N or C10H7C1

I isc

c10H7c1*3 ___L___÷
[C10H7C1-.X.]

C1H 0 7C- l -* ---4 C10H7 + Cl-

SH ,

C10H7' s'

r
1011u8

Scheme IV

8

When the quenching experiment of the fluorescence of 1-chloro-

naphthalene in the presence of triethylamine was carried out, a broad

emission characteristic of an exciplex was observed. Thus, it was

concluded that the charge transfer complex was derived from the

excited singlet state of the 1-chloronaphthalene. Later, however,

when the experiment was repeated, it was found that the photo-

reduction was derived partly from the triplet state.11 If the

exciplex is formed as an intermediate, the reaction should speed up

when more polar solvents are used because back electron transfer

would be inhibited due to diffusion of the complex into the bulk of

the solution. The reaction was faster as expected when a solution in

acetonitrile rather than in an alkane was used.

Bunce16 studied the source of the hydrogen atom which replaces

the chlorine in the amine assisted photoreduction using deuterium

labeling experiments. He suggested three possible pathways as shown

in Scheme V.



R3N
ArCl* --------4 [ArC1-113N+]

(a) ArC1-. + Cl-

Ar SH

H(b) ArC1- 11.4 ArC1H + Cl-

(c) [ArC1 -CH3CH2NEti]

CH3CH = N+Et2 + ArH + C1-

''Na
CH3CHNEt2 + ArH + C1

Scheme V

9

It has been one of the principal mechanistic postulates that in

the photodechlorination process the chloride ion is expelled from the

radical anion to generate a radical which then abstracts a hydrogen

atom from the solvent. Based on the negative chemical ionization

mass spectroscopy of polycholorobenzenes, Freeman et al.'7

suggested two pathways shown in Scheme VI for fission of the radical

anion formed in the charge transfer complex. From the relationship

between negative chemical ionization mass spectral fragmentation and

the Hammett equation, it was concluded that chloride ion loss, (0,

was favored over chlorine atom loss, (ii), but it should be noted

that chlorine atom loss increases as the number of chlorine atoms on

the ring increases and becomes important in the case of

hexachlorobenzene.



Cl-

U)

Scheme VI

+ Cr-

+ Cl.

10

A proton transfer pathway is possible because acids accelerate

the dechlorination of haloarenes. 18,19,20 Protonation of the

radical anion gives ArC1H intermediate which is aromatized easily by

loss of chlorine atom.

CI 7 Cl H

H+

Bunce carried out the deuterium labeling experiment using

4-chlorobiphenyl in the presence of amines. There was no deuterium

incorporated into the product in CH3OD solvent because simple

homolysis occurred. When CD3OD /Et3ND+ was used as solvent,
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deuterated product was increased compared to when just CD3OD was

used. Thus, a proton transfer pathway is certainly operating. Also

Davidson and Goodin21 reported that a radical anion is partly

protonated in the photodehalogenation.

Another possible pathway is hydrogen transfer from amine in the

charge transfer complex. When C6D6 or CD3CN was used as

solvent in the presence of Et3N, 39% undeuterated products were

found. From this result, Bunce suggested the two possible ways for

hydrogen donation as shown in Scheme V. This may occur either by

hydrogen abstraction or by proton transfer. However, the proton

transfer is more likely to occur according to the previous

reports.21 ,22

Davidson and Goodin23 carried out a set of experiments to

evaluate conditions which are favorable for electron transfer between

Table 3. The Relative Rates of Photodehalogenation of Aromatic
Presence of Et3NHalides in the

Comparative Rate of Product Formation
Substrate CH3CN CH3OH C61-112

1-Chloronaphthalene 34.5 4.1 1.0

1-Bromonaphthalene 12.4 4.3 1.0

4-Chlorobiphenyl 32.0 11.5 1.0

4-Bromobiphenyl 6.9 4.6 1.0

4-Chloroanisole 3.0 1.0 1.0

4-Bromoanisole 1.9 1.4 1.0

4-Chlorobenzonitrile 11.7 2.8 1.0
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excited haloarenes and Et3N using three different solvents. The

results are shown in Table 3. As one would expect, the accelerating

effect of amine is great in CH3CN solvent. According to the table,

dechlorination is accelerated more than debromination in the same

aromatic system. The bond energy of C-Br is smaller than that of

C-Cl bond in aromatic compounds.24 Thus, the rate of homolysis of

C-Br bond is greater than that of exciplex formation with amine.

Secondly, the intersystem crossing of triplet state to ground state

will be important for the brominated aromatic compounds due to the

heavy atom effect. Thus, the bimolecular reaction with Et3N will

be less probable for the short-lived triplet state intermediates.

Sodium borohydride is a good accelerating species for the photo-

dehalogenation. Epling and Florio25 found that photodechlorination

of chlorinated-biphenyls was very efficient in the presence of sodium

borohydride. The chloride ion was detected by the chloride selective

ion electrode. They observed that some radical scavengers such as

acrylonitrile, butylhydroxytoluene, hydroquinone, and oxygen did not

affect the quantum yield. This result is in contrast to the one

obtained by Barltrop, 26 who proposed a mechanism explained by a

radical chain reaction. Thus, they concluded that the hydride from

NaBH4 attacked directly the photoexcited chlorinated biphenyls and

the free radical mechanism should be excluded. A similar viewpoint

is presented in a later study in which it is proposed that the

photodechlorination reaction undergoes a hydride-proton-transfer

reaction in the presence of NaBH4.27
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Conjugated dienes have been reported as accelerating species in

the photodehalogenation even though inhibitions were observed in some

cases.28)29 Scheme VIII represents a mechanism reported by Bunce

and Gallacher4 which is operating when aryl halides are excited by

irradiation in the presence of diene.

hv
ArC1 ArC1*1 [ArClD] ------4 Products

Scheme VIII

It was reported that 1.3-cyclohexadiene was competitive in

absorbing the incident light.30 Under conditions where the diene

absorbs the incident light completely, another mechanism was

suggested, and it is illustrated in Scheme IX.

