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RADIATION INDUCED REACTIONS IN NONAQUEOUS SOLUTIONS . . . . . . ~. . . ' 

Laddie Ray Griffith 

, Rad;iation Laboratory and 
Department of Chemist'ryand Chemical Engineering 

University of California, Berkeley, California 

July, 1956 

ABSTRACT 

The photoinduced disappearance of l,l-diphenyl-2-picryl-hydrazyl, 

DPPH, in solution in several organic liquids was studied. 

Solutions of DPPH in cyclohexane, benzene, toluene, chlorobenzene 

and bromobenzene were irradiated with ultraviolet light of wave length 

3126 to 3130 A. The initial rates of the disappearance of DPPH were 

studied spectrophotometrically and were found to be nearly independent 

of the amount of light absorbed by DPPH except for DPPH in cyclohexane. 

The rates were, however, proportional to the amount of light absorbed 

by the solvent. 

The results indicate that the reaction is one of short-lived 

excited species of the solvent molecules in benzene, toluene, chloro-

benzene, and bromobenzene. Furthermore, the excited species responsible 

for the reaction is the lowest triplet state of the solvent molecule. A 

reaction of free radicals produced by the photodissociation of bromo-

benzene probably contributes to the rate of disappearance of DPPH in 

bromobenzene. 

Reactions of excited singlet states would not be observed in the 

DPPH concentration range studied because the lifetimes of the excited 

singlet states of these molecules are short compared with the time 

between collisions of these excited states with DPPH• 
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Investigators using the rate of disappearance of DPPH as a free-

radical counting technique in radiation chemistry must consider that DPPH 

also reacts with at least some of the excited species present in the 

irradiated solutions. 
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I. MRODUCTION 

The mechanism by which energy is transferred from high-energy 

radiation-- i.e., x-rays, r-rays, protons, etc. --to matter is very 

complex and not clearly understood. It is known, for instance, that 

one of the primary processes is ionization, 17 ' 20 yielding still another 

high-energy particle, the electron, which must lose its energy by more 

processes of ionization, excitation, and ultimately the combination of 

this electron with a positively charged species to yield an excited 

state of a stable molecule. Other primary processes that may occur are 

excitation to unstable states which dissociate into reactive fragments 

or stable molecules, excitation to excited states of stable molecules, 

and direct production of reactive .free radicals. 

It would be of great interest to the field of radiation chemistry 

if the relative importances of the many primary acts involved in the 

absorption of high energy radiation could be determined ~uantitatively. 

An attempt has been made by Prevost-Bernas et a1., 32 to establish 

~uantitatively the number of free radicals produced when organic li~uids 

are irradiated with high-energy radiations such as r-rays, x-rays, 

protons, fast neutrons, etc. The method used by Prevost..,.Bernas et al. 

depends upon the reaction of the stable organic free radical o:,a:-diphenyl­

~-picryl-hydrazyl; hereafter abbreviated DPPH, with the free radica~s 

produced when the high-energy radiation is absorbed by the organic li~uids. 

During the last six or seven years, the use of DPPH as a free 

radical scavenger in the li~uid phase has attracted considerable attention. 

The stability of DPPH and its presence in the monomeric form, both in the 

solid state arid iri solution in mahy organic li~uids, adds immeasurably to 
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the convenience of its use for this purpose. The intense absorption band 

in the visible spectrum of DPPH makes simple colorimetric analysis practical 

when the reaction products do not display appreciable absorption in the same 

region. 

Bawn and Mellisha state thatthey have demonstrated the efficiency 

of DPPH as a free~radical scavenger of thermally produced free radicals 

in the thermal disproportionation of benzoyl peroxide and azobisisobuty-

ronitrile. The efficiency of DPPH as a free-radical scavenger has been 

questioned by Bevingtona in the thermal disproportionation of azobisiso-

butyronitrile. The efficiency of free-radical scavengers at low scavenger 

concentrations has been questioned theoretically by Richard Noyes.a 

The inefficiency of DPPH in the cases mentioned is commonly accepted 

as the inability of DPPH to compete with the recombination of the radicals 

before diffusive displacements of the free radicals carries them sufficiently 

far from the neighborhood of the primary reaction that their recombination 

is unlikely. This effect was first explained by Frank and Rabinowitch
12 

and was termed the ·"cage effect." 

G.oldschmidt and Renn
14 

first prepared and characterized DPPH in 1922. 

They reported a characteristic visible and ultraviolet absorption spectrum 

of DPPH with maxima at 3300 A (log E = 4.2) and at 5300 A (log E = 3.81) 

in chloroform. Benington3 in 1952 further characterized the structure 

of DPPH by studying the infrared, ultraviolet, and visible spectra of 

DPPH and several related compounds. The accepted structure of DPPH is 

usually represented by 

aDiscussed in detail later in the section 
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It has been established that DPPH does not dimerize in solution and 

does not react with oxygen. 14 

Bartlett and Kwart1 studied the behavior of DPPH as an inhibitor 

of the benzoyl peroxide-induced polymerization of vinyl acetate at 45°C 

kinetically by a dilatometric method. At concentrations of DPPH of 

about 10-5 mole/liter of solution, the polymerization was.inhibited 

completely until the DPPH color nearly disappeared; at this time the 

polymerization commenced and gradually reached its normal rate. 

It was concluded by Bartlett and Kwart that DPPH stops one chain 

or "growing radical" per molecule of DPPH present, since the poly-

merization was completely inhibited until the DPPH was all or mostly 

used up. 

In the same manner Matheson, Auer, Bevilacqua, and Hart23 concluded 

that DPPH stops one chain per molecule of DPPH in the polymerization of 

styrene. 

Interpreting the works by Bartlett and Kwart and by Matheson, Auer, 

Bevilacqua, and Hart as meaning that DPPH reacts wi~h all radicals 

produced in the thermal disproportionation of benzoyl peroxide, Bawn 

and Mellish
2 

used DPPH to measure the rate of the thermal disproportionation 

reactions of benzoyl peroxide and azobisisobutyronitrile. 
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(I-1) 

(I-2) 

Activation energies measured by this method agree well with those determined 

by previous workers who .measured the rate of the reactions by different 

methods, e.g., nitrogen evolution in the thermal disproportiqnation of 

azobisisobutyronitrile; however; the absolute rates observed by Bawn and 

Mellish in these thermal disproportionation reactions were somewhat slower 

than those observed previously.36 

This discrepancy can be explained by saying that some of the radicals 

produced combine in the Frank-Rabinowitch "caging .effect" and do not react 

with DPPH. That each DPPH molecule stops one "growing chain" in a radical-

induced polymerization is not sufficient evidence for saying that DPPH reacts 

with all of the radicals produced. Radicals that combine in the "caging 

effect" would not be effective in polymerization initiation. 

Experimental verification of this theory can be seen in the experi-
. 4 

mental results of J. c. Bevington. Bevington, using larger DPPH concen-

trations in benzene solution, showed that DPPH reacts with only about 70% 

of the radicals produced in the thermal disproportionation of azobisiso-'~ 

butyronitrile. 

Henglein
16 

has attempted to measure the rate of ultrasonic irradiation-

induced depolymerization by the rate of disappearance of DPPH in solutions 

.of polymers. Radicals produced in this manner are very large and reactions 

with DPPH are complicated. 

Finally, it may be stated that very little is known about the products 

of the reactions causing the fading .of the DPPH solutions. One product, 
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diphenylpicrylhydrazine, has. been tentatively identified by Wild. 37 Many 

other products are observed but no others have been identified. Furthermore, 

attempts to prepare compounds with the formula DPPHR have not been successful. 

8-10 
The research of Prevost-Bernas et al. and Chapiro has shown that 

in several organiq liquids, the rate of disappearance of DPPH is dependent 

only upon the quantity of high-energy radiation (y-rays, x-rays, protons, 

and fast neutrons) absorbed by the solution. This rate of disappearance 

of DPPH has been interpreted by these authors as a measure of the number 

of free radicals produced by the high-energy radiation in the solvent. 

To explain their results, Prevost-Bernas et al. and Chapiro have 

proposed a simplified mechanism for the disappearance of DPPH involving 

the reaction of DPPH with all the free radicals produced, and only the free 

radicals. 

R· + R· -> S 

R · + DPPH --> DPPHR 

(I-3) 

(I-4) 

(I-5) 

That most of the high-energy radiation absorbed by the solvents in 

most cases does not lead to compound formation or radical production is 

evident from known yields of products11' 15 and estimates of radical yields 

as determined by Prevost-Bernas et al. It then seems reasonable that a 

large number of molecules in these solutions do not have enough energy to 

disproportionate to radicalsJ but may have enough energy to insure reaction 

with DPPH. 

In addition to radicals and excited molecules, these solutions under 

high-:en,ergy irradiation (y-rays, x-rays, and protc:ns) contain ions that 
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may or may not react with DPPH and, in some cases, unsaturated compounds, 

which are known to react with DPPH.ll,l5,32 

It then seems that the nature of the reactions induced by the high-

energy radiation used by Prevost-Bernas et al. and Chapiro is too complex 

to interpret very simply, because of the formation of so many excited 

species. 

In order to determine whether DPPH reacts with excited molecules, 

Magat22 irradiated a solution of DPPH in methanol with infrared radiation 

in an attempt to excite the OH vibration of methanol and thereby induce a 

reaction of methanol with DPPH. This attempt was unsuccessful. 

