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Please make the following corrections in your copies of
UCRL.-3422:
Page 49 Figure 18 represents data for reaction in
bromobenzene, not reaction in chlorobenzene,
Page 62 Reference to Fig. 30, not Fig. 26.
Page 63 In Eq. III-5, replace 5/2 with 11/2.
Page 63 In Table XI, divide all values by 2.2.
Page 81 References 8, 9, and 10 are to J. chim. phys.,

not J. Chem. Phys.,
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RADIATION INDUCED REACTIONS,IN_NONAQUEOUS SOLUTIONS
LgddievRayAGriffith. .
. ~Radiation Laboratory and
Department of Chemistry and Chemical Engineering
University of California, Be;keley, Qalifornia
July, 1956
ABSTRACT

Thé photoinduced disappearance of l,l—diphenyl—2-éicryl-hydrazyl,
DPPH, in solution in several orgénic liquids was studied.

Solutions of DPPH in cyclohexané, benzene, toluene, chlorobenzene
and bromobenzene were irrgdiated with ultraviolet light of wave length
,5126 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 cne of short-lived
excited species of the solvent molecules in benzene, toluene, chloro-
benzene, and bromobenzene. Furthermore, the excited speciles 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.



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 specieé present in the

irradiated solutions.
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I. INTRODUCTION - -

The mechanism by which energy is transferred from high-energy
radiation -- i.e., x-rays, 7-rays, protons, etcs -~ to matter is very
complex and not clearly understood. It is known, for instance, that
one of the primary processes is ionization,;7’2o yielding still another
high-energy particle, the electron, which must lose its energy by more
processes of iconization, excitation, and ultimétely the combination of
this electron with a positively charged species to yiel& an excited
state of a stable molecule. Other primary processes that may occur are
excitation to unstable states which disscciate 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 inveolved in the
absorption of high energy radiation couid be determined quantitatively.

An attempt has been made by Prevost-Bernas et al.,52 to establish
quantitatively the number of free radicals produced when organic liqgias
are irradiated with high-energy radiations such as y-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 a;a-diphenyl-
ﬁ-picryl-hydrazyl, hereafter abbreviated DPPH, with the free radicals
produced when the high-energy radiation is absdrbed by the organic liquids.

During the last six or seven years, the_uée of DPPH as a free
radical écavenger in the liquid phase has attractéd'considerable attention.
The stability of DPPH and its présence in the ﬁonomeric form, bothbin the

solid state and in:solution in mahy organic liguids, 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 appréciable absorption in the same.
region. ’ o . )

Bawn and Mellish™ state that they have demonstrated the efficiency
éf DPPH as a free-radical scavenger of thermally produced free radicals
in the thermal disproportiocnation 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.sufficientl&
far from the neighborhcod of the primary reaction that their recombination
is unlikely. This effect was first explained by Frank and.Rabinowitch12
and was termed the "cage effect.”

Goldschmidt .':Lnd,RennlLL first prepared and characterized DPPH in 1922.
They reported a characteristic visible and ultraviolet absorption spectrum
of DPPH with maxima at 3300 A (log ¢ = 4.2) and at 5300 A (log ¢ = 3.81)
in chloroform. BeningtonB'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

aDiscus‘sed in detail later in the section
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It ﬁas béen established fhat DPPH does not dimerize in solutioﬁ and’
does not réact with oxygen. |

Bartlett and.K'wartl studied the behayior of DPPH as an inhibitor
of the benzoyl peroxide-induced polymerization of vinyl acetate at 45°¢
kinetically by a dilatometric method. At concentrations of DPPH of
about lO_5 molé/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 cOmplétely inhibited until the DPPH was all or mostly

used up.

In the same manner Matheson, Auer, Bevilacqua, and Hart25 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 with all radicals

produced in the thermal disproportionation of benzoyl peroxide, Bawn
and Mellish2 used DPPH to measure the rate of the thermal disproportionation

reactions of benzoyl peroxide and azobisisobutyronitrile.

