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ane in the temperature range immediately above 
890K. and those of solid methane for temperatures 
below 890K. However, in the range of tempera
tures covered by the work, there does not appear to 
be any significant trend in the value of the heat ca
pacity as the coverage is increased from 0.2 to 1.0 
monolayer. The fact that the heat capacity of the 
adsorbed methane is greater than that of solid 
methane may be due in part to the effect of a phase 
transition from localized to mobile adsorption. 
Hill4 has shown for a simple theoretical model which 
neglects the interaction of the molecules and the ef
fect of the heterogeneity of the surface that such a 
transition would occur at temperatures below 9O0K. 
In this case, the contribution to the heat capacity by 
the transition is determined by the shape and mag
nitude of the potential barrier restricting the move
ment of the molecules over the surface of the solid. 

The scope of the present measurements is too 
limited to propose a complete model for the ad
sorption. Hill12 has considered the case of a mole
cule localized on a heterogeneous surface. The en
ergy of such a molecule is dependent on (1) the par
tition function for the three vibrational degrees of 
freedom of the center of mass plus the usual inter
nal degrees of freedom, (2) the distribution of en
ergy at the solid sites, (3) the lateral interaction of 
the adsorbed molecules. The heat capacity of the 
adsorbed phase is determined by the temperature 
dependence of all these factors. The distribution 
of energy at the solid sites, evaluated from measure
ments of adsorption isotherms and heats of adsorp
tion, as well as theoretical considerations such as 

(12) T. I.. Hill, / . Chem. Phys., 17, 762 (1949). 

Application of X-ray decolorization of solutions 
of methylene blue in radiation dosimetry has been 
previously discussed3-8 and the X-ray induced re
actions of numerous other colored organic materials 
have also been qualitatively described.6 We have 
had occasion, in an examination of chemical actin-
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Fig. 1.—Molar heat capacity of methane adsorbed on titan

ium dioxide (rutile) at various coverages. 

the variation of the internal partition function with 
the energy of the sites are necessary for the de
scription of the complete model. 
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ometers for radiation decomposition studies in 
progress, to study the kinetics of the decoloriza
tion reactions of dilute aqueous solutions of chlor 
phenol red. The results of this investigation, al
though indicating that these decolorization reac
tions are not suitable for accurate actinometric 
purposes, do have a bearing on the radiation chem
istry of aqueous systems. Because of the low con
centrations involved, aspects may be regarded as 
quite analogous to certain radio-biological processes. 

Experimental 
The unfiltered radiation from an industrial 60-140 kev. 

X-ray unit was used as the source of activation. The in
strument was operated a t constant intensity characterized 
by a current of 5 ma. at 120 kev. energy, the effective 
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wave length of the radiation being approximately 0.2 A. 
The samples (10 ml.) were irradiated in 50-ml. florcnce 
flasks which were placed in a reproducible position in front 
of the X-ray window. The radiation entered vertically 
through the bottom of the cell. Since the absorption co
efficient of water is not. very great at these wave lengths, 
the radiation is absorbed quite homogeneously throughout 
the sample. All reactions were carried out at room tem
perature or slightly above. 

The decolorization reactions produced by the X-radiation 
were followed by determining the optical densities of the 
solutions in 1-cin. cells with a Beckman DL' spectrophotome
ter. The measurements were made at 570 m^ after the 
dye coloration had been developed by the addition of one 
drop of concentrated sodium hydroxide.7 Above a />H of 
K) the molar extinction coefficient, at 570 ra^, of the blue 
form of ehlor phenol red is independent of the pH. This 
coefficient was determined to be 5-1,000 in a solution con
taining a weighed amount of the crystalline materials. It 
was found if the acid (yellow) form of the dye was used for 
analysis, that the absorption of product interfered with the 
determination at the maximum absorption at 435 niju. 

Crystalline chlor phenol red (C19H^CIiO5S; dichloro-
phenolsulfonphthaleiu) obtained from the Fisher Scientific 
Co. was dissolved in freshly distilled water to give a rela
tively concentrated master solution, which was diluted as 
needed to the desired concentration. These solutions 
were quite stable toward the atmosphere over long periods 
of time. The unbuffered solutions were used at a />H of 
(5,0 to 6.5 in order that other materials need not be added 
to the system during the irradiation. Except where 
noted, the samples were saturated with air in equilibrium 
with the atmosphere. This dissolved air is sufficient to 
provide a very large excess of the required oxygen for the 
reactions involved. 