One might have expected that Magat's approach -~ to investigate the 

possibility of the reaction of methanol excited by infrared irradiation 

with DPPH -- would-not be successful. Since the excited vibrational 

levels are always thermally populated to some extent, the success of 

this experiment depends upon substantially increasing the population of 

the excited vibrational levels. The major problem involved in a study 

of this type would be one of lifetimes .of the excited vibrational states. 

The lifetimes of excited vibrational states in solution are much shorter 

than the lifetimes of nonforbidden electronic transitions in solution. 

This conclusion_is based on the fact that fluorescence is observed only 

from the ground states of the excited ~lectronic states in. solution. 

The lifetimes of the excited vibrational states are probably on the r 

-11 . -12 
order of 10 to 10 second,.since the collisions are reasonably 

efficient in the deactivatlon process.
20 

Since diffusive displacements 

11 occur with a freq_uency of about 10 per second, it is seen that the 

excited vibrational state probably makes no diffusive displace~ents, on 
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the average, before deactivation by collision occurs. It would then 

re~uire a very large mole fraction of bFPH in methanol in order for any 

collisions between DPPH and the activated methanol to occur. Detection 

of very small changes in DPPH concentration at NDPPH = 0.1 to 0.5 would 

be extremely difficult. It is very doubtful that any effect could be 

seen in the above experiment. 

It is interesting to note that the number of ~uanta emitted in the 

6 -1 
fre~uency range 3550 to 3 50 em from one s~uare centimeter of an in-

frared source operating at l000°K is approximately 5 x 1017 per second 

or about 7.5 x l0-3 calorie per second, as calculated from the Planck 

Radiation Law. This number of ~uanta is comparable with the number of 

~uanta used in medium-intensity photochemical studies using ultraviolet 

light; however, one ~uantum of ultraviolet light excites the molecule 

to a reactive level, whereas with infrared, many ~uanta are necessary 

to elevate the molecule to a reactive le.vel. With intensities such as 

can be obtained from infrared sources, the probability of exciting one 

molecule to progressively higher states of excitation is prohibitively 

small. The extremely short lifetimes of these excited vibrational 

levels makes the previously-mentioned probability even less. 

In order to test the assumption that excited species produced 

when various organic li~uids are irradiated with high-energy radiation 

do not react with DPPH, cine must produce molecules in excited electronic 

states in the li~uid phase in the presence of DPPH. One must also be 

certain that the exciting radiation has insufficient energy to cause 

disproportionation .of the absorbing molecule. 
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It is generally accepted that the primarily excited stat~s produced 

by high-energy radiation are essentially like those which are excited by 

absorption of ultraviolet light. 17 The absorption of electromagnetic 

radiation of the wave length 2000 to 8oOO A is usually a much less compli-

cated process than the absorption of high-energy radiation such as x-rays 

and ~rays. The absorption of the quantum of energy occurs as a single 

process involving the quantum of energy and the absorbing molecule. The 

products of the primary process are similarly reactiye and can often be 

identified, and the rate of their formation can sometimes be stated. 

Almost always the nature of the activated species can be understood. 

In general, the difficulties in interpreting the absorption spectra 

of polyatomic molecules are very greatj however, in some highly symmetric 

molecules the absorption spectra are well understood. One such molecule 

is benzene. The absorption spectrum of liquid benzene is given in Fig. 1.
21 

The portion of this spectrum that is .of interest in this work is 

the region from 3000 A to 3400 A. The series of four bands appearing in 

this region arises from an absorption from the ground state of the benzene 

molecule to the lowest triplet and first excited singlet states. The energy 

of the absorbed radiation at 3000 A is .about 90 kcal per mole, which is in-

sufficient to cause dissociation of the molecule. Light of wave length 

below 2200 A is necessary to show a quantum yield of 10-3 for the decom-

. •t• fb 38 pos1 10n o enzene. 

Several organic liquids with fairly well-defined ultraviolet 

absorption spectra are known not to disproportionate when irradiated with 

light of wave lengths near but below their ultraviolet absorption thresholds. 

For these reasons a study of the photochemical processes that occur when 
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solutions of DPPH in several organic liquids are irradiated with ultra­

violet light was initiated to give information on the reactivity of DPPH 

with excited electronic states of molecules in solution. Of course it 

is necessary that the quantum yield of the reaction of the excited DPPH 

molecule with the solvent be small. 

When solutions of DPPH in organic liquids are exposed to ultraviolet 

light of a frequency that is absorbed by both DPPH and the solvent, there 

are two types of reactions that can occur; (a) reactions initiated by 

excited DPPH molecules and (b) reactions initiated by excited solvent 

molecules. 

(a) DPPH + hV --> DPPH* 

DPPH* ----> Products 

DPPH* + Solvent ----> Products 

DPPH~ --> DPPH + h"ZZ 

DPPH* + S -·-). DPPH + S 

(b) S + h'll--> S* 

S* + DPPH --·-·-> Products 

S* --> s + hV 

S* + M --> S + M 

( I-6) 

(I-7) 

(I-8) 

(I-9) 

(I-10) 

(I-ll) 

(I-12) 

(I-13) 

(I-14) 

In Series (a), the rate of the process iS' a function of the number of 

quanta of light absorbed by the DPPH. A reaction of this type can be 

identified by studying the rate of the reaction as a function of the 

DPPH concentration (or as a function of the number of quanta absorbed 

by the DPPH) . 

In ~rocess (b), however, the rate of the process is not a function 

of the DPPH concentr/3-tion, but rather of the amount of light absorbed 
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MU-11748 

Fig. 1. The complete molal extinction curve of liquid benzene 
(a, determined with 10 em of pure liquid; b, determined with 
dilute solution of benzen~ l_q ethanol) at room temperature, 
from 12,500 to 2,200 R \li:SJ. 
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by the solvent -- with one provision, namely, that the DPPH concentration 

is great enough so that the activated solvent molecules S* react with DPPH 

in a time shorter than their fluorescent lifetimes or before they can lose 

their energy by collision or internal conversion (i.e., that Reactions 

I-13 and I-14 do not compete with Reaction I-12). 

In this case, then, a study of the rate of the reaction as a function 

of DPPH concentration should show no de:eendence of the rate on DPPH con­

centration at concentrations of DPPH where Process I-12 is the predominant 

one, provided that the optical path through t~e solution 1be short or that 

a correction be made for the inner filter effect of DEPH absorption, i.e., 

the progressive roeduction of light intensity within the solution because 

of light absorption by DPPH. It is possible, of cOurse, for both effects 

to be present. This complication necessitates resolving the experimental 

data into two unique sets describing the two .separate processes. This may 

or may not always be feasible. 

The rates of Reactions I-7, I-8, and .I-12 can be measured conveniently 

by measuring the rate of disappearance of DPPH in the solution. This is 

accomplished by spectrophotometrically measuring the decrease in the optical 

density of the DPPH absorption band at 5300 A. For this method to be 

successful it must be established that the products of the reactions studied 

show little or no absorption at this wave length. 

Both Processes (a) and (b) would be expected to be proportional to 

the intensity of the incident.radiation. Neither Process (a) nor (b) would 

be expected to be a sensitive :function of temperature. 
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II. EXPERIMENTAL 

l. Materials 

(a). DPPH 

Diphenyl-picryl-hydrazyl was prepared in the following way. Twenty-

two grams of diphenylhydrazine hydra~hloride (unsymmetrical) in 250 ml 

0 of absolute ethyl alcohol at 25 C was treated with 21 g .of sodium bi~ 

carbonate and with 24.8 g of picryl chloride. After most of the C02 

had come off, the solution was boiled gently for 15 minutes. Two hundred 

fifty ml of chloroform was added and the solid residue was filtered off 

while the' solution was warm. The filtrate was washed with two 250-ml 

portions of water, concentrated on a steam bath to 150 m~ and diluted 

with 150 ml of warm absolute ethyl alcohol. 'This solution was let stand 

overnight and filtered, and the crystals of diphenyl~picryl-hydrazine 

were recrystallized from 90 ml of chloroform and 60 ml of ethyl alcohol. 

Twenty-five grams of the diphenyl-picryl-hydrazine, 25 g of sodium 

sulfate, arid 150 g of lead dioxide were stired for 2·hours in 500 ml of 

benzene; The lead dioxide'sedirrierit was filtered off. An equal vol'UI!le 

of normal pentane was added to the filtrate, and this solution was let 

stand for several hours and the DPPH wasobtained by filtration. 

The DPPH was recrystallized twice from a benzene-pentane solution. 

. . . 0 
The crystals thus obtained were dried in a vacuum oven at 40 C for 72 

hours~ The crystals melted at 139-14i°C. 

Analyzing'for C, H, and N yielded C, 61.1%; H, 3·9'%; and N, 15.0'%; 
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(b) Potassium Ferrioxalate 

One hundred sixty-seven ml of 1.5 M ferric chloride was treated with 

500 ml of L 5 M potassium oxalate in a darkroom illuminated with two safe-

lights. The solution was placed in a dark storage space for 1 hour. 

The potassium ferrioxalate was filtered from the solution, and re-

dissolved in hot water, cooled, and filtered. After three recrystal-

lizations from hot water the crystals of potassium ferrioxalate 

. 0 
(K

3
Fe(c2o4)

3 
• 3H20) were dried in a current of air at about 40 c. 

