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Sensitization and Protection Observed in G-Value and Radiation
Induced Luminescence '

By
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From both the G-values and fluorescence intensity in organic two component
systems, the direction of the excitation energy transfer may be determined.
Agreement between the directions determined by these two methods, i.e., G-value
and fluorescence intensity, is found to hold in most cases. But in the benzene-
methyl acetate system, the directions determined are found to be opposite to
each other.

It is found that the carbon-carbon double bound in vinyl monomers is able
to quench the excited state of the saturated or unsaturated hydrocarbons.

It is concluded that with some exceptions; the excitation energy is transferred
from saturated hydrocarbons to unsaturated hydrocarbons, vinyl monomers and
halogenated compounds, and from unsaturated hydrocarbons to vinyl monomers and
halogenated compounds, and also from vinyl monomers to halogenated compounds.

Some excitation energy transfer schemes are discussed quantitatively in
comparison with experimental results, and some rate constants are determined.
It is found that a constants referring to the energy transfer obtained in fluores-
cence experiments is much larger than that obtained in radical formation.

1. Imtroduction

In the radiation effects of organic systems, sensitization or protection have been
already observed (1), (2), (3). These phenomena may be explained as the excitation
energy transfer from one component to another. When it is transferred from the
radiation chemically stable component to the unstable one, sensitization phenomena may
be observed, and when it is transferred in the reverse direction, protection phenomena
may be expected.

On the other hand, it has also been known that the luminescence of a liquid
scintiilator could be quenched by the addition of a quenching agent, carbon tetra-
chloride or oxygen for example (4), (5), and the quenching phenomenon might be
due in part to the excitation energy transfer from the excited state of the solvent (6).

It is to be noted that in both cases, i.e., these of radiation chemical effects and
radiation induced luminescence in organic systems, the excitation energy transfer
plays an important role. The luminescence experiment is performed here especially
in connection with radiation chemistry.
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2. Experiment
2.1) Experimental Arrangement

The experimental arrangement is the same as that of Kallman (7) and Burton (8),
and here the radiation induced luminescence is measured as the anode current of a
photomultiplier type EMI6097 F which has a maximum sensitivity near 420 mu. This
apparatus has a heat regulating jacket, but it is not used here. (Fig. 1)
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Fig. 1. Experimental arrangement.

2.2) Procedure

The volume of the samples used is 20 ml, and the sample is held in a glass cell.
The experiment is performed at room temperature, in air or vacuum.

The anode potential is fixed at 680 volts, and the intensity of radiation induced
luminescence is measured by the anode current of the photomultiplier. The anode
current amounts to 95 x 10~ amp in air saturated benzene solution of 1 g// p-terphenyl.
The back ground amounts to 5x10~* amp. according to the luminescence of the
solvent and glass cell, and to the direct effects by gamma radiation on the photo-
multiplier. The solvent luminescence is of éerenkov radiation. p-terphenyl is used as
the scintillating solute in this experiment. The fluorescence intensity of p-terphenyl
may be obtained as the difference between the observed total luminescence and the
back ground mentioned above.

2.3) Materials
The materials used are as follows: —

p-terphenyl : Tracer Lab. Inc., scintillation grade
benzene : Eastman Kodak Co., spectro grade
Nakarai & Co., Ltd., analytically guaranteed reagent
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toluene

cyclohexane

carbon tetrachloride :

chloroform

carbon tetrabromide :

methyl acetate
ethyl acetate

ethyl benzene
methyl propionate
ethyl propionate
vinyl monomers
vinyl polymers
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Hayashi Pure Chemical Industries, Ltd., analytically guaranteed
reagent

Eastman Kodak Co., spectro grade

Eastman Kodak Co., spectro grade

Nakarai & Co., Ltd., analytically guaranteed reagent

Eastman Kodak Co., spectro grade

Tokyo Kasei Kogyo Co., Ltd., analytically guaranteed reagent
Nakarai & Co., Ltd., analytically guaranteed reagent

Hayashi Pure Chemical Industries, Ltd., analytically guaranteed
reagent

Tokyo Kasei Kogyo Co., Ltd., analytically guaranteed reagent
Tokyo Kasei Kogyo Co., Ltd.