[
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(CHB)EC(CN) - N:N - c(CN)(CH,), ——> 2(CH, )}, .C(CN)- * Ny (1-1)

5)2 372 g

06H C0000¢ CcH > 2 06115002 . (1-2)

> >

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 disproportionation 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 cén 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 chaih" 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 verificaticn .of this theory can be seen in the experi-
mental_reéults of J. C. Bevington.u Bevington, using larger DPPH concen-
trations in benzene solution, showed that DPPH reacts with only about T0%
of the radicals produced in the thermal disproportionation Gf‘azobisiso-/
butyronitrile.

.ﬁengleinl6 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,



diphenylpicrylhydrazihe, has been tentatively identified by Wild.57 Many
other products are observed but no others have beeg'idehtified. Furthermore,
attempts to'prepare compounds with the formula DPPHﬁ have not been successful.
The research of Prevost-Bernas et al.'andVChapiro8-lo has shown that
in several organic liquids, the rate of disappearance of DPPH is dependent
only upon the quantity of high-eﬁergy radiation (7;rays,'x-rays, protons,
and fast neutrons) absorbed by the solution. This rate of disappearance
of DPPH has been interpreted bylthese authors'aé 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.
S ~n > Re+ Re | o | (1-3)
R* + R+ —> 8 ' ' , (I-4)
R* + DPPH —> DPPHR ' . (1-5)

That most of the high-energy radiation absorbed by the solvents in
most cases does not lead to compound formation or radical,production is

11,15 and estimates of radical yields

evident from known ylelds of products
as determined by Prevost—Bérnas et al. It;thén seems reasonable that a
large number of molecules in these solutions do not have enough- energy to
dispropoftiqnate.to radicals, but may have enough energy té insure reaction
with DPPH. | |

In addition to radicals and excited molecules, these solutions under

~ high-energy irradiation (y-rays, x-rays, and proths) contain ions that



-10-

may or may not_react with DPPH and, in some cases, unsaturated compounds,
which are known to react with DPPH.ll’lS’jg

It then seems that the nature of the reactions inducéq by the high-
energy radiation used by Prevost—Bernas et al. and.Chapifo is too complex
to interpret very'simply, because of the formation of so many excited
spgcies.

In order to determine whether DPPH reaﬁts with excited molecules,
Magat22 irradiated a solution of DPPH in methaﬁqlvwith infrared radiation
in an attempt to excite the OH vibration of methapol and fhereby induce a
réagtion of methanol with DPPH. This attempt was unsﬁccessful.

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 succéessful. 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 vibratidnél étatés in solution are much shorter
than the.lifetimes of ndhforbiddentelectronic transitions in solution.
This conclusion is baséd.on'thé'fact that fluorescence is observed .only
from the ground states of the excited electronic states in solution.

The lifetimes of the excited vibrational states are probably on the

H to 10-12 second, since the collisions are reasonably

order of 10~
efficient in the deactivation process.20 Since diffusive displacements
.oceur with.a frequency of about lOll per second, it is seen that the

excited vibrational state probably makes no diffusive'displacements, on
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the average, before deactivation by collision occurs. It would then
require a rery‘lérge mole fraction of DPPH in methanol in order for any
collisions between DPPH and the activated methanol to occur. Detection

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

‘ ; DPPH
be extremély difficulto' It is very doubtful that any effecf could be
seen in the aboveiexpe_ri'ment°

It is iﬁtereéting to note that the number of quanta eﬁitted in the
frequency range 3550 to 3650 cm-l from one squére centimeter of an in-
frared source operating atllOOOOK is approkimately 5 b4 lO17 per second
or about 7.5 x lO-3 calorie per second, as calculated.from thé Planck
Radiation Law. .This number of quanta is comparable with the number of
quanta used in ﬁedium-intensity photochémical studies using ultraviolet
light;'however, one dﬁantum‘of ultravioletklight excites the molecule
to a reactive.level, whereas with infrared, many quanta'are necessary
to elevate the molecule to a reactive level. With intensitieé such as
can be obtained from infrared sources, thé‘probability of exciting one
“molecule to progréssivély higher states of excitation 1s prohibitively v
small. The extremely shqrt lifetimés,df these excited vibrational
levels makes the previously-ﬁentioned probability'even less.