(c) Benzene 

Baker's "Analyzed" reagent~grade thiophene-free benzene was re-

crystallized in an ice water bath until the ultraviolet absorption spectrum 

between 3000 A and 3500 A was reproducible, Since the molar extinction 

coefficients of benzene in this region are approximately 10~3 , this offers 

a very good criterion of purity for the photolysis with light of wave 

length 3126 A. 

(d) Toluene 

Baker's "Analyzed" reagent-grade toluene was distilled through a 

.ratio-controlled magnetic-head fractionating column with about 37 theoretical 

plates; the middle fraction, boiling at 111.0 + .2°C (uncorrected), was 

used in the experiments, 

(e) Chlorobenzene 

Eastman Kodak Co. reagent-grade chlorobenzene was dittilled through 

the 37-plate fractionating column; the middle fraction, boiling at 132,0 

± .1°C (uncorrected), was used in the experiments. 

(f) Bromobenzene 

Baker's "Analyzed" reagent-grade bromobenzene was distilled in the 
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0 
37-plate fractionating column; the middle fraction, boiling at 156.2 ± .2 C 

(uncorrected), was taken for the experiments. Bromobenzene purified in this 

manner showed a considerable thermal reaction with DPPH, which was accel-

erated by the removal of dissolved air. The impurity responsible for this 

thermal reaction was removed by treating the bromobenzene with an excess 

of DPPH at 45° to 50°C for several hours, followed by two vacuum distil-

lations of the bromobenzene from DPPH solutions. Bromobenzene prepared 

in this manner gave stable solutions of DPPH. 

(g) Cyclohexane 

Eastman Kodak Co. "spectra" grade cyclohexane also showed a consider-

able thermal reaction with DPPH; pure cyclohexane was obtained in the same 

manner as was the bromobenzene. Solutions prepared with cyclohexane 

purified in this manner were stable; however, some impurities were present 

which absorbed at 3126 A, making these solutions useless for photolysis 

purposes. Some products of the reaction of DPrH with the impurities 

evidently are volatile. 
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2. . Equipment 

(q.) Spectrophotometers 

All optical density measurements taken following the photolyses of 

solutions were made with a .Beckman Model DU Quartz spectrophotometer 

using one-centimeter matched quartz solution cells. 

Measurements of. extinction coefficients were made with Cary 

Recording Spectrophotometers (Models 14M and ll) or with the Beckman 

Model DU. 

(b) Light Sources 

The light source used for the photolyses of the solutions was a 

Hanovia Type S-100 medium-pressure mercury arc operating on the 110-

volt ac line, with a Sorensen Voltage Regulator to control the input 

voltage. The total light intensity of this source did not vary more 

than~ 5% during the entire investigation. The intensity was monitored 

with a Photronic barrier layer cell, as described in paragraph (d), and 

was checked every time an experiment was run. 

(c) Irradiation Cells 

Two types of irradiation cells were used. Type l cell (Fig. 2) 

was used in the horizontal irradiation apparatus illustrated in Fig. 3· 

The cell contained two compartments -- A, .which contained the solution 

to be photolyzed or the actinometer solution, and B, which contained an 

·absorbing solution to reduce reflection at the rear wall of the 

radiation cell to a minimum. This cell was placed in a reproducible 

position in a fitted brass cylinder as shown in Fig. 3. Compartment A 

inside dimensions were 34 mm in diameter and lL 3 mm in length. 

Type 2 cell was used in the horizontal irradiation apparatus 
; 
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exactly as Cell 1. This cell was made entirely of Pyrex glass,. with 

polished optically flat windows. It was used in the determination o:f 

the rates of the reactions in air-free solutions. Its inside diameter 

was 34 mm and its inside length 11 mm. 

(d) Monitors 

Photronix barrier layer cells were used in series with a micro­

ammeter to determine fluctuations in light intensities of the light 

sources. These cells were not calibrated, but were used only to determine 

the constancy of the intensities over certain periods of time. 

(e) Filter Combinations 

Light of wave length 2900 A to 3200 A was obtained by using this 

filter system: 2 em of saturated Niso4 · 6H20; and Corning glass filters, 

nos. 9863 and 9700, each 2 mm thick. In this spectral region the two 

important lines of the source are at wave length 3126 and 3130 A. 

(f) Equipment for Degassing Solutions 

A conventional high-vacuum system with a two-stage mercury diffusion 

pump backed by a Duo Seal high-vacuum pump was used. in the degassing 

procedure. A trap cooled by liquid nitrogen was always kept between 

the mercury diffusion pump and the cell being degassed. All stopcocks 

were greased with either Apiezon "N" or "T" stopcock grease, and joints 

were greased with a Silicone stopcock grease. 

(g) Irradiation Arrangement 

The apparatus used for the irradiation of the solutions is shown 

in Fig. 3· A is the light source focused by lens B so that the high­

intensity light bearri covers the entire area of the opening iri the shutter 

F, the light traveling through filters C, D, and E. The irradiation cell 
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is placed in the fitted brass cylinder G. Monitor cell H was in a 

reflected part of the light beam. All parts of the system were placed 

on the optical bench I. J is a light shield• 
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8 

TYPE 2 TYPE 

MU-11749 

Fig. 2. The irradiation cells. 
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J-

MU-11750 

Fig. 3. Irradiation apparatus: A, the Hanovia ultraviolet source; 
B, a quartz lens; C, D, and E, light filters; G, a brass cylinder; 
H, the monitor cell; I, the optical bench; and J, a light shield. 
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3. Experimental Procedures 
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In order to determi.ne the rates of the reactions in degassed samples 

a method of relative rates was used. An air-saturated solution of known 

concentration of DPPH was introduced into the cell, and the cell was 

attached to the evacuating system via a stopcock fitted with ground 

glass tapered joints. The solution was frozen with liquid ni trogE:mJ 

evacuated, and allowed to just melt. This procedure was repeated until 

no gas bubbles were seen to form when the solution melted. The pro­

cedure was then repeated once more. The solution was allowed to come 

to room temperature and irradi.ated as previously described. The stop­

cock was removed and the optical density taken as .described before. 

Again this procedure took only about two minutes. The cell was 

immediately refilled with the air-saturated solution of the sa..rne con­

centration and irradiated exactly as the degassed sample. It had 

previously been established that degassing did not change the optical 

density of the solution. 

In order to obtain the quantum efficiency of the observed reaction 

one must determine the intensity of the incident radiation and the ex­

tinction coefficient of the absorbin~ material. Several methods are 

available for determining the former. The latter is determined directly 

from optical density measurements. 

For determining the intensity of the incident radiationJ a calibrated 

thermopole-galvanometer system may be used to measure the absolute energy 

of radiation of all wave lengths; however, this procedure measures beam 

intensities, and when absorption cells are placed in the beam, corrections 

must be made for reflection at the interfaces, for absorption of radiatior1 

by the windows, and for . area of absorpti.on. 
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Barrier-layer cells, or photovoltaic cells, are sometimes used in 

the same manner as the thermopile, and the same inconveniences are evident. 

A more convenient method for measuring the absolute intensity of 

light that actually enters the absorption cell is the use of a calibrated 

chemical actinometer, such as the potassium ferrioxalate actinometer 

. ~ described by Parker. 

When a standardized chemical actinometer of this type is used, a 

very accurate measurement of the number of quanta entering the cell may 

be obtained. Therefore the absolute intensity of the incident radiation 

was determined·by the following procedure. 

A solution of 0.006 M potassium ferrioxalate in 0.1 N sulfuric acid 

solution was irradiated for 2 minutes in the irradiation cell placed in 

the horizontal irradiation apparatus. Ten ml of the photolyzed solution 

was transfereed to a 20-ml calibrated flask. Two ml of 1:10 orthophenan-

throline solution (O.l% orthophenathroline monohydrate in water) was 

added, followed by 5 ml of a buffer solut.ion (6oo ml of 1.0 N sodiUm 

acetate plus 360 ml 1.0 N sulfuric acid made up to a liter of solution). 

Distilled water was then added to make 20 ml of solution. After the 

solution was made up and mixed, the liquid was .allowed to stand for 30 

minutes to allow complete reaction. Its absorption was then measured 

at 5100 A on the Beckman spectrophotometer, with the reference solution 

developed in the same manner but using unexposed potassium ferrioxalate 

solution instead of the photolyte. 

Taking the extinction coefficient for the ferrous-orthophenanthroline 

complex as 11050 and the quantum yield of the photolysis of potassium 

ferrioxalate at 3126 A as 1.09, an optical density of 2.8 was then found 

18 
for the developed solution which showed an absolute intensity of 2.3 x 10 

~uanta/second/liter actually ·entering the radiation vessel used in this study. 
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4. Experimental Results 

(a) Extinction Coefficients of Solvents and of DPPH in the Various 

Solvents 

The absorption spectra .of the various solvents used in this in-

vestigation are shown in Figs. 4, 5, 6, and 7. The extinction coef­

ficients for the various solvents at 3126 A are given in Table I. 