Wako Pure Chemicals, Ltd.

Purified by ordinary method for polymerization

Polymerized by radical or thermal polymerization

These samples employed do not show the marked absorption of the fluorescence
of p-terphenyl at the concentrations examined in the spectral range (320-420 my).

3. Results on the G-Value and Fluorescence Intensity

in Two Component Systems

The typical features of the G-value and the fluorescence intensity in two com-

ponent systems are represented in the following figures. (Figs. 2-7).

In these systems,

the linear additivity rule referring to the components is not established.

3.1) Cyclohexane-Benzene System (Figs. 2-3)
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3.2) Benzene-Carbon Tetrachloride System (Figs. 4-5)
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3.3) Benzene-Methyl Acetate System (Figs. 6-7)
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4. Discussion on the Direction of Excitation Energy Transfer Observed
in G-Value or Radiation Induced Fluorescence

It may be reasonable to assume that quenching is a kind of excitation energy
transfer. When the addition of a quenching agent causes a drop in fluorescence
intensity in liquid scintillators, solvent- or solute-quenching or both may be considered.
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If a reagent quenches the solvent, the excitation energy is removed from the
solvent. Here, for the sake of convenience, only solvent quenching will be considered,
and the quenching will be assumed to be an excitation energy transfer from solvent
to quencher. According to the opinion of Furst and Kallman (4), excitation energy
transfer from a poor solvent to an effective solvent is also assumed. On these points
of view, the direction of excitation energy transfer observed in radiation induced
fluorescence may be determined. From the sensitization and the protection observed
in the G-values in organic two component systems, the direction of energy transfer
may also be determined. The direction of energy transfer thus determined may be

summarized as the following two cases.

4.1) Same Direction Cases
In the following systems, the directions of excitation energy transfer determined

by the two methods mentioned above, G-value and fluorescence, are found to agree.

G-value fluorescence

cyclohexane — Benzene G(H,) @) (8)
benzene — carbon tetrachloride Gr 3 (6)
benzene 2= chloroform Gr 9 ©)
benzene — toluene G(H,) @) unp g::;shed
styrene — carbon tetrachloride Gr ) »
styrene — carbon tetrabromide Ggr 3, 10 '

In the benzene-chloroform system, an excitation energy exchange is observed, the
case of which may be discussed later. In the benzene-toluene system, the addition

rule is found to hold true.

4.2) Opposite Direction Cases
The agreement between the directions determined by these two methods may be
observed in most cases, but in the following system, the directions determined are

found to be opposite to each other.

Gr (9)

benzene T— methyl acetate

fluorescence

5. Quenching of the Radiation Induced Fluorescence
by Carbon-Carbon Double Bond

It was found that vinyl acetate would quench effectively the radiation induced
fluorescence of the benzene-p-terphenyl mixture, but, it was not so with ethyl acetate
(6), the. saturated compound corresponding to vinyl acetate. On the other hand, the
quenching cross sections of various unsaturated hydocarbons for mercury, cadmium
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and sodium resonance radiation are about 100 times larger than for the corresponding
saturated hydrocarbons (11). These facts suggest the quenching ability of the carbon-
carbon double bond. Several vinyl monomers, polymers and the corresponding saturated
compounds are examined here as the quenching agents. The experiments are per-

formed at room temperature and in air saturated solution, and the concentration of
p-terphenyl is fixed at 1g/l. '

5.1) Quenching of the p-Terphenyl Fluorescence in Benzene Solution
by Vinyl Monomers

The results obtained for vinyl monomers and the corresponding saturated com-
pounds are shown in Fig. 8.