Diene(D) by4 D* A [ArClD] Products

Scheme IX

Thus, they concluded that in some other cases in which both dienes

and arylhalides absorb light competitively it is difficult to analyze

the results.

There are some interesting and unusual recent reports on the

photochemistry of polyhaloarenes. Moore and Pagni31 obtained only

phenol products instead of biphenyl when they irradiated 4-chloro-

biphenyl in water.
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A mechanism involving an aryne was ruled out and an addition-

elimination process was excluded by an experiment run in D20. A

mechanism involving aryl cation intermediate which could be produced

by way of electron transfer process after homolysis of C-Cl bond was

suggested. Hydrogen abstraction is very difficult because of the

strong 0 -H bond of water (119 kcal/mol). Thus, perhaps, the biphenyl

radical formed will recombine with chlorine atom to go back to the

starting material or undergo an electron transfer process to give the

biphenyl cation which reacts with water to produce a phenol as shown

in Scheme X.

Ph Cl 1124 Ph + 01- ...ElftSLEar.14 Ph + C1-
transfer

H2O

Scheme X

Ph n OH + H+
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The formation of 3-hydroxybiphenyl isomer was rationalized using the

benzvalene intermediate.

Cl Cl

Ph Ph

by

or A

Cl

Ph Ph

CI

Hutzinger et al.32 also obtained 1,2,4-trichlorobenzene isomer

from the irradiation of 1,2,3-trichlorobenzene and 1,3,5-trichloro-

benzene in the mixture of water and acetonitrile at 285 nm.

Cl

CI

CI

hp

CH3CN/H20

Cl

CI

CI

Cl

They suggested that the trichlorobenzenes could rearrange to form a

benzvalene intermediate which is then converted to product.

Alternatively, a chlorine shift might be involved with protonation

and deprotonation. They believed the second mechanism to be more

probable under the experimental conditions.

CI
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RESULTS AND DISCUSSION

Freeman et al.17 studied the photochemistry of polychloro-

benzenes. Pentachlorobenzene was investigated thoroughly by them.

Thus, it is essential to review their research in detail.

Pentachlorobenzene was irradiated with various concentrations of

triethylamine in acetonitrile solvent at 254 nm. Based on the

kinetic data obtained, they proposed a mechanism in which the excited

singlet undergoes homolysis of C-Cl bond and/or generates an exciplex

with Et3N as shown in Scheme XI.

ks
ArC1 hV ArC1*1 y Products

kd

kct Et3N

kr
[ArC1-Et3N+] j Products

Scheme XI

Assuming that ks << kct[Et3N] at high concentration of

Et3N, the reciprocal of quantum yield for product formation is

given by equation 1 under the steady state approximation.
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1 1 kd kr
+ where F = (1)

0 F Fkct[Et3N] kr + ke

A plot of 1/0 vs. 1/[Et3N] should show a straight line if charge

transfer complex is predominant. Actually, they obtained a plot

where 1/0 increased as the reciprocal of the Et3N concentration

increased and then flattened out at high value of 1/[Et3N]. This

result indicates that the homolytic cleavage of C-Cl bond in the

singlet state becomes important at low concentration of Et3N since

it is difficult for the excited singlet to meet Et3N to form an

exciplex. An alternative mechanism was proposed as shown in Scheme

XII.

1

ArC1 by

kd

kisc 1 kt
ArCl *l ArC1*3 _______4 Products

kct Et3N Et3N

kr
[ArC1-Et3N-1-] Products

Scheme XII

In this mechanism important intermediates for products are the

triplet and the exciplex produced from the triplet and Et3N for
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formation of radical anion. If the pathway for the exciplex

formation from the singlet is negligible, a simple equation similar

to the equation 1 can be derived.

Irradiation of pentachlorobenzene 1 at 254 nm gives mainly three

isomers of tetrachlorobenzene. Table 4 shows the distribution of the

CI

a
2

Clci CI

+
CI CI

+

CI

3

CI

4

tetrachlorobenzenes obtained from the photolysis of 1 under three

different reaction conditions.

Table 4. Photolysis of la in CH3CN at 254 nm.

Conditions 2

Yield (moleVb
3 4

Direct Photolysis 67.46±0.85 25.97±0.83 6.57±0.02

Direct Photolysis
with Et3Nc

25.32±0.47 66.21±0.46 8.47±0.06

Sensitized Photolysisd 24.33±0.23 69.43±0.33 6.24±0.44

a0.05M in each case. bNormalized and average of five

runs with standard deviations. c1.5M. dAcetophenone

sensitizer in the presence of Et3N.

Cl
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The regiochemistry of tetrachlorobenzene products in the photolysis

of 1 with Et3N is almost the same as that obtained from the

sensitized photolysis. This means that the product-determining

intermediate is the same in both reactions. The excited triplet of

acetophenone produces a radical anion by two possible competing

pathways.

which the

anion.3°

with the ground state

of pentachlorobenzene,

exciplex. Even though

former pathway is more

First, it may react with Et3N to generate an exciplex in

radical anion part produces the pentachlorobenzene radical

Secondly, the excited triplet of acetophenone may react

of pentachlorobenzene to give a triplet state

which then reacts with Et3N to form an

both of these are possible pathways, the

likely to occur because tertiary aliphatic

amines quench the triplet state of ketones at rates close to

diffusion controlled.30

The regiochemistries obtained from the pentachlorobenzene radical

anion intermediate were explained using two competing pathways of the

radical anion for the loss of chlorine. Scheme XIII shows the

possible transition states for the two competing processes. The

pathway (i) represents a heterolytic cleavage of C-Cl bond to

generate a phenyl radical. The anion is delocalized with a bent

localized radical center in the transition state. The phenyl

carbanion is produced by way of the transition state which has a

delocalized radical with a bent localized carbanionic center.