Table I 

The extinction coefficients of solvents at 3126 A 

Solvent 

Cyclohexane 

Benzene 

Toluene 

Chlorobenzene 

Bromo benzene 

€3126 A 

(1.53 ~ 0.10) X 10-) 

( 4 • 6 ~ 0 . 5) X 10-3 

(7.2 ~ 0.7) X 10-3 

(84.0 + 1.0) X 10-3 

Wave lengths and extinction coefficients of observed bands in 

benzene and bromobenzene are given in Table II. 
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Table II 

The extinction coefficients of the observed bands in benzene 

and bromobenzene in the spectral region 3000 to 3400 A 

Solvent .,;, -1 em E 

Benzene 29,400a 4 X 10-4 

30 ,300a 1.0 X 10-3 

31,200a 1.3 X 10-3 

32,100a 1.5 X 10-3 

29,500 5 X 10-4 

30,400 0.8 X 10-3 

31,200 1.25 X 10-3 

32,100 1.53 X 10-3 

Bromo benzene 30' 500 0.085 

31,300 0.090 

32,000 0.083 

33,000 0.074 

aSee Reference (18) 

DPPH shows the same characteristic absorption spectrum in all 

solvents used. The absorption spectrum of DPPH in benzene is given in 

Fig. 8. Extinction coeffients of DPPH at various wave lengths are 

given in Table III for DPPH in various solvents. 
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Table III 

The extinction coefficients of DPPH in several solvents 

Solvent A. A E E3126 A E5300 A max' max 

Benzene 5200 11,900 11,700 11,700 

3280 15,100 

Toluene 5200 13,900 14,500 13,300 

3280 18,000 

Bromo benzene 5290 13,300 11,300 13,300 

3330 15,800 

Chlorobenzene. 5260 13,300 13,500 13.:>300 

3300 16,900 

Cyclohexane 5100 

3240 

Chloroform 52,50 13,200 14,300 13,000* 

3240 15,300 13,10(}*'* 

l4,500a 

ll,500b 

6,500c 

*Determined from DPPH recrystallized from chloroform. 

**Determined from DPPH recrystallized from benzene . . , 

aSee Reference (3) 
b . 

See Reference (32) . 

cSee Reference (14) 
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Fig. 4. The absorption curve. of 10 em of J;?Ure liquid benzene at 
room temperature from 3000 to 3800 X . 

Fig. 5. The absorption curve of 10 em of Rure liquid toluene at 
room temperature from 3000 to 3800 A. 
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Fig. 6. The absorption curve of 10 em of pure liquid ch1orobenzene 
at room temperature from 3000 to 3800 R. 

Fig. 7. The absorption curve of 1 em of pure liquid bromobenzene at 
room temperature from 3000 to 3800 R. 
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Fig. 8. The absorption spectrum of DPPH in benzene (8.1 mg 
of DPPH · c6 H6 disolved in 250 ml of benzene solution 
at 25° C). 
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(b) Kineti~s of the Rate of Disappearance of DPPH 

The observed rates of disppearance of DPPH in cyclohexane, benzene, 

toluene, chlorobenzene, and bromobenzene are given in Tables IV, V, VI, 

VII, and VIII for both air-saturated and degassed solutions. 

Plots of these initial rates versus the amount of light absorbed 

by the DPPH in the solution have been made, and are shown in Figs. 9, 

10, 11, 12, and 13. Plots have also been made of the initial rates 

versus the concentration of DPPH in Figs. 14, 15, 16, 17, and 18. In 

all cases the results from both the air-saturated and degassed solutlons 

are shown in one figure. 

In plotting the curves of initial rate versus DPPH concentration 

and of initial rates versus amount of light a·bsorbed by the DP'.PH, a 

smooth curve was drawn through the data obtained in the air-saturated 

solutions; this smooth curve was then u..sed as a basis for determining 

the curve for the degassed solutlons from the relative-rate data. 

Table IX compares the observed maximum rates of the photoinduced 

disappearance of DPPH in the solvents studied. 
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Table IV 

The observed rate of disappearance 

5200A 
t(min) O.D.t Key O.D.O(DPPH) 

ab 0.011 30 0.004 

ab 0.039 30 0.028 

ab 0.022 30 0.012 

ab 0.022 15 o.Q18 

ab 0.378 6CJ 0.333 

ab 0-354 70 0.300 

ab 0.335 60 0 .,293 

ab 0.405 30 0.385 

ab 0.148 30 0.1)4 

ab 0.085 )0 0.074 

ab 0.056 30 0.046 

ab 0.038 30 0.028 . 
ab 0.023 38' 0.010 

ab 0.165 30 0.152 

ab 0.176 30 0.163 

ab 0.220 30 0.205 

ab 0.812 30 0-793 

Key: a, air saturated solution, 

b, irradiated in cell 1, 

c, irradiated in cell 2; 

D. o .n. 

0.007 

0.011 

0.010 

0.004 

0.045 

0.054 

0.042 

0.020 

0.014 

0.011 

0.010 

0.010 

0.013 

0.013 

0.013 

0.015 

0.019 

of DP.PH in cyclohexane 

3125A %I 
D. Q .D. 

O.D.O(DPPH) 0 

30 min (1.13 em) abs. 

0.007 0.0153 3-5 

0.011 0.054 18 

0.010 0.031 6.8 

o.oo8 0.031 6.8 

0.022 0.527 70.2 

0.023 0.494 68 

0.021 0.467 66 

0.020 0.564 72-7 

0.014 0.205 37·7 

0.011 0.118 23.8 

0.010 0.078 16.6 

0.010 0.052 11.2 

0.010 0.032 7-0 

'0 .013 0.23 41.2 

0.013 0.245 43.2 

0.015 0.306 50.6 

0,019 1.13 92.6 

d, irradiated with light of wavelength 2900-3500 A from a G. E. 

AH-6 arc; using a vertical light path and a partially filled 

cylindrical quartz irradiation vessel, 

*, (Solvent absorption neglected). 

* 
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Table V 

~ 

The observed rate of disappearance of DPPH in benzene 

O D 312 A 

5300A t:, O.D. 
. ·o %r 

t(min) o.n.t 0 * 
Key O.D.O(DPPH) t:, O.D. 10 min (1.13 em) abs. 

ab 0.409 20 0.387 0.022 0.011 0.462 65.4 

ab 0.348 20 0.327 0.021 0.0105 0.393 59·5 

ab 0.231 20 0.209 0.022 0.,_011 0.261 45.1 

ab 0.133 20 0.112 0.021 0.0105 0.150 29.3 

ab 0.104 20 0.082 0.022 0.011 0.118 2).8 

ab 0.043 10 0.034 0.009 0.009 0.049 . 10.6 

ab 1.23 80 1.16 0.070 o.oo88 1.39 96 

ab 0.895 20 0~878 0.017 0.0085 1.01 90.2 

ab 0.737 10 0.728 0.009 0.009· 0.832 85.3 

ab 0.572 10 0.562 0.010 0.010 0.646 77·4 

ab o.496 "10 0.486 0.010 0.010 0.560 72.4 

ab 0.320 io 0.309 0.011 0.011 0.362 56.7 

ab 0.186 10 0.175 0.011 0.011 0.210 38.4 

ab 0.092 10 0.080 0.012 0.012 0.104 21.3 

ab 0.043 iO 0.030 0.010 0.010 0.049 10.6 

ab 0.033 10 0.023 0.010 0.010 0.037 8.3 

ab 1.165 40 1.130 o.oo88 o.oo88 1.318 95·0 

ab 0.930 30 0.900 0.010 0.010 1.05 91.0 

ab 0.656 40 0.620 0.009 0.009 0.741 81.9 

c 0.153 30 0.140 0.013 

ac 0.153 30 0.136 0.017 

d 0.317 10 0.292 0.025 

ad 0.317 10 0.288 0.029 

d 0.404 10 0.385 0.019 

ad 0.404 10 0.380 0.024 

d 0.162 10 0.139 0.023 

ad 0.162 10 0.132 0.030 

(See Table IV for Key) 



Table VI 

The observed rate of disappearance of DPPH in toluene 

312 A 

5300 A 6 O.D. 
O.D.O(DPPH) afoi 

O.D.O(DPPH) t O.D.t 0 * 
Key (sec) 6 O.D. 1 min (1.13 em) abs. 

ab 1.342 150 1·298 .0.044 0.018 1.66 97·8 

ab 0.568 120 0.527 0.041 0.022 0.700 8o 

ab 0.567 60 0.545 0.022 0.022 0.700 8o 

ab 0.268 6o 0.243 0.025 0.025 0.331 53.4 

ab 0.269 60 0.244 0.025 0.025 0.332 53·5 

ab 0.097 30 0.085 0.012 0.024 0.120 24.2 

ab 0.097 6o 0.073 0.024 0.024 0.120 24.2 

ab 0.043 20 0.035 o.oo8 0.024 0.053 11.5 

ab 0.023 15 0.018 0.005 0.020 0.0284 6.) 

ab 0.275 60 0.250 0.025 0.025 0.340 54.2 

ab 0.265 60 0.231 0.024 0.024 0.327 53 

c 0.732 18o 0.714 0.018 

ac 0.732 180 0.698 0.034 

c 0.238 180 0.220 0.018 

ac 0.238 180 0.196 0.042 

C· 0.2)8 180 0.218 0.020 

ac 0.2)8 180 . 0.196 0.042 

c 0.118 120 0.105 0.013 

ac 0.118 60 0.103 0.015 

c 0.118 120 0.105 0.013 

d 0.233 60 0.200 0.0)3 

ad 0.233 60 0.168 0.065 

d 0.229 60 0.190 0.039 

ad 0.229 60 0.166 0.063 

(See Table IV for key) 
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Table VII 

~ 

The observed rate of disappearance of DPPH in chlorobenzene 

3126 A 

5300 A 6. 0 .D. 
O.D.O(DPPH) ojoi 

O.D.O(DPPH) t O.D.t 0 * 
Kay (sec) 6. 0 .D. 1 min (1.13 em) abs. 