In order to tésﬁ the assumption that excited species produced
Whenyvarious_organic liquids.are irradiated with high-energy radiation
do not react with DPPH, oJne must produce:mdlecules in excited electronic
states in the liquid phase in the presenqé of DPPH. Ohe must also be
certéin’tﬁat the éXciting radiation haé insdffiéientvenergy to cause

dispr0portiona£ion-of the'absorbihg moiecule,'
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It is generally accepted that the primarily excited states produced
by high-energy radiation are essentially like those which are excited by

17

‘absorption of ultraviolet light. The absorption of electromagnetic'
radiation of the wave length 2000 .to 8000 A is usually a much less compli-
cated process than the absorption of high-energy radiation such as x-rays
and ymrays. The absorption of the quantum of energy occurs as a single
process involving the quantum of energy and the absorbing moleolle° The
products of the primary process are similarly reactive and’ganvoften be
identified, and the rate of their formatibn can sometimes pe 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 great;:hpwever{ invsoﬁe highly symmetric
molecules the absorption spectra_are well understood. One such molecule
is benzene. The absorption spectrum of liquid benzene is given in Fig. 1321
The portion. of this spectruﬁ that is .of interesp in this work is
the region from 3000 A to 3400 A. The series,of_four bands gppearing in
thishregion arises from an absorption from the ground state of the benzene
molepule 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 molecuyle. Light of wave length

b

below 2200 A is necessary to show.a quantum yield of 10- for the decom-
_ fosition of benzene.

Several organic liquids with fairly well-defined ultrgviolet
absorption spectra are known not tp disproportionate when irradiated with

light of wave lengths near but below their ultraviolet absorption»thresholds°

For these reasons a study of the photochemical pfocesses that occur when

i
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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’solveﬁt, 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 + ha) ——> DPPH¥ | : (1-6)
DPPH* > Products ' (1-7)
DPPH* + Solvent >'Products | ' (1-8)
DPPH¥ ——> DPPH + hw/ , (1-9)
DPPH* + S —> DPPH + S | | (I-10)

(b) S+ hy/—> 5% | (I-11)
S* 4+ DPPH ——> Products (1-12)
S* >S5 +my _ (1-13)
S* + M —>S + M ’ (I-1k)

In Series (a), the rate of the process i§ a function of the number of
quanta of light absorbed by the DPPH. A reactioﬁ.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 Brocess (b), however, the rate of the process is not a function

of the DPPH concentration, but rather of the amount of light absorbed-
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Fig. 1. The complete molal extinction curve of liquid benzene
"~ (a, determined with 10 ¢cm of pure liquid; b, determined with
dilute solution of ben_zen? g} ethanol) at room temperature,
from 12,500 to 2,200 & 18), R
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by the solvent -- with one provision, namely, that. the DPPH concentration
is great encugh so that the activated solvent molecules S¥ react with DPPH
in a time shorter fhan tﬁéir fluorescent lifetimes or before they can lose
their energy by collisipn or internal conversiOn.(i.e,,vtﬁat Réacfions
I-1% 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 concenﬁration should show no dependence of the rate on DPFPH con-
centration at concéentrations of DPPH where Process I-12 is the predominant
one, provided that the optical path through the solution be short or that
. a correctiOn be made for the inner filter effect of DPPH absorption, i.e.,
the progressive weduction 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 résolving 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-T, I-8, and I-12 can be measured conveniently
by measuring the rate of disappearance of DPPH‘in the solution. This is
apcomplished by spectrophotometrically méésuring the décrease in the optical
density of the DPPH aBsérptiOn band at 5300 A. For this method to be
successful it must ﬁe established that the préducts of the reactions studied
show little or no absorption at this wave leﬁgfhe

- Both Processes (a) and (b)'would bé expected fo Be proportional to

the intensity of the igcident‘radiationa Neither Process (a) nor (b) would

be expected to be a sensitive function ofhtemperaturea
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IT. EXPERIMENTAL
1. Materials