With the assumption that heterolytic fission of the C-Cl bond

involves transition state (i), since chloride ion loss was observed
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Scheme XIII
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+

+CI-

to be predominant in the gas phase, the regiochemistries were

analyzed by using the Iv repulsion theory, which has been used in

explaining orientation in aromatic nucleophilic substitution.31

The intermediate is destabilized by electron pair repulsion which

occurs from the interaction between an electron-rich halogen p

orbital and an electron-rich it system.32

The relative rates for dechlorination of pentachlorobenzene are

shown in Table 5 compared with predictions based upon the 17

effect.
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Table 5. The Relative Rates for Dechlorination of
Pentachlorobenzene Based on the Experimental
Data and Buttressing Effect

Prediction or
Calculation Based on

Location of Chlorine Atom Replaceda
1-C1 2-C1 3-C1

17 effect middle slowest fastest

experimental datab 4 12 68

experimental datac
with correction 12 12 68

a bbased on the Table 4.

cbased on the Table 4 and correction for strain relief

which makes the relative rates at C-1 and C-2 equivalent,

since the steric correction is 3:1 due to a buttressing

effect represented in structure A.

erci
CI ci

DoTci ci

(A)

Alternatively, Freeman et al. calculated the relative rates for

dechlorination of pentachlorobenzene using the rate data reported by
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Chambers et al.33,34 and presented in Table 6.

Table 6. The Relative Rates for Dechlorination of
Pentachlorobenzene Based on the Data Reported

Location of Chlorine Atom Replaced

Calculation Based on C1-1 C1-2 C1-3

Experimental Dataa 4

Activating Effectb 3

Substituent Rate Factors 7

12

14

13

68

67

59

abased on the Table 4. bortho:meta:para = 12.1:4.85:1.00

in the activating effects of Cl vs. H in nucleophilic

aromatic substitution in benzene systems.33, 34

cortho:meta:para = 8.10:4.5:1.0 in the relative rate

factors from the Table 4 and additional polychlorobenzene

substrates.17

On the other hand, if the second pathway for the chlorine loss in

the Scheme XI is predominant, the order of relative rates should be

C-2 > C-3 > C-1 according to the data obtained by Ito et al.35 and

Allen et al.36 Therefore, photodechlorination of polychlorobenzene

in direct and sensitized reactions in the presence of Et3N occurs

via a radical anion which undergoes fission of C-C1 bond to generate

an aryl radical and a chloride ion.
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In the present study, pentachlorobenzene, 1, was irradiated in

0.100 M CTAB aqueous solution at 254 nm for 2 min. The photoproducts

were identified by GC-Mass spectrometry. Major dechlorinated

products are the tetrachlorobenzenes with an accompanying trace of

trichlorobenzene. Suprisingly, bromotetrachlorobenzenes were also

observed as byproducts. The results are shown in Table 7.

Table 7. Quantum Yields for Formation of Tetrachlorobenzene and
Product Distributions at Various Concentrations of 1

Local Concentration Quantum
of 1 (Cm)a Yield (0)b

Percentage Ratio of Productsb
2 3 4

0.0173 0.0781 ±0.002 4 49.8±0.4 45.1±0.3 5.2±0.5

0.0230 0.0833±0.0028 49.0±0.5 45.0±0.7 6.0±0.2

0.0288 0.0877±0.0054 47.7±0.2 46.4±0.4 5.9±0.3

0.0576 0.102 ±0.003 46.1±0.4 47.5±0.4 6.3±0.1

0.0721 0.113 ±0.005 45.6±0.6 48.0±0.6 6.4±0.1

0.0794 0.122 ±0.004 46.2±0.2 47.7±0.1 6.7±0.2

0.0908 0.132 ±0.007 46.2±0.4 47.1±0,6 6.7±0.2

0.114 0.143 ±0.003 45.3±0.7 48.1±0.6 6.5±0.2

0.154 0.162 ±0.006 45.5±0.4 47.7±0.2 6.8±0.4

aConcentration of 1 should be represented by using the

local concentration since the solutes exist within micelles

and the solution is not homogeneous. The microscopic con-

centration was calculated using the partial specific volumes

of -CH2- and -CH3 groups in the hydrocarbon chain of CTAB

molecules37,38,39 (see Appendix II). bAverage was

taken from three samples at each concentration which were

irradiated independently with azoxybenzene as an actinometer."
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It is reasonable to expect reaction through the triplet state

because the intersystem crossing from the singlet state to the

triplet state should be very efficient due to the external heavy atom

effect of bromide ion at the head of the CTAB molecule in addition to

the internal heavy atom effect of chlorine atoms on the aromatic

system. Bunce et al.6 measured the quantum yield for disc for

chlorobenzene using the biacetyl sensitization technique and obtained

0.64 ± 0.02. Wolff41 reported that the triplet quantum yield of

several aromatic compounds was increased greatly when the solvent was

changed from CTAC (cetyltrimethylammonium chloride) to CTAB in

ethanol and water. It was also observed that fluorescence intensity

was quenched on the addition of KBr to an aqueous solution of

acridine and to anthracene in H20.42 In addition, the behavior

of the quenching showed the Stern-Volmer relationship in both cases.

Thus, a mechanism for formation of tetrachlorobenzene from photolysis

of 1 under the present reaction conditions is proposed as shown in

Scheme XIV, where PCB represents pentachlorobenzene and n is the

number of solute molecule in the micelle. The quantum yield, 0, for

formation of tetrachlorobenzene can be calculated by using equation

2, where Tabs is the intensity of the incident light and 'abs .

[PCB] represents the rate of absorption of quanta.