' 
ab 1.07 120 1.01 0.06 0.03 1.23 94.2 

ab 0.506 60 0.470 0.036 0.036 0.584 74.0 

ab 0.506 120 0,.433 0.073 0.0365 0.584 74.0 

ab 0,.720 120 0.651 0.069 0.0335 0.830 85.2 

ab 0.409 60 0-373 0.036 0.036 0.472 66.3 

ab O.S93 60 0.255 0.036 0.036 0.338 54.2 

ab 0.239 60 0.202 0.037 0.037 0.276 47.0 

ab 0.146 30 0.128 0.018 0.036 0.168 32.2 

ab 0.109 20 0.097 0.012 0.036 0.126 25.2 

ab 0.065 20 0.055 0.010 0-030 0.075 15.9 

ab 0.046 20 0.037 0.009 0.027 0.053 11.6 

ab 0.025 20' 0.018 0.007 0.021 0.0288 6.4 

ab 0.088 20 0.077 0.011 0.033 0.101 20.8 

c 0.130 60 0.112 0.018 

ac 0.130 6o 0.168 0.022 

c 0.130 75 0.106 0.024 

ac 0.130 75 0.103 0.027 

c 0.436 60 0.419 0.017 

ac 0.436 60 0.416 0.020 

c 0.064 30 0.'054 0.010 

ac 0.064 30 0.053 0.011 

c 1.21 180 1.16 0.05 

ac 1.21 18o 1.155 0.055 

(See Table IV for key} 



-38-

Table VIII 

The observed rate of disappearance of DPPH in bromobenzene 

3126 A 
%Ieff 5300 A t O.D.t 

!::. 0 .D. O.D.O(DPPH) 
Key O.D.O(DPPH) (sec) !::. O.D. 1 min (Ll3 em) abs. 

ab 1.187 60 L070 0.117 0.117 Ll5 92·9 

ab 0.887 60 0.774 0.113 0.113 0.862 86.3 

ab 0.,364 30 0.298 o.o66 0.132 0.354 55·7 

ab 0.255 15 0.219 0.036 0.144 0.248 43.6 

ab 0.081 5 o.o68 0,.013 0.156 0.079 16.6 

ab 0.715 60 0.603 0.112 0.112 0.695 79.8 

ab 0.246 15 0.207 0.039 0.156 0.239 32.4 

ab 0.246 15 0.206 0.040 0.16o 0.239 32.4 

ab 0.094 10 0.068 0.026 0.156 0.0915 18.9 

ab 0.055 5 0.041 0.014 0.168 0.0535 11.7 

ab 0.026 5 0.017 0.009 0.108 0.0253 5·7 

ab 0.026 5 0.016 0.010 0.120 0.0253 5·7 

ab 0.045 5 0.033 0.012 0.144 0.0438 9·5 

c 0.487 6o 0.390 0.097 

ac 0.487 6o 0.396 0.09' 

c 0.120 30 0.055 0.065 

ac 0.120 30 0.065: 0.055 

ac 0.120 30 0.065 0.055 

c 0.700 60 0.616 0.084 

ac 0.700 60 0.616 0.084 

c 0.912 60 0.812 0.100 

ac 0.912 60 0.822 0.090 

c 0.504 40 0.434 0.070 

ac 0.504 40 0.445 0.059 

c 0.280 30 0.211 0.069 

ac 0.280 30 0.223 0.057 

c 0.115 20 0.062 Oo053 

ac 0.115 20 0.073 0 .Olt2 
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Table IX 

The comparison of the observed maximum rates of 

the photoinduced disappearance of DPPH in the solvents studied 

6 0 .D./min 6 o.D./min 6 c moles 6c moles 
: liter-min liter-min 

. Solvent (degassed) (Air saturated) (degassed) (Air saturated) 

o .oocn rv 5 X 10 

Benzene .0009 0.0011 8 -8 X 10 . 9,4 X 10 -8 

Toluene 0.011 0.025 83 X 10-8 190 X 10-8 

Chloro-
240 X 10-8 28o X 10-8 benzene Oq032 0.037 

Bromo-
1530 X 10-8 1240 X 10-8 benzene 0.203 0,165 

·-. 

/ 
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Fig. 9. The initial rate of the disappearance of DPPH on cyclohexane 
as a function of I/Io, the fraction of the incident light intensity 
absorbed by the DPPH. 
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Fig. 10. The initial rate of the disappearance of DPPH in benzene 
as a function of I/10 , the fraction of the incident light intensity 
absorbed by the DPPH. 
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Fig, 11. The initial rate of the disappearance of DPPH in 
toluene as a function of I/Io, the fraction of the incident-light 
intensity absorbed by the DPPH. 
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Fig. 12. The initial rate of the disappearance of DPPH in chlorobenzene 
as a function of I/Io, the fraction of the incident-light intensity 
absorbed by the DPPH. 
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Fig. 13. The initial rate of the disappearance of DPPH in bromobenzene 
as a function of I/1 , the fraction of the effective light intensity 
absorbed by the DP~H. 
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Fig. 14. The initial rate of the disappearance of DPPH in cyclohexane 
as a function of the initial concentration, expressed in optical density, 
of DPPH. The solutions were air- saturated. 
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Fig. 15. The initial !ate of the disappearance of DPPH in benzene as a 
function of the initial concentration, expressed in optical density, 
of DPPH. Curve a represents the initial rates in air-saturated 
solutions; Curve· b represents the initial rates in degas sed solutions. 
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Fig. 16. The initial rate of the disappearance of DPPH in toluene as 
a function of the initial concentration, expressed in optical density, 
of DPPH. Curve a represents the in.itial rates in air-saturated 
solutions; Curve b represents the initial rates in degassed solutions. 
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Fig. 17. The initial rate of the disappearance of DPPH in chlorobenzene 
as a function of the initial concentration, expressed in optical density 
of DPPH. Curve a represents the initial rates in air-saturated 
solutions; Curve b represents the initial rates in degas sed solutions. 
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Fig. 18. The initial rate of the disappearance of DPPH in chlorobenzene 
as a function of the initial concentrat1on, expressed in optical density, 
of DPPH. Curve a represents the initial rates in air-saturated 
solutions; Curve b represents the rates in degassed solutions. 
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III, DISCUSSION OF RESULTS 

Preliminary qualitative experiments established that ultraviolet 

light induced reactions resulting in the disappearance of DPPH for 

solutions of DPPH in each of the following solvents: chloroform, carbon 

tetrachloride, ammonia, methanol, acetone, benzene, toluene, chlorobenzene, 

n-hexane, cyclohexane, heptane, and bromobenzene• 

An attempt was made to study the photolysis of solutions of DPPH 

in chloroform and in carbon tetrachloride. The rates of disappearance 

of DPPH in these solutions were not linear with time of exposure, but 

showed an increase of rate with time of irradiation, This acceleration 

of the rate with time of exposure was assumed to indicate either that 

the products of the reaction were unstable the fragments of the de-

compositions reacting with DPPH -- or that metastable products of the 

photolysis had lifetimes of the order of minutes, thus showing the 

observed increase in the rate. Important postirradiation reactions 

resulting in the disappearance of DPPH were also observed, which can 

be attributed to the same reasons just mentioned. 

Several colored products were also separable from the photolyzed 

solution, indicating that a very complicated reaction occurs. 

A more extens·i ve study was undertaken of the photolysis of DPPH in 

cyclohexane, benzene, toluene, chlorobenzene, and bromobenzene. In all 

these cases the rates of the reactions were linear with time of exposure 

or very nearly so, and some information about the products indicated 

that straightforward interpretations could be put forth.a 

Upon inspection of the plots of the initial rates of the disappear­

ance of DPPH versus the amount of light absorbed by the DPPH in the 

aDiscussed later in the section 
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solutions, it is seen that for benzene, toluene, chlorobenzene, and bromo-

benzene the rate of disappearance of the DPPH in these solutions appears 

to be independent of the amount of light absorbed by the DPPH except at 

low concentrations of DPPH. It then appears that the reaction 

DPPH + h il -> DPPH"*· 

followed by the reaction of DPPH*· with the solvent or by DPPH* decomposition 

is not the major process occurring. One sees, however,, that in the irra-

diation of cyclohexane-DPPR solutions, the rate of the photoinduced reactio:1 

is directly proportional to the amount of light absorbed by the DPPH in the 

solution, indicating that the major reaction is indeed 

DPPH + h ~ -> DPP!f* , 

followed by some reaction of DPPH* that results in the disappearance of DPPH*" 

It must be concluded._, then, that the disappearance of DPPH in benzene, 

toluene, chlorobenzenej and bromobenzene involves a process d.ue to the 

absorption of energy by the solvent, ioeo, 

S + h-JI --> S* ,, 

followed by 

S* + DPPH --> Products o 

Let us examine the possible excited species of the solvent at wave 

length 3126 A . 