(a) DPPH

Diphenyl-picryl-hydrazyl was prepared in the following way. Twenty-
two grams of diphenylhydrazine hydraéhloride (unsymmetrical) in 250 ml
of absolute ethyl alcohol at ESOC was treated with 21 g of sodium bi-
carbonate and with 24.8 g of picryl chloride. After most of the co,
had come off, the solution was boiled gently for 15 minutes. Two hundred
fifty ml of chloroform was added and the solid residﬁe 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 mI 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, and 150 g of lead dioxide were stired for 2 hours in 500 ml of
benzene. The lead dioxide sediment was filtered off. An equal volume
of normal pentane was added to the filtrate, and this solution was let
stand for several hours and the DPPH was‘obtaihéd'by filtration.

The DPPﬁ was recrystallized twice from a benzene-pentane solution.
The crystals thus obtained were dried in a vacuum oven at 40°C for 72
hours.” The crystals melted at 159;lhloCQ

Analyzing for C, H, and N yiélded"c, 61.1%; H, 3.9%; and N, 15.0%;

calculated for DPPH - C6H6, ¢, 61.0%; H, 3.8%; and N, 14.8%.



17-

(b) Potassium Ferrioxalate

One hundred sixty~seven-mi of i»5 M ferric chloride ﬁas treatéd with
500 ml of 1.5 M potassium oxalate in a darkroom illuminated with two safe-
lights. The solution was placed in a dark storage space for 1 hour.

The pdtassium ferrioxalate was filtered from the solution, and re-
dissolved in ho£ water, cooled, and filtered. After thfee recrystal-
lizaticns from hot watér the crystals of potassium ferrioxalate
(KBFe(CEOM)B . 3H20) were dried in & current éf air at about 40°C.

(c¢) Benzene |

Baker's "Analyzed" reagent-grade thiophene-free benzene was re-
cfystallized in an ice water bath until the uitra#iolet absorption spectrum
between 3000 A and 3500 A was reproduciblég Since the moiar'extinction
coefficients of benzene‘in this regionyaré approximately lOfB, thils 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 wasrdistilled through a
ratio-controlled magnetic-head fractionating column with about 37 theoretical
plates; the middle fraction, boiling at 111.0 + .2°¢ (uncorrected), was
used in the experiments.

(e) Chlorobenzene

Eastman Kodak Co. reagent-grade chlorobenzene waé distilled through
the 37-plate fractionating column; the middle fraction, boiling at 13%2.0
+ .lOC (uncorrected), was used in the experiments.

(f) Bromobenzene

Baker's "Analyzed" reagent-grade bromobenzene was distilled in the



-18-

37-plate fractionating column; the middle fraction, boiling at 156.2 + °EOC
(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 impurlity responsible for this
thermal reaction was removed by treating the bromobenzene with an excess
of DPPH at MSO to SOOC 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 Kbdakao. "spectro" grade cyclohexane glso 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 DPPH with the impurities

evidently are volatile.
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2. Equipment

(a) Spectrophotometers

All optical density measurements taken following the photolyses of
solutions were made with a Beckman Model DU Quartz spectrophotometer
using One-centimetér matched quartz solution cells..

Measurements of extinction coefficients were made with Cary
" Recording Spectrophotometers (Modeis 14M and 11) or with the Beckman
Model DU.

(h) Light Sources

The light source used for the photolyses of the solutions was a
Hanovia Type S5-100 medium-pressure mercury.aré 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 investigationf The intensity was monitored
with a Photronic barrierblayer cell, as.described in paragraph (d), and

was checked -every time an experiment was run.

(¢) Irradiation Cells |

Two types of irradiation cells were used. Type 1 cell (Fig. 2)
was used in the horizohtal irradiation apparatus illustrated in Fig. 3.
The cell contained two compartments -- A, which containeg the solution
to be photolyzed or the actinometer solution, an¢_B; which contained an
‘absorbing solution to reduce reflectipn at the rear wall of the
vradiationvcell_tova minimum. This ceil Qésvpiaced in a reproducible
positioﬁ in a fitted brass leinder as showﬁ in Fig. 3. Compartﬁent A
inside dimensions were 34 mm in diameter and 11@5 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,,yith
polished optically flat windows. It was used:ip the determination of
the rates of the reactiéns in air-free solutions. Its inside diameter
was 34 mm and its inside leﬁgth 11 mm. |
(a) Monitoré

Photronix barrier layer cells were used in series with a micro-
ammeter to deterﬁine 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 cerﬁain periods of time.