=
rate of formation of tetrachlorobenzene

Iabs[Pa]

(2)
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The rate of formation of the products is given by equation 3, since

the products are obtained from the two pathways involving the excited

triplet state and the excimer according to the Scheme XIV.

d[products] /dt = ks[PCB*3] + kr[PCB-PCB+] (3)

The concentration of the excited triplet state of 1 can be given by

equation 4 under the steady state approximation:

d[PCB*31/dt = T-abs [PCB]{kiscgkisc + kd)} -

kTd[PCB*3]- ks[PCB*3] kex[PCB*3][PCB]

= 0

Iabs[PCB]°isc kisc
[PCB*3] = where Disc = (4)

ks + kTd + kex[PCB] kisc + kd

The excimer concentration, [PCB-PCB+], is also obtained by

equation 5 by using the steady state approximation:

d[PCB--PC13+.]/dt = kex[PCB*3 ][PCB]

kr[PCB-PC134-]

ke[PCB-PCB+]

= 0

[PCB PCB -1-] =
kex

[PCB*3][PCB]
kr + ke

(5)
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Substituting the equation 4 and 5 into equation 3 yields equation 6.

d[product]/dt

= ksIebsOisc[PCB] /(ks + kTd + kex[PCB]) +

krkex[PCB] /(kr + ke) x

I(DiscIabs[PCB] /(ks kTd + kex[PCB]))

= Iabs[PCB] {ksiscRks + kTd + kex[PCB]) +

Oisckex[PCB] /(ks + kTd + kex[PCB]) x

kr/(kr + ke)} (6)

Again, substituting equation 6 into equation 2, the quantum yield, 0,

is given by equation 7.

ks + kex[PCB]F kr
0 = Oise where F =

kTd ks kex[PCB] kr + ke

(7)

Assuming that at high concentrations of 1, kex[PCB]F >> ks and

therefore, that ks may be neglected, the reciprocal of the quantum

yield, 1/0, is given by equation 8.

1 1 kTd
+

0isc F kex[PCB]
(8)

The intersystem crossing quantum yield, 0-isc, may be about 1 due to

the internal and external heavy atom effects. Thus, equation 8 is

simplified to equation 9.
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1 1+
F

kTd
(9)_

0 Fkex[PCB]

A plot of 1/0 vs. 1/Cm based on the data in Table 7 is shown in

Fig. 3. Certainly, the linear relationship between 1/0 and 1/Cm is

operating with an excellent correlation coefficient (r = 0.995) at

high concentrations of 1. As 1/Cm increases, the plot begins to

flatten out, which suggests that another pathway for dechlorination

is taking place at low concentrations of 1, as expected. At high

concentrations of 1 the excimer could be formed very efficiently and

serves as the product-determining intermediate, while the triplet

would undergo homolytic cleavage of the C-Cl bond at low

concentrations, if the triplet energy is sufficient for C-Cl bond

dissociation. The estimated singlet and triplet energies of

polychlorobenzenes in nonpolar solvents are listed in Table 8.43

Table 8. Singlet and Triplet Energies of Polychlorobenzenes

Compound
Singlet Energy

(kcal/mol)
Triplet Energy

(kcal/mol)

Chlorobenzene 105 81.7

1,4-dichlorobenzene 101 102 80.7

1,3,5-trichlorobenzene 102 79.0

1,2,4,5-tetrachlorobenzene 97.7 76.6

hexachlorobenzene 94.9 73.3
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in CTAB Solution
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According to the Table 8, there is a trend in decreasing triplet

energy as number of chlorine atoms on the benzene ring increases and

the triplet energy of 1 would be expected to lie between 73.3 and

76.6 kcal/mol. Bunce et al. claimed that the bond dissociation

energy C-Cl bond in chlorobenzene was 85-91 kcal/mo1.6 Egger and

Cocks44 have evaluated the bond dissociation energy in

chlorobenzene as 94.5 kcal/mol. Thus, the C-Cl bond dissociation

energy of 1 could be predicted to be 85-95 kcal/mol. Wiffen45

reported that chlorobenzene has some 4.1 kcal/mol of vibrational

energy in the ground state. If the vibrational energy remains in the

excited triplet state, the bond cleavage will occur more

efficiently. A strain relief energy (2.2 kcal/mol per ortho C1-C1

interaction) could be added to the triplet energy.46 Therefore,

the homolysis of C-Cl bond in the triplet state of 1 could approach

thermal neutrality if vibration energy, strain relief, and

temperature (about 50°C), all contribute to the total energy of the

triplet state.

If at high concentrations of 1 the radical anion in the excimer

gives tetrachlorobenzenes via the transition state in which an anion

is delocalized with a bent localized radical center as shown in

Scheme XIII, then the distribution of tetrachlorobenzene products

should be the same as that obtained from the direct or sensitized

photolysis with Et3N because the same product-determining

intermediate is involved. The second isomer, 3, however, is slightly

predominant at high concentration in which the excimer formation is
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very efficient in micellar media, but is not as much so as in the

pentachlorobenzene-triethylamine reaction (Table 6). Freeman and

Ramnath photolyzed 1 in the absence of Et3N at 254 nm and reported

the results shown in Table 9.47

Table 9. Quantum Yield of Disappearance of 1 and Product
Distributions with Increasing Concentration of 1.

Concentration
[ArC1], M

Quantum Yielda

(1)-ArC1

Percentage Ratio of Productsb
2 3 4

0.005 0.083 48.43±0.15 39.50±0.20 11.98±0.14

0.0068 0.097 46.97±0.50 40.59±0.90 12.43±0.4

0.0088 0.107 46.0 ±0.01 39.76±1.00 14.2 ±1.00

0.011 0.107 45.95±0.30 39.53±0.3 17.6 ±1.14

0.014 0.100 42.85±1.30 39.53±0.3 17.6 ±1.14

0.019 0.140 43.16±0.46 41.60±1.15 15.23±0.72

0.03 0.193 41.9 ±1.6 38.26±0.1 19.82±1.7

0.05 0.247 42.63±0.7 42.63±0.9 14.74±0.4

0.071 0.330 40.25±0.6 40.25±0.5 19.51t0.8

aIn Acetonitrile. bAverage of five runs w.r.t. potassium
ferrioxalate actinometer.