From the results shown in Fig. 8, it is found that vinyl monomers are able
to quench the p-terphenyl fluorescence
in benzene solution, but the saturated
compounds corresponding to vinyl
monomers have no such ability at all.
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Fig. 8. Quenching of the p-terphenyl fluore-
bond C=F ’ C=C|: ’ C=Cl3 . scence in benzene solution by vinyl monomers
C=0 / C=N and the corresponding saturated compounds.
[ I\ ! (in air, p-terphenyl concentration=1g//)

The mechanism of the quenching, whether it is of solvent quenching or of solute
quenching, is not clarified here. If vinyl monomers quench the excited benzene, the
excitation energy transfer from benzene to vinyl monomers may be expected. But
this expectation contradicts the conclusions of Nikitina and Bagdasaryan (12) who
have already assumed in their experiments on the radiation solution polymerization

that the excitation energy might be transferred from methyl methacrylate to benzene.
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On the other hand, as the difference between Chapiro’s theory (1) and their ex-
perimental results is found to be rather small, the discrepancy between the theory and
the experiments may perhaps be due to the dilution effect of the monomer.

5.2) Quenching of the p—-Terphenyl Fluorescence in Benzene Solution
by Polymers
Further experiments on vinyl polymers are made here to confierm the nature of
the quenching ability of vinyl monomers as discussed above. The results obtained
are shown in Fig. 9.

From Fig. 9, it is clear that the 100

quenching efficiency of vinyl polymers
acrylic polymers |
PVAc

is less effective as compared with vinyl 8ot

monomers. But some vinyl polymers,
such as polystyrene and poly-(vinyl 6ot

acetate), also seem to quench, though

fluorescence intensity (arbitrary unit)

raw rubber
the efficiency may be lower. Generally 40} :
speaking, in the case of polymers, the
viscosity effects on' the efficiency may 20t 1
have to be considered. If the excita-
tion energy transfer from solvent to % oo 007 AE 0'04 705
scintillating solute is caused by the benzene , polymer

. volume fraction of polymer
collison between molecules (13), the
x poly-(vinyl acetate)

® poly-(methy! acryiate)
may hinder the energy transfer result- & poly-(ethyl acrylate)

o poly-(methy! methacrylate)
v polystyrene

high viscosity of the polymer solution

ing in the reduction of the fluorescence

intensity. On the other hand, in the ® raw rubber

viscous medium, the fluorescence effi- Fig. 9. Quenching of the p-terphenyl fluore-
. . . scence in benzene solution by polymers.
ciency of the scintillating solute be- (in air, p-terphenyl concentration=1g//)

comes in itself relatively high (14).
Thus the viscosity effects on fluorescence intensity seem to be very complex.
The effects of side chains in a vinyl polymer are not yet made clear in this
report,

The quenching ability of the carbon-carbon double bond may be a means for the
determination of both the quantity and quality of the double bond.

5.3) Quenching of the p-Terphenyl Fluorescence in Cyclohexane Solution
by Vinyl Monomers and the Corresponding Saturated Compounds
Contrary to the case of benzene, the saturated compounds corresponding to these
monomers seem to quench as effectively as the monomers themselves in the case of
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Fig. 10. Quenching of the p-terphenyl fluore-
scence in cyclohexane solution by vinyl -
monomers and the corresponding saturated
compounds. (in air, p—terphenyl concentra-
tion=1g/l)
cyclohexane. (Fig. 10). But the solubility of p-terphenyl in cyclohexane is much
smaller than in benzene, and so the sadimentation of dissolved p-terphenyl by the
addition of a quencher is observed sometimes in the case of cyclohexane. Thus

further studies may be necessary.