(e) Filter Combinations

Light of wave length 2900 A to 3200 A was obtained by using this
filter system: 2 cm of saturated_NiSOh . 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 Wa&e 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'ﬁsed'in the degassing
pfocedure° A trap cooled by liquid nitrogeh was aiways kept between
the mercury diffusion pump and the cell Being degassed. All étopcocks v
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 beam covers the entire area of the opening in 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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Fig. 2. The irradiation cells.
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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

Extinction coefficients of DPPH in the various solvents wed were
.determined in the usual manner. A weighed sample of DFPH (solvated
with benzene in a 1l:1 molar ratio) was dissol&ed in a known amount of
solution and the optical density was measured on the Beckman Model DU
spectrophotometer or on the Cary Model 14M recording spectrophotometer.
In all determinations with the Beckman DU, matched quartz cells were
used, with pure solvent in the reference cell. . In all determinations
on the Cary a baseline was run with pure solvent in both cells. All
determinations were done at room temperature (25 + EOC).

In obtaining the kinetic data, the method of initial rates was
used. Air-saturated samples of known concentration of DPPH were
introduced into the radiation cell, which was then placed in the brass
cylinder in the horizontal radiation apparatus already described. The
shutter was opened and the vegsel irradiated for the desired time. All
times wefe measured with a stopwatch. After the shutter was closed,
the irradiated solutions were stirred by shaking and transferred to the
Beckman cell, and the optical density was taken. This procedure took
about 2 minutes. The optical density was then read several times in
the next few minutes to see if any postirradiation reaction had taken
place. |

The change of optical density of DPPH (for the first 5% to 25% of
“the reactioq) per second divided by the extinction ccefficient of DPPH
was taken to be the initial rate of the reaction. : In.no case was the
reaction found,to‘be nonlinear with time of exposure for this amount of

reaction.



. In order to determine 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 evacuatingvsystem via a stopcock fitted with ground
glass tapered Jjoints. The éolution was frozen with ligquid nitrogen,
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 waé allowed to come
to room temperature and irradiated as previously described. The stop-
cock was removed and the optical density taken as described before.
Agaih this procedure took only about two minutes. The cell was
immediately refilled with the air-saturated solution of the same 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 tovobtain-the quantum efficiency of the observed reac%ion
oné must determine the intensity of the incident radiation and the ex-
tinction coefficient of the absofbing material. Se&eral methods are
available for détermining_the former. Thé latter is aetermined directly
from optical density measurements.

For determining the intensity of the incident radiation, a calibrated
thermopole-galvanometer system may be used to measure the absolute energy
‘of rédiation of all wave lengths; howeve?, 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 radiation

by the windows, and for .area of absorption.
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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 Pa,rker,29

When a standardized chemical actinometer of this type is used, a
very accurate measurement of the number of quanta entering the cell may
be obtéined. Therefore the absolute intensity of the incident radiation
was determined by the following procedu;'e°

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 transfereedvto a 20-ml calibrated fiask, Two ml of 1:10 orthophenan-
throline solution (O,l% orthophenathroline monchydrate in water) wa.s
added, followéd by 5 ml of a buffer solution (600 nl 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 sclution. Affef the
solution was made up and mixed, the liquid was allowed to stand for 30
minutes to allow complete reaction. Its absorption was th;n<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 ektinction 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

Quanta/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 scolvents 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 | €3106 A
Cyclohexane ' -- _
Benzene ' (1.53 + 0.10) x 1077
Toluene (4.6 +0.5) x 1072
Chlorobenzene (7.2 +0.7) x 1077
Bromobenzene ~ (8k.0 + 1.0) x 1077

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 | ' -/, cm™t €
Benzene 29, 400% b x lO-LL
| 30 ,300% 1.0 x 1077