According to the Table 9, distribution of tetrachlorobenzene products

is very similar to that obtained in micellar medium. Also, the plot

of 1/0 vs. 1 nArC1], based on kinetics similar to that described for

the present micellar case, showed that the excimer is the product-

determining intermediate at high concentration. There are two

possible reasons for these observations about the regiochemistry.

Scheme XV represents two possible competing pathways for the
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formation of the products. The radical anion in the charge transfer

complex may diffuse to be complexed by solvent only and undergo the

C-Cl bond fission or it may yield products within the charge transfer

complex, depending on the nature of the complex and the polarity of

the medium. Certainly, polar solvents would give the free radical

anion more efficiently.

ArC1
*1

Et3N

(ArC1 'Et3Ist)

(Ar!C1 Et fif

Products

ArC1

free,

complexed by solvent only

1
Ar-

1RH

Products

Scheme XV

ArC1*3

ArC1

(ArCl:ArClt)

(Ar'ClArClt)

Products

If the polarity of the medium is the main reason for this, the

regiochemistry of the products obtained from the direct photolysis of

1 in the excimer formation region in the absence of Et3N should

have been the same as that obtained from the direct photolysis of 1

in the presence of Et3N because the reactions were carried out in

CH3CN solvent in both cases. Secondly, one could expect that a
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partial charge rather than an electron is transferred from the ground

state of the substrate and the complexation of excimer in this

reaction may not be as strong as that of the exciplex with Et3N.

Thus, the 17 effect may not be able to explain the regiochemistry

of the products obtained from the excimer.

'Me
C15 C15

rather than

C15 C15

The second factor may be the main reason, since the distributions of

tetrachlorobenzenes obtained from CH3CN and micellar solution are

very similar while the distributions are totally different in the

presence of Et3N which donates an electron". However, the

medium effect can not be ruled out completely because the direct

photolysis of 1 without Et3N in CH3CN showed a slightly different

regiochemistry compared to that in CTAB solution in which the

1,2,4,5-tetrachlorobenzene, 3, becomes predominant at high

concentration. The diffusion rate may be greater in CTAB solution

since most aromatic compounds are located at the micelle-water

interface which is more polar than CH3CN.49,50

It may be more reasonable to use an approach based upon the

statistics of pentachlorobenzene distribution in the CTAB solution
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rather than one based upon microconcentration in the micelle.51-55

Poisson statistics has been shown to be appropriate for the micellar

system under the assumption that the probability of a solute molecule

getting into a micelle is not affected by the fact that the micelle

may already have a solute molecule present.56 On this basis, the

distribution of 1 in a micelle would be given by equation 10 where

P(n) is the probability of finding a micelle containing n solute

molecules and <s> is the average number of the solute molecules per

micelle.

P(n) =
<s>n

n!

exp(-<s>) (10)

The mean occupancy number, <s>, is the ratio of the bulk

concentration of 1 to the bulk concentration of micelles as shown in

equation 11 where [CTAB] is the bulk concentration of CTAB in water

and the Nagg is the mean aggregation number of CTAB molecules per

micelle.57 The aggregation number, Nagg, was taken to be 80 for

CTAB in this experiment.58

[Solute] [CTAB] - CMC
<s> = , [Micelles] = (11)

[Micelles] Nagg

The total probability of encounters between excited and ground state

solute molecules is given by equation 12.59
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P =
nE 1

(n-1)Pn (12)
=

The rate of excimer formation should be proportional to the total

probability more reasonably than just to the local concentration of

the solute. A plot of 1/0 vs. 1/P is shown in Fig. 4. As expected,

the linear relationship between 1/0 and 1/P exists at the high values

of P where the excimer formation is efficient. When the P value is

small it is very hard for the excited molecule to have a chance to

meet another molecule and excimer formation is not efficient. Thus,

the homolytic cleavage occurs directly from excited state at the low

probabilities where the plot has flattened out. One could expect a

certain relationship between the local concentration and the total

probability since the shape of the plot in Fig. 4 is very similar to

that in Fig. 3. Actually, the correlation coefficient between 1/P

and 1/Cm was evaluated as 0.98.

Unexpectedly, three isomers (5, 6 and 7) of bromotetrachloro-

benzene were obtained as byproducts which were identified by using

GC-Mass spectrometry and comparing with standards, which were

synthesized. The distribution of the byproducts in three different

concentrations of 1 is shown in Table 10. The amount of the

byproducts is significant and increases from 20% to 40% of the total

product fraction in going from the lowest to the highest

concentration of 1 in aqueous solution of CTAB.
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Table 10. Distributions of Byproduct, Tetrachlorobromobenzene at
Three Different Local Concentrations of 1

Local Concentration Percentage Ratio of Productsa

of 1(Cm) 5 6 7

0.0230 10.0 ± 0.4 66.0 ± 2.8 22.8 ± 2.2

0.0288 9.9 ± 0.4 66.0 ± 0.3 24.2 ± 0.8

0.0721 9.1 ± 0.3 68.1 ± 1.7 22.8 ± 1.7

aaverage of three runs with standard deviation

One may consider homolysis of the C-Cl bond in the triplet and then

electron transfer from the aryl radical to the chlorine to generate

an aryl cation intermediate which reacts with bromide ion based on

the mechanism suggested for the phenol products from the 4-chloro-

biphenyl in water.28 However, this mechanism seems unlikely since

the medium is not pure water and such a mechanism has not been

observed in hydrocarbon solvent systems. Soumillion and Wolf61
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reported that photoreduction and photosubstitution occurred

simultaneously on the irradiation of chlorobenzene and chloroanisoles

with and without acetone sensitizer in methanol.

by

Me0H

OCH
3

They postulated that the substitution products were obtained from the

radical cation in the excimer which was formed between the excited

triplet and the ground state molecule. A possible mechanism is shown

in Scheme XVI where the pentachlorobenzene radical cation diffuses

away from the excimer and reacts with bromide ion to give the

byproducts.