Results 
Solutions which contain the same initial concentration of 

dye show a decolorization which is not directly proportional 
to the radiation dosage, as might be expected, but rather 
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Fig. 1.—Decolorization of chlor phenol red solutions. 

one which falls off exponentially as the irradiation progresses. 
The decolorization resembles a first order reaction with each 
subsequent absorption of an equivalent amount of energy 
resulting in a successively equal fractional decolorization of 
the sample. When, however, one irradiates solutions con
taining different initial concentrations, the fractional de
colorization for a given irradiation is found to be dependent 
upon the original concentration of dye present (Fig. 1). 
The initial rate (8.8 X K) - 9 mole of dye reacting per minute) 
is approximately the same for these different samples, 
dropping off a little in the more dilute solutions. The rate 
is, therefore, of zero order but is modified by the extent of 
the decomposition as the reaction proceeds. 

In Fig. 2 the period, at constant intensity, required for 
50% decolorization is plotted as a function of the dye orig
inally present. A linear relationship is shown which ex
trapolates to a positive intercept at zero dye concentration. 

Concentrolion i 10 

Fig. 2.—Irradiation period required for 50% decolorization 
of the dye. 

If the fraction of the initial dye coloration is plotted as 
a function of the dosage, then different curves are obtained 
for the various solutions. If, however, the dosage is nor
malized by dividing by the initial concentration, then the 
values for the more concentrated solutions fall on a single 
curve (Fig. 3). At the lower concentrations, the values 
are high because of side reactions which are relatively more 
important at these concentrations. The side reactions 
retard the decolorization and lead to the positive intercept 
mentioned above. Equal fractional dccolorizations of the 
samples result, therefore, from dosages which are propor
tional to the amount of the dye present in the sample. This 
general behavior is identical to that for the inactivation of 
carboxypeptidasc reported by Dale.8 
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Fig. 3.—Decolorization as a function of dosage normalized 
by a factor of C0/(14.3 X IO"6); o , C0 = 14.3 X 10 _ s ; 
o. C0 = 10.7 X lO"6; 9 , C0 = 7.1 X 10"6 M. 

Various attempts were mad° to ascertain the effect of 
dissolved air on the reaction. Pumping of the gases from 
solution did not have any pronounced effect on the rate of 
decolorization, the maximum observed decrease in this 

i ~j For purposes of these experiments, decolonzation is defined in 
tt'rras of loss of optical density at 570 mfi. 

18) W. M. Dale, W. J. Meredith and M. C. K. Tweedie, Nature, 151, 
280 (19«) ; W. M. Dale, L. H. Gray and W. J. Meredith, Phil. Trans. 
Roy. Sac. (London), 4242, 33 (1949). 
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rate being about 10% for short irradiation periods. De-
aeration of the sample by displacement with hydrogen de
creased the rate by about 2 5 % . In a series of experiments, 
during which hydrogen was bubbled through the sample 
and subsequently pumped from the system, the rate of 
decolorization was reduced to 40% of normal for short ex
posures and to about 20% after continued irradiation of one 
half to one hour. In other experiments, during which the 
sample was sealed from a high vacuum line after repeatedly 
boiling, freezing, and pumping the sample, the reaction 
rate was about 50% of normal. I t was not possible, how
ever, to reduce the radiation effect entirely to nil. It is 
concluded, therefore that , while the presence of dissolved 
oxygen seems to be required for part of the reaction, either 
the remainder of the reaction does not require oxygen or 
other decolorization processes are operative in the absence 
of the oxygen. Since very little ( ~ 10 - 7 mole) dye is 
actually involved here, a trace of oxygen or other re
active substance would be sufficient to have a pronounced 
effect. 

A check of the effect of hydrogen peroxide shows that the 
dye is bleached only slowly when peroxide is present in 
relatively high concentrations, e.g., in 3 % peroxide solution 
the sample was 50% decolorized in 20 minutes. Since the 
amount of peroxide formed in these irradiations is very 
small, it seems unlikely that there is any indirect effect via 
the production of hydrogen peroxide but rather that the de
colorization takes place with a more active agent prior 
to the formation of the peroxide. 