6. General Scheme of the Energy Transfer Direction
and the Sensitization or Protection in the

Organic Two Component Systems

From the experiments on radiation induced fluorescence in cyclohexane-benzene
mixtures, Burton et al concluded that the excitation energy might be tranferred from
cyclohexane to be benzene (8). The experiment on n-hexane- or paraffin-xylene
mixtures by Furst and Kallman suggested that an energy transfer from n-hexane or
paraffin to xylene might be expected (4). At the same time, G(H,) in cyclohexane-
benzene mixtures suggests an energy transfer from cyclohexane to benzene (2), and
G(H;+CH,) in triacontane (CjHg,)-benzene mixtures suggests an energy transfer
from triacontane to benzene (15). And also G(H,) in cyclohexane-cyclooctatetraene
(CgH,) mixtures suggests an energy transfer from cyclohexane to cyclooctatetraene (15).
From these results, it may be concluded that the excitation energy may be transferred
from the saturated hydrocarbons such as cyclohexane, n-hexane and paraffin to un-

saturated hydrocarbons such as benzene, xylene, terphenyl and cyclooctatetraene,
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The excitation energy transfer from aromatic compounds to halogenated compounds
may be confirmed by various experiments (1), (3), (4), (5), (6), (10), (12).

The excitation energy transfer from aromatic compounds to vinyl monomers may
be assumed on the basis of the quenching ability of the vinyl monomers already
mentioned above.

The excitation energy transfer from vinyl monomers to halogenated compounds
may be expected from the solution polymerization in styrene-carbon tetrachloride (1),
(12), styrene-carbon tetrabromide (10) and methyl methacrylate-carbon tetrachloride
(12) mixtures.

The stability to irradiation may be ranked as follows : —unsaturated hydrocarbons
> saturated hydrocarbons > halogenated compounds. Thus, the general scheme of
the energy transfer direction and the sensitization or protection in the organic two

component systems may be summarized as shown in the following figure. (Fig. 11).

saturated hyarocarbon

tyclonexan 5;~ unsaturated hydrocarbon
n-hexane Se-
patarfin benzene Viny! monomer
\ xylene
olyethylene
(polyethylene) ethyl benzene Styrene halogenated
cyclooctatetraene vinyl acetate \iompow?d
olystyrene) methy! methecryiate ™ .,
acrylonitrile tetracnioride
carbon
tetrabromde
poly -
viny! ch/onde)
protection sensitization
radiation chemically — radiation chemically radiation chemically
T —— ————————————
moderately ’stab/e compounds unstable compounds

Stable compound§
sensitization

Fig. 11. General scheme of the energy transfer direction and the
sensitization and protection in the organic two component

systems.

7. Quenching Mechanism and its Examples in
the Liquid Scintillators
Burton et al have considered the quenching mechanism of liquid scintillator as
the following (5), where S is the solvent, T, the scintillating solute (p-terphenyl,)
@, the quenching material and O, is the dissolved oxygen.
S —n—> S§¥% k[ S]
S* — X k1[s* ]
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§¥+0, — X/ kL S¥I[0:]s
$¥+Q — X kLS*¥][Q]
S*+T —— S+T*  k[S¥IT]
T — Xr kL T*]
T*+0, —> X7’ kL T*][0:],
T*+Q — X177 kL T*]LQ]

T*+T — T+T k/LT*ILT]
where the process T*—Xr represents the following various processes.

T* —> T+hy (fluorescence emitting), kA T*]
T —> T (internal quenching) RLT*].
7"* — T (radical formation)

From the above kinetic analysis, fluorescence intensity I becomes

_ _ krk ke ST T]
I= kT = G RO A RIQTTRL TD b~ R TO AR QI RLTD -

Defining I=1,, [S]=[S], at [Q@]=0, and [Q]=[Q], at [S]=0, the following equation
is obtained from Eq. (1).

I/I (1 + k[ Q1o [Q] )(1 + kTQ T el ) . (2)

[S1/I51 ~ \" "B+ El01+E[T1[Q1/\" ™ ki +ET0.1+kTTI1[QL
Defining 7 and 7 as follows;
._ QL
k1+k2[02]s+k4[ T] ( 3 )
W ¥ ("
k' + k[0 1s+ETIT]
and if [SV[S) =1
or [Q1/(Q) =0
the following equations are obtained.
5 _ Q1 Q] 4)
7= (1+rEgy) (i) (4
(L/I-1/([QYIQ)) =r+7+rr(Q)/[€]) (5)

[Q1/[Q], is considered to stand for the volume fraction of the quenching material.