The lowest..;J.ying triplet states for many molecules have been found 

in recent years by studying the phosphorescence spectra of these molecules 

21 in rigid glasses. Electronic transiti.ons between triplet states have 

been observed by McClure25 in rigid glasseso 

In solution, at room temperatures: these mater:i.als which phosphbresce 

in the solid glass show only normal fluorescence, generally with a decay 
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-8 
time of about 10 second. This indicates either that the interconversion 

from excited singlet state to lowest triplet state does not occur in the 

liquid media, or that the molecule formed in the lowest triplet state is 

deactivated with great efficiency before it radiates. 

Evidence from both spectroscopy and photochemistry indicates that it 

6 
is a case of deactivation. Bowen postulates that the photooxidation of 

anthracene in solution has the lowest triplet state of anthracene as an 

intermediate in the oxidation. If triplet statesare actually involved 

in photochemical reactions, it seems reasonable that the lifetimes of the 

triplet states in solution are greater than those of the singlet states. 

By a flash photolysis technique, Porter and Windsor30 have observed 

transient spectra with half lives as short as about 50 .j..J.sec in solutions 

of naphthalene, phenanthrene, naphthacene, triphenylene, chrysene, pyrene, 

and others. The spectra were interpreted by Porter and Windsor to be due 

to triplet states of these molecules in solutions, 'I'hese transient spectra 

were not observed in very simple aromatic compounds 7 probably because the 

lifetimes are too short for them to be observed by the technique used. 

Porter and Windsor conclude that the formation of triplet states as 

well as singlet states by photolysis is a general phenomenon, even though. 

the triplet states are not formed by a direct abso1~tion process. It is 

also a phenomenon of major importance 7 as is shown by the fact that there 

is in some cases about 50% conversion of the excited singlet states to 

the triplet state by a single flash, in Porter and Windsor's experiments. 

With some substances, such as benzene and dichlorobenzene, direct 

. 18 
absorption to the triplet level has been previously observed. Direct 

aosorption to the lowest triplet state probably occurs in chlorobenzene 

and toluene, and is very prominent in bromobenzene. 
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Therefore, in benzene, toluene, chlorobenzene, and bromobenzene, there 

are produced by dire.ct absorption at wave length 3126 A both the first 

excited singlet states and the lowest triplet states of the molecules. In 

addition to the production .of the triplet state by direct absorption, it 

has been postulated that in aromatic systems the production of the triplet 

state from the first excited singlet state by a process of internal con-

31 version occurs to some extent. 

Finally there is the possibili t:-r of direct photodissociation or pre-

dissociation of the absorbing aromatic molecules. For benzene, toluene, 

and chlorobenzene, no evidence has been fou:nd fo:r.,pfuotodissociation at 

wave length 3126 A. 13,l7, 34 , 38 Bromobenzene; however, has been pyrolyzed 

with an activation energy of about 71 kcal/mole for the production of 

bromine atoms and phenyl radicals.19 One might then expect that bromo-

benzene would photolyze at wave length 3126 A (corresponding to 91 kcal/ 

mole) to give phenyl radicals and bromine atoms. The spectrum of bromo-

benzene in the near ultraviolet is apparently not a continuurp., which 

suggests that j_f phenyl radicals and bromine atoms are prod.uced, it is 

by a predissociation process involving either the singlet or triplet 

state. 

Two types of reactions resulting from light absorption by the solvent 

.would show no dependence on the DPPH concentration, providing that 

corrections are made for the inner filtering effect of the DPPH absorption. 

These types are 

A. The photoproduction of radicals followed by the reaction of DPPH with 

all the radicals that escape a primary recombination (providing that the 

Dl?PH concentration is great enough to competewith the combination reaction 

of radicals that escape pr±mary recombination). 
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B. The photoproduction of excited molecules followed by the reaction of 

DPPH with a major fraction of the excited molecules before the excited 

molecules lose their energy by fluorescence, internal conversion, or 

some other form of deactivation. 

If ~he excited molecules have a finite lifetime, then at low concentrations 

of DPPH -- where the time between collisions of the excited state with 

DPPH is greater than the average lifetime of the excited state the 

process of deactivation would compete with the reaction of the excited 

state with DPPH. As the concentration of the DPPH is increased, so that 

the time between collisions is less than the average lifetime of the 

excited state, the rate of the reaction would become independent of the 

DPPH concentration. 

A plot of the rate versus the DPPH concentration for processes A and 

B would be of the form shown in Fig. 19, neglecting the inner filtering 

effect of the solvent but correcting for the inner filtering effect of 

DPPH absorption.b The solid line would be observed if all radicals 

produced reacted with DPPH (no recombination of the radicals), or if the 

activated states had infinite lifetimes, insuring collision and reaction 

with DPPH. The dotted line indicates what would be observed if there were 

recombination of the radicals at low DPPH concentrations or if the 

activated species had a short lifetime. 

Since the observed rate versus DPPH concentration plots are of the 

form just described by the dotted line on Fig. 19, the photoinduced 

disappearance of DPPH in benzene, toluene, chlorobenzene, and bromo­

benzene is attributed to the reaction of DPPH with excited states of the 

bThe method of applying the corrections for the inner filter effect is 

given in Appendix I. 
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Fig. 19. The effect of light absorption by DPPH on processes A and B 
(page 49). The broken line represents the expected form of the 
curve if the disappearance of DPPH is due to short-lived species. 
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solvent molecules or to the reaction of DPPH with photoproduced free 

radicals. As was stated before, no evidence has been found for photo-

dissociation of benzene, toluene, or chlorobenzene at wave length 3126 A, 

but some photodissociation of bromobenzene probably occurs at this wave 

length. Quantum yields for the photodissociation of benzene at 1900 A 

-2 38 -4 17 are less than 10 , and for toluene at 2537 A, less than 10 . 

The experimental results do not fit the above picture precisely, 

but suggest that a second reaction, which is proportional to the DPPH 

concentration, is occurring. Since a reaction of this type was observed 

in cyclohexane it seems reasonable that it would occUr in the other 

solvents. It was found that the experimentally determined curves of 

rate versus the DPPH c.oncentration could be resolved into two unique 

curvesj curve ad (Figso 20-22), which describes the DPPH and S* reaction 

(assuming that DPPH reacts with all S* formed), and curve oe which describes 

the DPPH* and S reaction. The method used to determine the two curves was 

one of successive approximations and is illustrated for chlorobenzene in 

Appendix II. The curves determined for benzene, toluene, and chloro-

benzene by this method are given in Figso 20, 21, and 22. 

The sum of the two curves, ad and oe, is given by curve ac in Figs. 

20, 21, and 22. The original data are plotted to give curve be. Then the 

actual rate of disappearance of DPPH vs DPPH concentration is given by 

ad - (ac-bc), the dotted curve on Figso 20, 21, and 22. 

The quantum yields for both reactions determined in this manner are 

given in Table X. 
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Table X 

Limiting quantum yields for the disappearance of DPPH by reaction with S* 
and by the reaction of DPPH* at wave length 3126 A 

Solvent 

Cyclohexane 

Benzene 

Toluene 

Chlorobenzene 

Bromo benzene 

calculated by method shown in Appendix II 

Reaction with S* 

0.01 + .002 

0.037 + .005 

0.073 + .004 

0.18 + .02 

React:l.on of DPPHc 

'V 0.0001 

0.00013 

0.003 

0.005 

c 

cThis reaction was so small compared to the other that it could not be 

evaluated. 

If one assumes that the rate of the reaction of the excited state 

with DPPH is diffusion-controlled for low concentrations of DPPHJ then 

one would expect that some information could be obtained by esti.mating 

what lifetime the excited state would have to have in order to show the 

concentration dependence observed in the DPPH concentration range of 10-5 

mole/liter. 

This can be done very roughly by estimating the distance through 

which the excited states diffuse from the point of their formation in 

the lifetime of the excited state. The radial distance R by which the 

excited state diffuses:·. from the source, as calculated for a three-
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Fig. 20. The determination of Curves ad and 0 e, which describe reactions 
of Type I-12 and I-8 respectively, from the experimental Curve be. 
The broken curve describes the rate of disappearance of DPPH due 
to a short-lived species. The broken curve is determined by ad-(ac-bc)~ 
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Fig. 21. The determination of Curves ad and oe, which describe reactions 
of Types I"-12 and I-8 respectively, from the experimental Curve be. 
The broken curve describes the rate of disappearance of DPPH due 
to a short-lived species. The broken curve is determined by ad-(ac-bc). 
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Fig. 22. The determination of Curves ad and oe, which describe reactions 
of Types I-12 and I-8 respectively, from the experimental Curve be. 
The broken curve de scribes the rate of disappearance of DPPH due 
to a short-lived species. The broken curve is determined by ad-(ac-bc). 
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dimensional random walk process, is given by 

III-1 

where r
0 

is the spacing of nearest neighbors and n is the number of 

diffusive displacements during the lifetime of the state. 7 Assuming 

then that the frequency factor of diffusive displacements is about 10
11 

per second, we can calculate the radial displ~cement R for an activated 

species of lifetime 10-9 second and one of lifetime 10-o second 

(corresponding to the expected lifetimes of the first excited singlet 

and lowest triplet states in benzene). 

The collison diameter of benzene is about 5·7 A; with this as the 

value for the spacing of nearest neighbors, we have 

11 -8 I 
R = 5·7 X 2 (10 X 10 )1 2 for T = 10-9 sec, 

or 
'V 

R = 50 A; 

and 11 -5 I 
R = 5 o 7 X 2 ( lO X lO · ) l 2 for T = 10-5 sec, 

or 'V 

R = 6ooo A. 