31,200% | 1.3 x 1073
32,100 . 1.5 x107°
29,500 5 x 107
30,400 0.8 x 1077
31,200 1.25 x 1072
32,100 . -~ 1.53% x 1077

Bromobenzene 30,500 0.085
31,300 | 0.090
52,060 _ _ 0.085
33,000 | 0.07k

®See 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 Xmax’A € ax . 65126 A 65500 A
Benzené 5200 11,900 11,700 11,700
3280 15,100
Toluene 5200 13,900 14,500 13,300
3280 18,000
Bromobenzene 5290 15,300 11,300 15;500
3320 15,800
Chlorobenzene. 5260 ' 13,300 13,500 13,300
3300 | 16,900 |
. Cyclohexane 5100 - ' - -
| 3240 - - -
Chloroform 5250 13,200 14,300 13,000%
32k0 15,300 13, 100%*
14, 500
11,500b
6,SOOC

*Determined from DPPH recrystallized from chloroform.

*¥Determined from DPPH recrystallized from benzene.

#3ee Reference (3)
PSee Reference (32)
°See Reference (14)
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Fig. 4. The absorption curve of 10 cm of pure liquid benzene at
room temperature from 3000 to 3800 E .

Fig. 5. The absorption curve of 10 cm of gure liquid toluene at
room temperature from 3000 to 3800 A,
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Fig. 6. The absorption curve of 10 cm of pure liquid chlorobenzene
at room temperature from 3000 to 3800

Fig. 7. The absorption curve of 1 cm of pure liquid bromobenzene at
room temperature from 3000 to 3800 :
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Fig. 8. The absorption spectrum of DPPH in benzene (8.1 mg

of DPPH . C6H6 disolved in 250 ml of benzene solution
at 25° C).
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(b) Kinetics of the Rate of Disappearance of DPPH

Thé'pbserved 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 1%. Plots have also been made of the initial rates
versus the concentration of ﬁPPH in Figs. 14, 15, 16, 17, and 18. In
all cases the results from both the air—saturated‘and degassed solutions
are shown in one figure.

In plotting the éurves of iniﬁial rate v;rsus_DPPH concentration
and of initial rates versus amount of light absorbed by the DFPH, a
smooth curve was drawn through the data obtained in the air-gaturated
solutions; this smooth curve was then used a§ a basis for determiningv
.the curve for the degassed solutions from the relative-rate data.

Table IX cémpares thé observed maximum rates of the photoinduced

disappearance of DPPE in the solvents studied.
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Table IV

The observed rate of disappearance of DFPH in cyclohexane

3125A

0.p.29%04 o 0.D. 8 0.D. > otwren) e
Key O(DPPH) (min) t A0.D. 30 min {(1.13 cm) abs.
ab 0.011 30 0.004 0.007 0.007  0.0153 3.5
ab 0.039 30 0.028 0.011 0.011  0.054 18
ab 0.022 30 0.012 0.010 0.010 0.031 6.8
ab 0.022 15 0.018 0.004 0.008  0.031 6.8
ab 0.378 60 0.333 0.045 0.022 0.527 70 .2
ab 0.35. 70 0.300 0.054% 0.023  0.494 68
ab 0.3%35 60 0.293% 0.0Lk2  0.021 0.467 66
ab 0.405 30 0.385 0.020 0.020 0.564 2.7
ab 0.148 20 0.134 0.014 0.01k . 0.205 37.7
ab 0.085 30 0.07% 0.011 0,011  0.118 23.8
ab 0.056 30 0.046 0.010 0.010  0.078 16.6
ab 0.038 20 0.028 0.010 0.010 0.052 11.2
ab 0.023 38 - 0.010 0.013 0.010 0.032 7.0
ab  0.165 30 0.152 0.013 0.013  0.23 b2
ab 0.176 30 0.163 q.013’ 0.01% 0.245 43.2
ab . 0.220 30 0.205 0.015 0,015 0.306 50.6
ab 0.812 30 0.795 0.019 0.019 1.13 92.6
Key: a, air saturated solution,

b, irradiated in cell 1,

c, 1rrad1ated in cell 2,
d, 1rrad1ated with light of wavelength 2900- 5500 A from a G. E.
AH-6 arc; u31ng a vertlcal light pdth and a partially filled

cylindrical quartz irradiation vessel;