From Eq. (4), it is understood that the I,/I vs. [Q1/[@], relationship is linear
when solvent quenching or solute quenching alone exists. And it is also clear that
I,/I shows a positive deflection from linearity with increasing [Q]/[@], when both
solvent- and solute-quenching exist, ’
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In Figs. 12 and 13, the results obtained in carbon tetrachloride and chloroform
are shown.

From comparing Figs. 12 and 13 with the theory expressed in Egs. (4) and (5),
it may be understood that the theory may be correct in the case of carbon tetrachloride
but not so in the case of chloroform. It is also clarified that the theory is correct in
the case of carbon tetrabromide.

Burton et al have attributed the downward deflection from linearity in the Io/I vs.
[Q1/[ @], relationship to éerenkov radiation (5). Here, however, as the effect of

vV
Cerenkov radiation is already set aside from I and I, the reason for the deflection is

25 T T T T 25 T T T Y

© o & /n vacuum 5/ irJ;I © 9 & m vacuum (T)=
L ® & A jnair / 874 S0k e w A nar 9o ]
20 / 20 oy

(1= 1)/((CC1, )/ (CCl Jo)X1077

0025 050 075 100 125 0025 050 075 100 125
(cci, ) /CCh ), x 10° (ccii/lecl, )y x10°

Fig. 12. Quenching of the radiation induced fluorescence by carbon tetrachloride
in benzene solution of p-terphenyl.
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Fig. 13. Quenching of the radiation induced fluorescence by chloroform in
benzene solution of p-terphenyl. (in air)
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to be sought elsewhere. And thus, the following excitation energy exchange mechanism

is proposed in the case of chloroform.

* "k
CeHg ' CG,HG solvent quenching
solvent po CHCIl,*
* i L
(CeHs)2CeH,y quenching | ¢ 4g« ‘/Correction to solvent
| l quenching
solute L
quenching cCr* (CeHs)CeH,*

In the case of vinyl acetate, the results obtained are shown in Fig. 14. The
special feature may be illustrated elsewhere.

10 7 T T

S
X
N
S
X
-~ (%)
3 S
% N
§ T 1o (T)=1 g/l
N ~3
¥ *
$ <
o~ L
% X 05
3 T
= 1 % 1 1 L L
Ot 30 40 s N\ Y0 10 20 30 40 50
(VA (VA% 107 = (VAC)/[VAC),x 10°

Fig. 14. Quenching of the radiation induced fluorescence by vinyl acetate in
benzene solution of p-terphenyl. (in air)

8. Some Excitation EnergyTransfer Mechanisms and

Gg in Two Component Systems

The excitation energy transfer processes have been discussed quantitatively by
several authors, for example, by Burton et al in cyclohexane-benzene system (2),
Nikitina and Bagdasaryan in styrene-carbon tetrachloride system (12), and by Magat
et al in benzene-chloroform system (16). The theoretical calculations made by Nikitina
and Bagdasaryan are, howéver, approximate, and the results obtained by Magat et al
are not considered to be easily comparable with the experiments. Several types of

excitation energy transfer mechanism are represented here in comparison with the
experiments.

8.1) One Way Excitation Energy Transfer (a)

In the following mechanism (3), the fundamental equations are as follows;
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k
A T A¥ A-
ka kA

kar

k/
B ———— B* B-
kB kfg
RILA] = ka[ A¥]+ kAL A*¥]+Ras[A¥][B] (6)
E'I[B]+kas[ A¥][B] = ks[ B*]+k i B¥] (7)
Ve = ki[A*]+ ks B¥] (8)

where I is the radiation intensity and Vg is the rate of radical formation.
From Egs. (6), (7) and (8), the following equation is obtained.

_ , aas(Ws—Wa) 9
Ve = RIWALA]+FKIWgG[B]+ 1+aas[B] RILTA][B] (9
where
Wa= ki
katkai
_ ks
Wg = ot g (10)
_ kas
AAB = b tEA

8.2) One Way Excitation Energy Transfer (b)
There is another type of quenching A* by B besides

A*+B —> A+ B¥* kag[ A¥[B].
That is (2)
A*¥+-B —> A4+-B K as[ A¥][B].