As the average distance between DPPH molecules in benzene solution 

at a DPPH concentration of I0-5 M is about 550 A, it seems reasonable to 

say that the species with the 10-9-sec lifetime would not react appreciably 

with the DPPH at this concentration. 

This estimation indicates that the reactive species is one of longer 

lifetime than the first excited state of benzene, and is evidence that 

the reactive species is the triplet state of benzene. 

In an attempt to predict the shape of the curve for the rate vs 

DPPH concentration for a reaction of an excited species with an average 
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lifetime T, one may consider the rate of disappearance of activated solvent 

d.S* molecules, dt' as a function of the diffusive displacement frequency2/, 

the average lifetime T of the excited state S*, and the mole fraction ND 

of DPPH. Then we have 

d.S* / d t = - ( ll/ 12 "l' ND 6) n - n/ T, (III-2) 

where n is the number of activated states produced per unit time, ll/12 

is a correction factor for the probability that on the average one dis-

placement in twelve would take the activated state into the same solvent 

shell from which it had just come, and 6 is the average number of different 

molecules that S* sees with each diffusive displacement. 

Then the fraction reacted with DPPH at any time t and at any rate of 

formation of S* is given by 

F = (III-3) 

ll/2 NDV + 1/ T 

The curves predicted by Eq. (III-3) for T = 5 x 10-6 sec, 10-5 sec, 

5 x 10-5 sec, and l0-8 sec are given in Fig. 23" 

For be~~ene and chlorobenzene, curves of the type predicted by Eq. 

(III-3) are readily obtained from the experimental plots of initial rate 

of disappearance of DPPH vs DPPH concentration and from the two curves 

describing the DPPH ---- S* reaction and the DPPH* - S reaction illustrated 

in Appendix II. Referring to Fig. 26, we see that the type of curve 

predicted by Eq. (III-3) is obtained by subtracting the differences of 

curves Z"A and J3CA froni. curve Z"D". Thus 

* . The average lifetime of benzene fluorescence in pure liquid benzene, air-

saturated and at room temperature, has recently been found to be 4.5 + 

-10 .8 x 10 second by Paul R. Kromann in this laboratory" 
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[Z"D" - (Z'A - BCA)] = R 

is of the form predicted by Eq. (III-3). 

Then 1\/0Z" is equal to the fraction of the excited species formed 

that reacts with DPPH, and 

R = 

and 

from Eq. (III-3) 

ll/2 ND -,) 

ll/2 ND,) + ~ 

we have 

(III-4) 

(III-5) 

It is seen that a plot of 1/R vs 1/ND should give a straight line 

with slope (5/2~T)- 1 . Such a plot for the DPPH-chlorobenzene reaction 

is given in Fig. 24. 

Values of ~T for the triplet states of benzene, toluene, and chloro-

benzene calculated in this manner are given in Table XI. 

Table XI 

Values for ~ for triplet states in solutions 

Solvent y-r -r(assuming -;I= lO~Jsec) 

Benzene ru 3 X 10
6 

3 X 10~5 sec · 

Toluene 6 
2.5 l0- 5 

ru 2.5 X 10 X sec 

Chlorobenzene 2.2 + 0.2 X 106 2.2 X 10-5 sec 

It should be pointed out that the values of 11 -r in Table XI are 

subject to high experimental error, since the values are determined from 
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Fig. 23. The initial rates R of the disappearance of DPPH as a function 
of DPPH concentration for activated species of several average lifetimes 
{a, infinite; b, 5 x IQ-5 sec; c, 1 x lQ-5 sec; d, 5 x 10-6 sec; and 
e, 1 x 10-8 sec). These curves are predicted by Eq. III-3 and the 
inner filtering effect. 



-65-

the portion of the experimental curve that is at very low DPPH concen-

trations, and can be considered only as approximations. 

The region A of Fig. 19 is of interest in the compounds irradiated. 

It is noted that as the mass (or atomic nu'TI.ber) of the substituted. group 

or atom increases Region A moves to a higher DPPH concentration~ith the 

exception of bromobenzene), and that the limiting quantum yield of 

Reaction (I-12) increases. This suggests that the lifetime of the 

excited state responsible for the reaction is decreasing with increasing 

mass (or atomic number) of the substituent group. In substituted benzene 

molecules, as the atomic number of the substituent group increases, the 

singlet-triplet transition probability increases owing to the gradual 

change of the electron coupling from L·S to j·j, and the lifetime of the 

triplet states decreases. 24 

The differences in the rates in air-saturated and degassed solutions 

are also of interest. In benzene, toluene, and chlorobenzene it is noted 

that the presence of air. causes an iticrease in the rates of the reactions. 

It has been shown by Bowen5 that oxygen quenches the fluorescence of ben-

zene and toluene in solution by a reaction of the oxygen with the excited 

singlet state to give a stable peroxide. Thi.s ·effect in toluene is 

roughly twice as great as in benzene. 
22 

It has been shown by Magat that 

DPPH is extremely sensitive to peroxides :i,n solu~ion. One would then 

' expect that if oxygen is ~resent in the solution of DPPH: in benzene and-

toluene, an ip.crease in the rate of the photoinduced reactio!l would be 

observed owing to the peroxides formed whEm oxygen quenches the singlet-

state fluorescence. An effect of this type is present. ·Fluorescence 

of chlorobenzene .is .not observed in solution; but the peroxide formation 

during the deactivation process probably occurs. 
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Fig. 24. A plot of 1/R vs 1/Nn (from Eq. III-5) for the DPPH­
chlorobenzene reaction. 
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In bromobenzene, removal of air causes the rate of the photoinduced 

disappearance of DPPH to increase. This is possibly evidence that at least 

part of the reaction in bromobenzene is of a different nature from the 

reactions in the other solvents. Further evidence that at least part of 

the reaction in brcmobenzene is of a different nature from that in the 

other solvents is that Region A (Fig. 19) is at lower DPPH concentrations 

than in chlorobenzene. If the reaction in bromobenzene were only a reaction 

of the triplet state of bromobenzene with DPPH, Region A should fall at 

higher DPPH concentrations than for chlorobenzene, since the triplet state 

of.bromobenzene is expected to be shorter-lived than the triplet state of 

chlorobenzene. Region A for bromobenzene is a lower DPPH concentration 

than it is for chldrobenzene. 

Since the activation energy of the reaction 

+ Br· (III-6) 

has been determined to be about 71 kcal per mole, and since the energy 

at 3126 A is about 90 kcal per mole, it is quite possible that the photo-

dissociation of bromobenzene followed by the reaction of the DPPH wi~h 

the free radicals produced contributes to the over-all rate of disappearance 

of DPPH in bromobenzene. That the triplet state of bromobenzene contributes 

significantly to the rate of disappearance of DPPH is evident from the 

quantum yield of· 0 .18. This is signifieantly higher th,an would be expected 

if the reaction· were only that of DPPH and free radical produced by photo-

decomposition, since the quantum yield for the, production of radicals in 

iodobenzene is only 0.033 at these w~ve lengths.
28 

An attempt was made to separate the products .of the photolysis by the 

use of chromatographic columns of silicic acid; using the solvent as the 
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elutant. Previous work by Wild37 had shown that DPPH is reduced on alumina 

columns. DPPH was found to be stable on silicic acid columns. 

Only one product was observed from the photolysis of benzene in air­

free solutions. In air-saturated solutions a small amount of a second 

product was observed, indicating that oxygen actually participated in 

the reaction, The spectra of the products are given in Figs. 25, 26, 27, 

28, and 29. 

Two products could be separated from the photoly~ed air-free solution 

·of DPPH in toluene. It could not be determined that the two products were 

not produced on the chromatographic column. Again, in the presence of air, 

an alteration of the spectra of the products indicated that oxygen 

,participated in the reaction. 

In no case was the product diphenylpicrylhydrazine, which has a 

characteristic absorption spectrum that can be easily identified. This 

clearly eliminates reactions such as 

DPPH + H· --> DPPH-H 

and 
DPPH + 8 -·-> DPPH-H + R • 

Photolyzed solutions of DPPH ih toluene and benzene could be reoxidized 

with lead dioxide to the characteristic color of DPPH, but the spectrum 

was different than that of DPPH. Again this is evidence that the product 

formed was not the simple hydrazine of DPPH. 