*, (SolVent‘abSOrption neglected).
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Table V

The observed rate of dis'appe‘arance of DPPH in benzene

o | o}D.8126 A -

0.0.27°% ¢ 0.D. £0.D. - © %
Key 0(DPPH) (min) t A0.D. 10 min (1.13 cm) abs.
ab 0.409 20 0.387 0.022 0.011  0.462 65.k4
ab 0.348 20 0.327 0.021 0.0105 0.39% 59.5
ab  0.231 20 0.209 0.022 0.011  0.261 . b5.1
ab 0.133 20 0.112 0;021 0.0105 0.150 29.%
ab 0.10k 20 . 0.082 0.022 0.011 0.118 2%.8
ab 0.043 10 0.034 0.009 o.009 0.049 10.6
ab 1.23 80 1.16 0.070 0.0088 1.39 96
ab 0.895 20 0.878 0.017 0.0085 1.01 9.2
ab 0.737 10 0.728 0.009 0.009- 0.83%2 85.%
ab 0.572 10 0.562 0.010 0.010 0.646 T7 4
ab 0.496 10 0.486° 0.010 0.010 0.560 T2.4
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 0.10k4 21.3
ab 0.043 10 0.030 0.010 - 0.010 0,049 10.6
ab 0.0%3 10 0.023 0.010 0.010 0.037 - 8.3
ab 1.165 40 1.130 0.0088 0.0088 1.318 95.0
ab 0.93%0 30 0.900 0.010  0.010 1.05 91.0
ab 0.656 40 0.620 0.009 0.009 0.7kl 81.9
c 0.153 30 0.140 0.013
ac 0.153 30 0.136 0.017
a 0.317 10 0.292 0.025
ad 0.317 10 0.288 0.029
d  0.kok 10° 0.385 0.019
ad 0.404L 10 0.380 0.02k4
a 0.162 10 -~ 0.139 0.023
ad 0.162 10 0.132 0.03%0

(Sée Table IV for Key)
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Table VI

The observed rate of disappearance of DPPH in toluene

0.p.2120 A |
0.p.2°%0 A 0.D. £0.D. O(pPPH) %IOA*

Key 0(DPPH) (sec) t A0.D. 1l min (1,13 cm) abs. -
ab  1.342 150 1.298 0.0hk 0.018  1.66 97.8
ab 0.568 120 0.527 0.041 0.022 0.700 80
ab 0.567 60 0.545 0.022 0.022 0.700 80
ab 0.268 60 0.243 0.025 0.025 0.331 53,4
ab 0,269 €0 0.24 0.025 0.025 0.33%2 5%.5
ab 0.097 30 0.085 0.012 0.024 0.120 2k, 2
ab 0.097 60 0.073 0.024 0.024 0.120 2.2
ab 0.043 20 0.035 0.008 0.024 0.053 11.5
ab ~ 0.023 15 0.018 0.005 0.020 0.028)4 6.3
ab 0.275 60 0.250 0.025 0,025 0.340 54,2
ab  0.265 60 0.231 0.02% 0.024  0.327 5%
c 0.732 180 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 . 0.238 180 0.218 0.020
ac 0.238 180 -0.196 0.0hk2
c 0.118 120 0.105 0.013
ac 0.118 60 0.103 0.015
c 0.118 120 0.105 0.013
a 0.233 60 0.200 0.033
ad 0.233 60 0.168 0.065
a 0.229 60 0.190 0.039
ad  0.229 . 60 0.166 0.06%

(See Table IV for key)
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Table VII

The observed rate of disappeafance of DPPH in chlorobenzene

o,D.5126 A
 0.p.220A 0.D. so.p. O L,

Kay 0(DPPH) (sec) t A O0.D. 1 min (1.13 cm) abs.