In considering also the second type of quenching, the rate of radical formation is
found to be

_ . asp(Wp—Wa)—a'48Wp
Ve = RIWA[A]+FIWE[B]+ A1+ (@antaan)[B] RI[A[B] an

where

, _ FKan 12
aAB—kA+kA. 12)

8.3) Excitation Energy Exchange (a)
Nikitina and Bagdasaryan proposed the following excitation energy transfer
scheme (12), where the excitation levels of A and B are in near approximation,
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k
A T A* A-
kA T k,i
kap| ' kBa
v |
B_—_—/pB*_.__, B
ks ks

In this case, the rate of radical formation is found to be

_ , (kapp—Kapy) Ws—Wa)
Ve = kIWA[A]+FKIWE[B]+ 1+ aasl Bl analA] ITAB] a3)
where
apg = °BA (14)
kpt+kg’

8.4) Excitation Energy Exchange (b)

In the Gr of benzene-chloroform mixtures, both sesitization and protection were
observed in ref. (9). In the region rich with benzene the sensitization effect of
chloroform by benzene is observed, and the protection effect of chloroform by benzene
is also observed in the region rich with chloroform. The fluorescence experiment
already mentioned above may have some relation with Gg.

Magat et al proposed the following scheme to explain the special feature in
benzene-chloroform mixtures (16).

k
AT A, A
ka ki
kas
K ,
B _—B* ____,B
kB k}_';
kpa
kl/
A TTT—> A% A-
kAl kA’ .

The rate of radical formation may be obtained as the following.

/7 d .A'_d
Vi = W LAl+ K TWATAT+ KIWSB+a 8 AQ—A) - (15)

where, A is the volume fraction of the component A, and

)
Wa' = ka+ ki (16)
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a=FkITAT(Wa' —Wa)+FI[Bl,(Wa—W4")
b=1/aps[A], >0
¢ =1/aag[B], >0

14— 1 HAWWp—Wa) 1
d— _ @aBlBl, ¥[BL(Ws—Wa) apa[A]
1 +k[A]o( WA’ - WA)
K[Bl.(Ws—W,")

and [A]=[A], at [B]=0, [B]=[B], at [A]=0.

an

9. Determination of the -Rate Constants

From the fluorescence experiment and the measurement of the G-value, the rate
constants concerned with the primary processes may be determined. The discussions

are made here on benzene-carbon tetrachloride system and benzene-chloroform system.

9.1) Benzene-Carbon Tetrachloride System
Defining =1 at [Q]=0, [0.];=0, following equation is obtained from Eq. (1).

i = (i) ().

In consideration of the discussions made by Burton et al (5), the effect of solute
quenching may be neglected, so that the following equation is obtained.

I, — b + k T
oo, ~ &IOS TROTLT]:

From the linear relationship in I,/ (Ipo—Io) vs. [T, k./k; may be obtained as follows;
ko/ky = 500 I/mole
where [0;]s = 1.43x107% mole/! (5).

7 and 7’ in Eq. (3) are found to be of the same order of magnitude in the case
of benzene-carbon tetrachloride-p-terphenyl mixture. The individual determination
of ¥ and ¥’ by (I,/I-1)/([CCL]/[CCL ] vs. [CCL]/[CCl], relationship is impossible
in reference to the accuracy of the experiment. And thus ¥ is determined from 747’
on the assumption of equality of ¥ and 7.

Defining 7 =7, at [0,]);=0, following equation may be obtained from Eq. (3).

To= [r]LOst=o = k,k%?[]%‘] .

From the linear relationship in 1/7, vs. [ T], k:/k, may be obtained as follows ;
ka/ky = 190 //mole

k,/k, may be obtained from the I,/(In,—I,) vs. [ T] relationship as follows;
k,/k, = 120 I/mole
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‘and may also be obtained from the 1/7, vs. [ 7] relationship as follows ;
k,/k, = 740 I/mole .
From these results the following range for k,/k, is obtained
k/k, = 0.24—1.48.