[PCB-PCB4--] diffuse
) PCB- + PCB+.

CI Br

PCB+. Br-

Scheme XVI

Br

CI

+ Cl.
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There are some experiments to support this mechanism:

(a) When 2.18 x 10-2 M pentachlorobenzene in CH3CN/H20

(8:2) was irradiated with excess KBr at 254 nm for 5

minutes, 44.57 of bromotetrachlorobenzenes was obtained.

(b) On the irradiation of 1 with excess Et3N and KBr in

CH3CN/H20 (8:2), only tetrachlorobenzenes were produced

without any brominated products.

(c) No bromotetrachlorobenzene was obtained from the irradiation

of 1 in CTAB solution with excess Et3N.

The concentration of 1 in the experiment (a) is in the region of the

excimer formation according to Table 9 and the excimer is expected to

be formed efficiently. Thus, the aryl radical cation in the excimer

apparently reacts with Br- to give the brominated products. The

distribution of the three isomers (5:6:7: = 11.3%:66.87:21.9%) was

also almost same as that observed in the micellar medium, which

supports the notion that these two different reactions result in the

generation of the same intermediate, which is surely the radical

cation. In experiment (b) it was expected that the radical cation

would either be absent or relatively unimportant compared with

exciplex, PCB-Et3N+, and thus the lack of formation of

bromotetrachlorobenzene suggests that the radical cation is the

precusor. In the experiment (c), we expect that the Et3N will be

held on the surface of the micelle and after electron transfer

Et3N4-- will be expelled from the surface, while the radical
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anion, PCB-, is retained in the micelle.61 Thus,

bromotetrachlorobenzene is not expected to be obtained from

experiment (c). Apparently, the bromotetrachlorobenzenes are

produced from the aryl radical cation. Attempts to discover an

electron acceptor species to generate a radical cation which reacts

with the Br- were unsuccessful.

The distribution of the three isomers can be explained in terms

of the ability of chlorine to stabilize the pentadienyl radical

intermediate in aromatic radical substitution reactions. Ito et

al.35 calculated the partial rate factors to be f :f :f =m p

3.09:1.01:1.48 for phenylation of chlorobenzene. Using this data,

the relative reactivities for substitution through the three

intermediates in Scheme XVII are predicted to be II:III:I =

3.07:2.09:1. The relative reactivities of the three carbons

corresponding to the intermediates II, III, I is evaluated to be

6.9:4.8:1 based on the mole percentage of the three isomers. There

is a good agreement between the values predicted and the ones

obtained from the experimental results.
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Calculation of reactivities for substitution through the three
intermediates;

III: (0)2(m)2/(0)(m) = (3.09)(1.01) = 3.12

II: (o)2(m)(p)/(o)(m) = (3.09)(1.48) = 4.57

(o)(m)2(p)/(o)(m) = (1.01)(1.48) = 1.49

Scheme XVII

CI

Br

The order of stability of the three intermediates would be expected

to be II > III > I since radical density is delocalized over the

three carbons which contain chlorine atoms in only intermediate II

and III > I due to ortho substitution being more facile than para.

The increase of the bromotetrachlorobenzene products in going to

high concentrations of 1 in micellar solutions of CTAB seems to be
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reasonable. Excimer formation is more efficient at high

concentrations of 1 and almost all of the tetrachlorobenzene products

are derived from the excimer. Therefore, the ratio of moles of

bromotetrachlorobenzenes to that of tetrachlorobenzenes should be

larger compared to that obtained at the low concentrations of 1,

where the excimer formation is less important.

The photodehalogenation reaction is, perhaps, a very important

process as a basis for an efficient method for toxic waste disposal.

As discussed, the triplet state of 1 is apparently a precursor for

formation of the excimer, so oxygen will quench the excited triplet

state and retard the reaction if photolysis is carried out in the

normal nondegassed environment. Hydrogen abstraction is another

problem if aqueous media is used, because the 0-H bond in water (119

kcal/mol) is too strong to donate hydrogen to an aryl radical, and,

consequently, even more toxic halogenated dimers may be produced.

However, these two problems could be solved if the photoreduction

reaction is carried out in aqueous micellar media, because most of

the solute molecules in micelles are free from oxygen and the aryl

radical may abstract hydrogen easily from the hydrocarbon region in a

micelle.62 Thus, the photolysis of 1 in CTAB aqueous micellar

solution exposed to air was studied in order to see if the

dehalogenation process would occur readily. A sun lamp was used in

irradiating 3.91 x 10-3 M pentachlorobenzene in aqueous 2.00 x

10-1 M CTAB solution and the results are shown in Fig. 5, which

shows how fast polychlorobenzenes are degraded. Pentachlorobenzene
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disappears after 24 hours and tetrachlorobenzene is produced rapidly

and is then subsequently converted to trichlorobenzene completely

within 72 hours. Trichlorobenzene is dechlorinated after 48 hours

and is expected to be converted to dichlorobenzene completely.

Dichlorobenzene did not yield monochlorobenzene at all since

dichlorobenzene does not absorb in the sun lamp spectral range.

Bimolecular photoreactions occur more efficiently in micellar

media compared to reactions in homogeneous solution as micellization

helps to increase the effective concentration of the, substrate,

thereby promoting excimer formation as described by Scheme XIV. The

present kinetic study shows that kex/kTd = 1.89 x 103 as

compared to that in acetonitrile (kex /kTd = 1.81 x 101) under

similar conditions.47 The values quoted here are obtained from a

plot of 1/0 versus the reciprocal of the bulk concentration of 1 in

CTAB solution. This result supports the view that excimer formation

is much more efficient in micellar media. Irradiations in micellar

media, therefore, offer a very feasible and simple method of

dehalogenation of aromatic toxic wastes in normal nondegassed aqueous

environments using ordinary sun lamps or natural sunlight.
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EXPERIMENTAL SECTION

Materials. Pentachlorobenzene (Aldrich) was recrystallized twice

from ethanol. The purity was checked by gas chromatography and was

greater than 99.9%. Cetyltrimethylammonium bromide (Aldrich) was

washed with pentane twice and recrystallized from ethanol. Deionized

water was distilled from potassium permanganate.