Comparison with the oxidation of ferrous sulfate in 0.8 A7 

sulfuric acid gives 6.54 X 10" e.v./min. as the rate of 
absorption of energy by the chlor phenol red system. A 
yield of 0.81 (G: equivalents of reaction per 100 e.v. of 
absorbed energy) is thus observed for the initial decolori
zation rate. This is not dependent, except for the lowest 
concentrations, on the concentration of the dye. The G 
for the oxidation of ferrous sulfate has been assumed to be 
15.5,9 and the relative absorption of the ferrous sulfate 
taken as 1.1 times that of pure water for the wave lengths 
employed here. 

In Fig. 4 the effect of the addition of sodium hydroxide 
and hydrochloric acid to the solution before irradiation is 
illustrated. The solutions, 15 X 10 - 6 JW in dye, were ir
radiated for ten minutes and analyzed in the basic form. A 
maximum decolorization is observed at a pH of 3-4. The 
drop at low pK may, of course, be due to the presence of the 
chloride ion. 
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Fig. 4.—Effect of HCl and XaOH on the decolorization 
of chlor phenol red: ten-minute irradiation of solutions 
14.3 X 10-« M in dye. 

The effect of foreign organic substances, such as thiourea, 
is seen in Fig. 5. When the latter is present at a concen
tration equal to that of the dye, approximately 2 5 % "pro
tect ion" (inhibition • of dye decolorization) is observed. 
The presence of 10~3 M thiourea gives better than 9 5 % pro
tection against decolorization of solutions 5 X 10 ~s M 
in dye. Further investigations are in progress which utilize 
this protective effect as a method of studying the relative 
reactivities of other substances toward the radiation inter
mediates. 

(9) C. J. Hochanadel, Abstracts of papers, 119th Meeting of the 
American Chemical Society, Cleveland, Ohio, April 11, 1981; private 
communication. 

Thioureo concentrofion. 

Fig. 5.—Effect of thiourea on the decolorization of chlor 
phenol red. Five minute irradiation of solutions 5.2 X 10 "B 

M in dye (A): lower curve, concentration X 106; upper 
curve, concentration X 104. B represents 50% inhibition 
at 16 X 10~6 M thiourea. 

Discussion 
The net primary result of the activation of dilute 

aqueous systems by X-radiation, via the production 
of secondary electrons in the water by the ab
sorbed radiation, is the dissociation of the water 
into hydrogen atoms and hydroxyl radicals.10 

C I 
H2O *w~£*tv-> H- + OH- (I) 

In the above equation Gp represents the primary re
action yield in terms of molecules reacting per 100 
e.v. absorbed by the sample and / a the absorbed in
tensity in units of 100 e.v. per unit volume of sam
ple. 

Secondary effects, such as the decolorization reac
tions observed here, are produced by subsequent 
reaction of these radicals with the other compo
nents present. This type of decolorization is, there
fore, completely different from photochemical 
bleaching where the primary activation occurs in 
the dye itself. When oxygen is present, the hydro
gen atoms produced in reaction 1 will react to form 
H(V radicals and will be removed from further reac
tion. 

H- + O 2 — ^ H O 2 - (II) 

Thus, in the presence of oxygen, the radicals HO2' 
and OH • are possible radiation intermediates which 
can cause decolorization of the dye. 

The reaction of the active decolorizing agent may 
be represented as 

fk, 
R- + colored (D) >• uncolored (D' ) ( I l i a ) 

(1 -f)h 
R- + colored (D) > colored (D) ( IHb) 

where / corresponds to the fraction of the reaction 
which results in decolorization. As soon as part of 
the dye has been converted to the uncolored form, 
there will be further reaction of the type 

R- + D' —4- D" (IV) 
Other reactions, involving the reaction of the radi
cals with each other and with other substances con
tained in the system either as impurities or addi
tives, must also be considered. The importance of 
these various reactions will depend on the concen
tration levels of the dye and any other substance 
present. 