On the other hand, Burton et al obtained for the same quantity the following range
®);
ky/k, = 0.18—-0.80.

9.2) Benzene-Chloroform System
As previously discussed, chloroform was found to quench the radiation induced
fluorescence of benzene-p-terphenyl mixtures, and the mechanism of the quenching
was different from that of carbon tetrachloride. In the region extremely rich in
benzene, the linear relationship between I,/I and the concentration of chloroform
appears to be established. Then considering the quenching mechanism proposed al-
ready, it may be reasonable to assume that only the usual solvent quenching is active
in that region. From these points of view, the following equation may be obtained
I_ g, kQL _ [Q]
I kRO +E[T][Q]
From the results obtained in Fig. 13, and also the values of k,/k, and k,/k, discussed
above, k;/k, may be obtained as the following ;

ki/ky = 40 I/mole .

9.3) Comparison of the Rate Constants Obtained in Fluorescence with that of G

As previously noticed, the same excitation energy transfer direction was recognized
in almost all cases. The rate constants obtained in fluorescence are compared here
with those of Gg.

a) benzene-carbon tetrachloride system

The results on Ggr obtained in benzene-carbon tetrachloride system are unified
by the scheme already proposed in section 8.1, and a constant is obtained on the
assumption that A represents benzene and B represents carbon tetrachloride (3).

kas
Fatki 1 //mole .

In comparing the scheme with that proposed in the section 7, it may be under-
stood that ks4+k%4 corresponds to %k, and kap corresponds to k;. ks/k, was obtained
already in section 9.1 as the following ;

ks/k, = 190 I/mole .
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From these results, it may be understood that the constant referring to the energy
transfer obtained in the fluorescence experiment is much larger than that obtained
in Gg.

b) benzene-chloroform system

The results on Gr obtained by Bouby and Chapiro in the benzene-chloroform
system (9) are adjusted by the scheme represented in section 8.4, in assuming that
A represents benzene and B represents chloroform, while Magat et al assumes that
A stands for chloroform (15). In this system the constant C may be obtained as

follows ;

C=1004.

Considering Eqs. (10) and (17), a constant may be obtained as follow ;

kap  _
Fatbs 2 //mole .

In comparing the constant with that obtained in section 9.2, that is;
ks/k, = 40 {/mole,

it may be concluded as it was in the benzene-carbon tetrachloride system that the
constant referring to energy transfer obtained in the fluorescence experiment is much

larger than that obtained in Gr.

10. Excitation State of Benzene Refering to the

Radical Formation or Fluorescence

It is found that there is a wide discrepancy between these constants referring to
radical formation and those referring to fluorescence. The very fact may suggest the
distinction of the excitation state of benzene referring to the radical formation from
that of fluorescence. An estimation will be made here to determine the excitation
levels.

In the sensitization of carbon tetrachloride by benzene, the following primary

processes may be considered.

CHs;+CCl, —> CHs+CCL*
CCl ¥ — CCl;- +Cl-

The excitation level of carbon tetrachloride may be located near that of benzene
because a high efficiency of energy transfer is expected. Thus, the excitation level
of benzene may be estimated from the dissociation energy of C-Cl. As the energy
is 69 Kcal/mole, the excitation level of benzene referred to the sensitization of carbon

tetrachloride may be 3.0 ev or more.
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.

On the other hand, the excitation level of benzene referred to the quenching by
carbon tetrachloride may be estimated from the wave length of the p-terphenyl

fluorescence.
CeHs* + (CHy) CeH, —> CH,+ (CH,) CH ¥
(CeHy) LH¥ —> (C.H,).CeH,+hy

As the wave length of the p-terphenyl fluorescence extends from 320 mu to 420 my,
the excitation level of benzene referred to the quenching by carbon tetrachloride may
be 3.0-39ev.

Thus it may be concluded that there is no clear distinction between these excita-

tion levels of benzene. Further consideration of these points will be given later.
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