General Procedure for Photolysis and Analysis. Samples (1.0 mL) were

placed in quartz tubes (Ace Glass, 170 mm x 15 mm) and degassed twice

by using freeze-pump-thaw cycles. The samples were sealed in vacuumn

with a nylon adapter containing stopper valves. The photolyses of

the samples were carried out in a Rayonet merry-go-round reactor (The

Southern New England Co.) equipped with eight 2537 A Rull lamps. The

temperature in the reactor was 50°C and constant under a stream of

fresh air. After photolysis for 2 min, the samples were extracted

several times with pentane. The efficiency of extraction with

pentane was greater than 90%. Dodecane as a internal standard was

added to the extracts and most of pentane was removed by using a

rotary evaporator to get more concentrated reaction mixtures. The

photolysis mixtures were analyzed by GLC on a Varian 3300 capillary

gas chromatograph equipped with a FID and a Varian 4290 integrator.
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A 30 m x 0.25 mm DB-225 capilliary column (J & W Scientific Inc.) was

used. The temperature of the column was held at 60°C for 5 min and

increased to 180°C at a rate of 5°C/min. The carrier gas was helium

and the flow rate was 30 mL/min. Azoxybenzene was used as an

actinometer according to the procedure developed by Bunce et

al..54 Quantum yields were corrected at the low concentrations

where the incident light is not absorbed completely. A Finnigan 4023

mass spectrometer equipped with a Finngan 9610 gas chromatograph was

also used to identify the reaction mixtures. Byproduct,

bromotetrachlorobenzene, was analyzed by GC-MS using a 15 m x 0.20 mm

OV-225 capillary column (temperature programming: 60 to 150 °C, 5

°C/min, 150 to 180 °C, 2 °C/min.)

Photolysis of Pentachlorobenzene with KBr. (a) Pentachlorobenzene

(2.18 x 10-2 M) in CH3CN/H20 (8:2) with 0.100 M of KBr was

degassed and irradiated at 254 nm for 5 min in a quartz tube under

the conditions described in the general procedure for photolysis.

After photolysis, the reaction mixture was analyzed by the GLC:

C6HBrC14; 44.5% (5:6:7 = 11.3%:66.8%:21.9%), C6H2C14; 55.5%

(2:3:4 = 48.4%:40.6%:11.0%). (b) Pentachlorobenzene (4.70 x 10-3

M) in CH3CN/H20 (8:2) with 0.104 M of KBr was degassed and

irradiated in the presence of 0.526 M of Et3N at 254 nm for 5 min.

No bromotetrachlorobenzene was observed. Only tetrachlorobenzene was
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produced (2:3:4 = 25.9%:69.5%:4.7%). (c) Pentachlorobenzene (3.91 x

10-3 M) was dissolved in aqueous CTAB solution (0.200 M) with 8.16

x 10-2 M of Et3N and degassed. After irradiation for 30 min at

300 nm, the reaction mixture was extracted by pentane and analyzed by

the GLC. Only tetrachlorobenzene was observed (2:3:4 =

43.7%:43.2%:13.0%).

Photolysis of Pentachlorobenzene Using a Sun Lamp. Pentachloro-

benzene (3.91 x 10-3 M) was dissolved in 0.200 M aqueous CTAB

medium and 1 mL of the solution was transferred into each Pyrex

tube. The pyrex tube was not sealed and open to air. The

temperature of the reaction mixture was kept constant by providing a

stream of fresh air. The sample was irradiated with a 275 W

Westinghouse sun lamp held at approximately 10 cm from the sample

tube. After photolysis for a certain period, the reaction mixture

was extracted with pentane and analyzed with GLC. Dodecane was used

as an internal standard.

Preparation of 2,3,4,5-Tetrachlorobromobenzene (5). The procedure

developed by Doyle et al. was used.63 2,3,4,5-Tetrachloroaniline

(2.30 g, 9.96 x 10-3 mol) was dissolved in 30 mL of CH3CN and

transferred to a dropping funnel. A mixture of 6.13 x 10-2 mol

(13.7 g) anhydrous copper (II) bromide and 2.01 x 10-2 mol (1.80

mL) of t -BuNO2 in 40 mL of CH3CN was placed in a round bottom
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flask and stirred vigorously. The starting material was added slowly

over 10 min through the funnel. After N2 gas evolution stopped,

the reaction mixture was poured into 20 mL of 20% aqueous HC1 and

extracted with 50 mL of ether. The organic layer was washed with 20%

aqueous HC1 until the green color was removed completely. MgSO4

was added and filtered after shaking thoroughly. Ether was removed

and the solid product was recrystallized from CH3CN and gave 1.16 g

(40%) of crude 5.

A sample of pure 5 was obtained by using preparative gas

chromatography: mp 99.0 - 99.3°C (lit. 98 °C)64 13C NmR (100.6

MHz, CDC13): 121.45 (C-1), 131.98 (C-6), 132.32 (C-4), 132.57

(C-5), 133.45 (C-3), 134.11 (C-2); high resolution MS m/e cald. for

C6HC15Br 291.8016, found 291.8009; GC-Mass (NCI): M- parent

peak cluster m/e (with relative intensity) = 292 (42.98), 294 (100),

296 (84.84), 298 (32.60), 300 (6.39), 301 (0.04), 302 (0.21), 303

(0.01).

Preparation of 2,3,4,6-Tetrachlorobromobenzene (6). The procedure of

Olah et al.65 was used. Anhydrous FeC13 (0.162 g, 9.99 x 10-4

mol) was dissolved in CH3NO2 and filtered. The solution was

transferred into a dropping funnel. Bromine (0.123 mL, 2.47 x 10-4

mol) was added to the FeC13 solution in the funnel.