(10) A. O. Allen, "The Science and Engineering of Nuclear Power," 
Chapter 13, Addison-Wesley Press, Inc., Cambridge, Mass., 1949. 
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K- f M —V (V) 

The rate of decolorization (reaction Ilia) will be 
given by 

- Cl(D)Zd/ = /A3(D)(R-; (1 > 

If we substitute the steady state concentration of 
R-, obtained by assuming that steps III and IV are 
the only reactions removing this component, equa
tion (1) becomes 

which can be further reduced to the form 

_ d(PJ - tr T l— (T) 

It is seen that the type of curve obtained for the de
colorization as a function of the total sample dos
age, will be determined by the importance of the 
term fe4(D')/fes(D) in the denominator of (3), i.e., the 
extent of reaction and the relative susceptibility 
toward further reaction of the product of the orig
inal decolorization. Two of the simplest cases 
are illustrated below. 

Case I.—If the product of the reaction is not re
active toward the radiation intermediate (kt ~ 0) 
or if it is at very low concentration, then the rate of 
decolorization will be dependent only on the reac
tion yield and the incident intensity and the reac
tion will be of zero order. 

- Cl(DVd* = /Gp/ . (4) 

Case II.—If the product of the reaction has a 
reactivity equal to that of the original substance 
then 

UD) + /Si4(D') ~ JSi3(Do) (5) 

where (Do) is the original dye concentration. Substi
tuting this into equation (2) we obtain 

- Cl(D)Zd1 = /G„/.[(D)/(D„)] (6) 

which upon integration gives 
(D) = (D0)e-/Gp/a(//(Do)) (7) 

In this case, the response is seen to be exponential 
in form, characterized by a half period which is di
rectly proportional to the original concentration. 

In the general case, where the reaction of sub
stances added to the solution before irradiation re
moves the active intermediates, by reactions other 
than III and IV, these reactions will be accounted 
for in terms similar to ki(D') in equation (2). The 
nature of the effect will depend on the variation of 
this term during the course of the reaction. The 
decolorization rate must, of course, be lessened by 
the removal of the active species by extraneous re
actions. 

The Decolorization of Chlor Phenol Red.—It 
is seen that the decolorization of chlor phenol red 

observed here, closely follows the logarithmic rela
tionship of equation (8). The normalized plot of 
Fig. 3 illustrates equation (7), with fGPh the same 
for all solutions. The half-period is found to be 
directly proportional to the initial concentration 
with, however, a constant term being added to equa
tion (9) to account for reactions of type V. It is 
concluded that this reaction represents case II 
above, being such that the product of the reaction, 
although decolorized, is susceptible to further reac
tion with the radiation intermediate. The sus
ceptibility of this product appears to be very nearly 
equal to that of the original dye. Exact equality 
is not had as is shown by the results of longer 
irradiations where a slight tendency for the curves 
to have a somewhat steeper slope is observed. 

The yield of the initial decolorization reaction 
(G0 = 0.81) deserves further mention as it is lower 
than might be anticipated from the primary yield 
estimated for aqueous decomposition, i.e., greater 
than 3.3.9 It seems, therefore, that only a fraction 
(/ ~0.25) of the radiation intermediate reacts in 
such a manner as to decolorize the dye. This is in 
agreement with the non-specificity required by the 
approximate equality of the reactions of the original 
dye and the product substance. As far as decolori
zation is concerned, the dye is "self-protecting" for 
the reactions involved. 

The effect of additives is, in general, illustrated 
by the behavior of the reaction in the presence of 
thiourea. The competition or protective effect of 
the thiourea is such as to indicate that the thiourea 
molecule is one-third as reactive as the dye. Dale, 
et al.,n report that thiourea is approximately 100 
times as reactive as carboxypeptidase on an equal 
weight basis. 

The general picture of the behavior of chlor 
phenol red solutions upon exposure to X-radiation 
is much the same as that given by Fricke and Peter
son1'- for the oxidation of oxyhemoglobin and by the 
work of Dale already mentioned. The considera
tions employed here are almost identical to those of 
Weiss13 on enzyme reactions. The decolorization 
reactions of the dyes suggest themselves as being 
applicable to formulation as models for the radiation 
reactions of enzyme and similar systems. The rela
tive ease of the colorimetric determinations makes 
these reactions useful as such models in the study of 
the radiation chemistry of dilute aqueous solutions 
of organic substances. 
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