Because of the difficulties involved with trace amounts of large 

molecules, which hold solvents very tenaciously, decompose on chromato­

graphic columns, and do not lend themselves to gravimetric analysis, no 

further work on product determination was undertaken. 
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Fig. 25. The absorption spectrum of the final products of the photolysis 
of an air-saturated DPPH-cyclohexane solution. The initial optical 
density of DPPH was approximately 0.3. 
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Fig. 26. The absorption spectra of the final products of the photolysis 
of DPPH-benzene solutions. Curve a represents the products in 
an air-saturated solution; Curve b represents the products in a 
degassed solutiono 0. Do O = Oo325. 
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Fig. 27. The absorption spectra of the final products of the photolysis 
of DPPH-toluene solutions. Curve a represents the products in 
an air-saturated solution; Curve b represents the products in a degassed 

· 5300A_ solutwn. 0. D. 0 - 0.330. . 
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Fig. 28. The absorption spectra of the final produds of the photolysis 
of DPPH-chlorobenzene solutions. Curve a represents the 
products in an air-saturated solution; Curve b represents the 
oroducts in a degas sed solution. 0. D. ~300A = 0. 335. 
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!Fig. 29. The absorption spectra of the final products of the photolysis 
of DPPH-bromobenzene solutions. Curve a represents the 
products in an air -saturated solution; Curve b represents the 
products in a degas sed solution. 0. D. 3300 = 1.3. 
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Dr. CONCLUSION 

The rates of the photoinduced disappearance of DPPH from solutions of 

DPPH in cyclohexane, benzene, toluene, chlorobenzene and bromobenzene have 

been studied by use of ultraviolet light of wave length 3126-3130 A. At 

least two types of reactions occur in the solutions studied. These two 

types of reactions were identified as (a) the reaction of an excited 

triplet state of the solvent molecule with DPPH, and (b) a reaction 

involving the excited DPPH molecule. This reaction involving DPPH does 

not result in the abstraction of a solvent hydrogen atom by DPPH. 

These results indicate that the assumption by Prevost-Bernas32 et al. 

and ChapiroS-lO that activated molecules do not react with DPPH, is in-

valid. Therefore, the use of DPPH as a radical scavenger in the presence 

of electronically activated species must be considered qualitative unless 

the reaction of DPPH with free radicals can be identified uniquely. 

The presence of air in the photolyzed systems complicated the reactions 

somewhat. This complication is not well understood, but oxygen is known 

to form peroxides with excited solvent molecules which react with DPPH. 

In the absence of oxygen these species would not react with DPPH directly 

because their lifetimes are so short that reaction with DPPH is improbable. 

Since, in general, it is believed that aromatic molecules in excited 

singlet states yield triplet states of lower energy (when they exist) by a 

radiationless process, it is suggested that a study of the rate of dis-

appearance of DPPH due to the reaction of DPPH with molecules in triplet 

states as a function of the wave length of the incident radiation, might 

give information concerning the rate of the interconversion process. 

Several complications to a study of this type are evident. As the wave 

,, 
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length of the incident light is decreased the photodissociation process 

may contribute significantly to the rate of disappearance of DPPH. Direct . 
absorption to excited triplet levels, not measurable, ,may contribute to 

the rate of disappearance of DPPH. As the wave length of the incident 

-light is decreased, the photolysis of DPPH itself becomes more important. 

The identification of the products formed by the reaction of excited 

species and free radicals with DPPH is essential for a complete under-

standing of the scavenger properties of DPPH. 

I 
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Appendix I - Corrections for Inner Filter Effects 

In order to determine the quantum yields of the reactions where light 

absorption i~ the reaction vessel is not negiigible, it is always necessary 

to apply a correction for this ip.ner filteripg effect. 

The absorption laws of Beer and Lambert give 

I -ECX = e ' 
(V-1) 

where C is the concentration of the absorbing substance in moles/liter; 

.·X is the thickness of the absorbing layer in centimeters; E is the 

absorption coefficient of the absorber; r0 is the incident light intensity; 

and I is the intensity at thickness Xo 

The effective intensity or average intensity of the light over a 

thickness X is given by 
X 

=~ 
X 

JdX 
0 

Substituting 5a in 5b, one obtains 
X 

i 
X 

I ( 1 - e· -€CX) 
0 . 

E C X 

or, in terms of optical density of the solution, 

IO(l- e-(O.D.)) 

(O.D.) 

where O.D. is the optical density and is defined ~s 

O.D .. = ECX 

(V-2) 

(V-3) 

(V-4) 

(V-5) 
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If two substances with different extinction coefficients are present 

as absorbers, Eq. (5d) becomes 

I (1- e-(O.D.l + O.D.2) 
0 

Ieff = ~--------------------­
(O.D.)1 + (O.D.) 2 

(V-6) 
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Appendix II 

The method of successive approximations for determining the curves 

that describe the two Reactions (I-12) and (I-8) from the original data 

is represented by Fig. )0. 

Curve ACB is a plot of the observed rate of disappearance of DPPH 

versus the optical density of DPPH (optical density is proportional to 

the concentration) .. At point C, the maximum of curve ACB, where O.D. =X, 

a correction is made for the inner filter effect of the DPPH absorption, 

assuming that most of the reaction at this point is caused by the 

activated solvent molecules. Line zy, then, represents approximately 

the rate of disappearance of DPPH if no inner filter effect were present. 

Curve zD is then drawn so that it describes the reaction 

S* + DPPH ----~ products 

as it would be observed with the inner filter effect of DPPH absorption 

present. The amount of reaction AD was assumed then to be due to another 

reaction, ( I-8) . 

Curve OF is then drawn so that it describes Reaction (I-8) which is 

proportional to the amount of light absorbed by DPPH (the inner filter 

effect of the solvent is neglected)~ EF =A.D. 

It is seen, then, that at O.D. = X, the inner filter correction 

should not be applied to the amount of reaction represented by WX. This 

lowers curve zD at z by the amount WX multiplied by the correction for the 

inner· filter effe·ct at X. This correction~ made successively, gives 

curves z"D' a:nd OF' which describe the two reactions, (I-12) and (I-8); 

and which when added together give curve z"A. Curve z"A is then the curve 

that would be e:Xpecf:.eci if S* had a lifetime that was very long compared to 

the ·ume between collisions of S* and DPPH. 
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Fig. 30. The representation of the method for determining two curves 
de scribing reactions I-8 and I-12 from the original rate data. 

,.., 



.. 

... 

-81-

Bibliography 

1. P. D. Bartlett and H. Kwart, J. Am. Chern. Soc. 72, 1051 (1950). 

2. C. E. H. Bawn and S. F. Mellish, Trans. Faraday Soc. 47, 1216 (1951) . 

3· Benington, Kahler and Poirier, J', Org. Chern. 17, 1437 (1952) . 

4. J. C. Bevington, Nature 175, 477 (1955). 

5· E. J, Bowen and J, W. SaWtell, Trans. Faraday Soc. 33, 1425 (1937). 

6. E. J, Bowen, Faraday Soc. Discussions 14, 143 (1953). 

1· G. H. Briggs, Revs. Modern Phys. 26, 81 (1954). 

8. 

10. 

ll. 

A. 

A. 

A. 

H. 

Chapiro, J, 

Chapiro, J. 

Chapiro, J, 

A. Dewhurst, 

Chern. Phys. 47, 747 (1950). 

Chern. Phys. 51, 165 (1954). 

Chern. Phys. 52, 645 ( 1955') . 

J. Chern. Phys. 24, 1254 (1956). 

12. J. Franck and E. Rabinowitch, Trans. Faraday Soc. 30, 120 (1934). 

13. Gibson, Blake, and Kalm, J. Chern. Phys. 21, 1000 (1953). 

14. S. Goldschmidt and K. Renn, Ber. 55, 6~8 (1922). 

15. S. Gordon and M. Burton, Faraday Soc. Discussions 12, 88 (1952). 

16. A. Henglein, Makrom. Chem •. l2, 188 (1955). 

17. R. C. Hentz and M. Burton) J. Am. Chern. Soc. 73, 532 ( 1951). 

18. M. Kasha, Chern. Rev. 41, 401 (1947). 

19. M. Ladacki and M. Szware, J. Chern. Phys. 20,; 1814 ( 1952) . 

20. K. J, Laidler, The Chemical Kinetics of Excited States, Oxford University 

Press, 1955. 

21. G. N. Lewis and M. Kasha, J. Am. Chern. Soc. 66, 2100 ( 1944). 

22. M. Magat, Faraday Soc. Discussions 12, 129. (1952). 

23. Matheson, Auer, Bevilacqua, and Hart, J. Am. Chern. Soc. 73, 1700 (1951). 

24. D. McClure, J. Chern. Phys. !I' 905 (1949). 

25. D. McClurel J, Chern. Phys. 19, 670 (1951). 



-82-

26. R. Noyes, J. Am. Chern. Soc. 77, 2042 (1955). 

27. W. A. Noyes, Jr., and P. Leighton, The Photochemistry of Gases, 

Reinhold Publishing Corp., 1941. 

28. E. Olaerts and J. C. Jungers, Faraday Soc. Discussions _g_, 222 (1947). 

29. c. A. Parker, Proc. Roy. Soc. (London) A 220, 104 (1953). 

30· G. Porter and M. Windsor, J. Chern. Phys. ~' 2088 (1953). 

31. G. Porter and M. Windsor, Far~:~.day Soc. IHscussions 17, 178 ( 1954) . 

32. Prevost-Bernas, Chapiro, Cousin, Landler, and Magat, Faraday Soc. 

Discussions 12, 98, (1952). 

33· G. K. Rollefson and M. Burton, Photochemistry, Prentice-Hall, Inc., 1939· 

34. 0. P. Semanova, and G. s. Tsiknnov, J~ Phys. Chern. (U.S.S.R.) 18, 311 

(1944). 

35. M. Szwarc, J, Chern. Phys. 16, 128 (1948). 

36. C. Walling, J. Polymer. Sci. 14, 214 (1954). 

37· W. Wild, Faraday Soc. Discussions 12, 127 (1952). 

38. J. E. Wilson and w. A. Noyes, Jr., J, Am. Chern. Soc. 63, 3025 (1941). 