1,2,3,5-Tetrachlorobenzene (0.500 g, 2.32 x 10-3 mol) in CH3NO2

was transferred to the round bottom flask immersed in an oil bath.

The FeC13 and Br2 mixture was added slowly over a 20 min period
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at 65°C. After addition of the mixture, the reaction mixture in the

flask was heated at reflux for 2 h and was cooled down to room

temperature. A 5% HC1-water solution was used to wash the reaction

mixture. Analysis by GLC showed about 30% conversion of

1,2,3,5-tetrachlorobenzene to 6. A sample of pure 6 was collected

for analysis using preparative gas chromatography: 86.9 - 87.4°C;

13CNMR (100.6 MHz, CDC13): 123.24 (C-1), 128.87 (C-5), 131.34

(C-3), 133.14 (C-4), 134.45 (C-6), 136.33 (C-2); high resolution MS

m/e cald. for C6HC15Br 291.8016, found 291.8006; GC-Mass (NCI):

M-- parent peak cluster m/e (with relative intensity) = 292

(43.87), 294 (100), 296 (83.87), 298 (33.28), 300 (6.98), 301 (0.13),

302 (0.22).

Preparation of 2,3,5,6-Tetrachlorobromobenzene (7). Compound 7 was

prepared in the same manner as 5. 2,3,5,6-Tetrachloroaniline (2.31

g, 1.00 x 10-2 mol) in 6 mL CH3CN was added to the mixture of

1.50 x 10-2 mol of (3.35 g) anhydrous CuBr2 in 40 mL of CH3CN

at room temperature. The recrystallized product was 2.04 g (70%).

The purity was greater than 95%: mp 98.1 99.2°C (lit. 98 -

100°C)65; 13C NMR (100.6 MHz CDC13): 126.09 (C-1), 129.69

(C-4), 132.11 (C-3, C-5), 133.61 (C-2, C-6); high resolution MS m/e

cald. for C6HC15Br 291.8016, found 291.8009; GC Mass (NCI) M--

parent peak cluster m/e (with relative intensity) = 292 (43.62), 294

(100), 296 (85.69), 298 (32.08), 300 (6.73), 301 (0.02), 302 (0.24).
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APPENDICES



APPENDIX I

Poisson distribution of pentachlorobenzene molecules at various values of <s>.

0) -) 0.396 0.527 0.659 1.32 1.68 1.82 2.08 2.60 3.52
. .

P(0) 0.673 0.590 0.517 0.267 0.186 0.162 0.125 0.074 0.030

P(1) 0.267 0.311 0.341 0.353 0.313 0.295 0.260 0.193 0.104

P(2) 0.053 0.082 0.112 0.233 0.263 0.268 0.270 0.251 0.183

P(3) 0.007 0.014 0.025 0.102 0.147 0.163 0.187 0.218 0.215

P(4) 0.001 0.002 0.004 0.034 0.062 0.074 0.097 0.141 0.189

P(5) 0.000 0.000 0.001 0.009 0.021 0.027 0.04 1 0.074 0.133

P(6) 0.000 0.000 0.000 0.002 0.006 0.008 0.014 0.032 0.078

P(7) 0.000 0.000 0.000 0.000 0.001 0.002 0.004 0.012 0.039

P(8) 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.017

P(9) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.007

P(10) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
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APPENDIX II

Calculation of the Local Concentrations of Pentachlorobenzene in CTAB

Solution:

The microscopic concentration of the solute, Cm, within the

hydrocarbon region of the CTAB micelle can be calculated by the

equation,

Cm cb/(cs- Vhc)

where Cs is the CTAB concentration, Cb is the bulk concentration

of the solute, and Vhc is the partial molal volume of the

hydrocarbon region of the micelle.37 A partial molal volume for

each methyl or metylene group in the hydrocarbon chain was assigned

to be 18 mL/mo1.38 Then, the partial volume,

Vhc = (18 mL/mol CH2 or CH ).(16 mol CH2 or CH3/mol CTAB)-

(L/1000mL)

= 0.288 L/mol CTAB.

The partial specific volume of -CH2- and -CH3 groups of molten

paraffins are also reported to be 1.18 and 2.29 Cm3 g-1,

respectively.39 Using these data,
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V
hc

= V
-CH

3

+ 15 V
-CH

2
-

= (2.29 Cm3/g-CH3)(15.05 g-CH3/mol CTAB) +

15(1.18 Cm3/g-CH2-)(14.03 g-CH2/mol CTAB)

= 283 Cm3/mol CTAB or 0.283 L/mol CTAB.

There is an excellent agreement between two different methods and the

second approach was employed to calculate the local concentration of

pentachlorobenzene because the data were obtained at the same

temperature as that of this experiment.
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APPENDIX III

Negative Chemical Ionization Mass Spectra of Tetrachlorobromobenzenes

Conditions: Temperature Programing: 60-150°C at 25°C/min and

150-280°C at 7°C/min

Column: DB 1301 30M 0.25mm

Carrier Gas: He
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Figure 6. The Negative Chemical Ionization Mass Spectrum of

2,3,4,5-Tetrachlorobromobenzene
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Figure 7. The Negative Chemical Ionization Mass Spectrum of
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Figure 8. The Negative Chemical Ionization Mass Spectrum of
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APPENDIX IV

13C NMR Spectra of Tetrachlorobromobenzenes

Conditions: 100.6 MHz, CDC13, TMS



138 136 134 132 130 128
PPM

Figure 9. 13C NMR Spectrum of 2,3,4,5-Tetrachlorobromobenzene
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Figure 10. 13C NMR Spectrum of 2,3,4,6-Tetrachlorobromobenzene
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Figure 11. 13C NMR Spectrum of 2,3,5,6-Tetrachlorobromobenzene
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