ab  1.07 120 1.01  0.06  0.03 1.2% ok.2

ab  0.506 60 0.470 0.036  0.036 0.58k T4 .0

ab  0.506 120 0,43%  0.073 0.0365  0.58k Th .0
&b 0,720 T, 120 0.651 0.069  0.0335  0.8%0 85.2

ab 0.409 60 -0.373 0.03%6 0.036 0.h72 66.3

ab  0.293 60 0.255 0.0%36  0.036 0.338 54,2

ab 0.239 60 0.202 0.037 0.037 0.276 47.0

ab  0.146 ) 0.128 0.018  0.03%6 0.168 %2,2

ab 0.109 .20 0.097 0.012 0.0%6 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.k

ab  0.088 20 0.077 0.011  0.033 0.101 20.8

c 0.130 60 0.112 0.018

ac  0.1%0 60 0.108 0.022

c 0.1%0 75 0.106 0.02%4

ac  0.130 75 0.105 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  0.06h4 30 0.053 0.011

c 1.21 180 1.16 0.05

ac 1.21 180 1.155 0.055

(See Table IV for key)
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Table VIII

The observed rate of disappearance of DPPH in bromobenzene

ac

0.p.2200 A ‘ 0.D. A 0.D, O‘D‘g%gng) %Ieff
Key 0(DPPH) (sec) t A 0.D. 1 min (1.13 cm) abs.
ab 1.187 60 1.070 0.117 0.117 = 1.15 92.9
ab 0.887 60 0.77% 0.113 0.113 0.862 86.3
ab 0.364 30 0.208 0.066 0.132 0.35k 55.7
ab 0.255 15 0,219 0.03%6 0.1k 0.248 43.6
ab 0.081 5 0.068 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.L
ab 0.246 : 15 0.206 0.040 0.160 0.239 32,4
ab 0.094 10 0.068 0.026 0,156 0.0915 18.9
ab  0.055 5 0.0kl 0.01%  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 0.1h4 0.0438 9.5
c 0.487 60 0.390 0.097
ac 0.487 60 . 0.396 0.093
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

0.912 60 - 0.822 0.090
c 0.504 Lo 0.434  0.070
ac 0.504 Lo 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 0,053
ac 0.115 20 0.073 0.042
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Table IX

The comparison of the observed maximum rates of

the photoinduced disappearance of DPPH in the solvents studied

.‘ - _moles moles
4 0.D./min 4 0.D./min ‘ f{liter-min B¢ Titer-min
. Solvent (degassed) (Air saturated) (degassed)  (Air saturated)
- 0.0067 -——- ~ DX 10-8
Benzene .0009 0.0011 8 x 10'8' 9.4 x 10'8
Toluene 0.011 0.025 83 x 10'8 190 x 10'8
Chloro- -8 _8
benzene 0.032 0.037 240 x 10 280 x 10
Bromo- ' | -8 -8
benzene 0.203 0,165 1530 x 10 1240 x 10
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Fig. 9. The initial rate of the disappearance of DPPH on cyclohexane
as a function of I/Iy, 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/I,, 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/Ig, 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 1/Iy, 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/I_, the fraction of the effective light intensity

absorbed by the DPPH.
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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 rate 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 degassed 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 initial 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 degassed solutions.
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Fig. 18. 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 rates in degassed solutions.
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I1I. DISCUSSION OF RESULTS

Preliminary qualitative éxperiments establishéd 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 ?roducts 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 Jjust mentioned.

Several colored products were also separable from the photolyzed
solution, indicating that a very complicated reaction occurs.

A more extensive 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.”

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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sclutions, it is seen that for benzene, toluene, chlorobenzene, and bromo-
benzene the rate of disappearance of thé DPPH in these éolufions appears
to be independent of the amount of light absorbed by the DPPH except at
low cdncentrations of DPPHD It Then appears thaf the reaction |
DPPH + hgp/ —> 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-DPPH solutions, the:rate of the photoinduced reaction
is directly pronrtional to the amount of 1light absorbéd by the DPPH in the
solution, indicating ﬁhat the major reaction is indeed
DPPH + h?» ——> DPFH* ,
followed by some reaction of DPPH¥* that resulﬁs in thé disa@pearance cf DPPH¥*.
It must be concluded, then, that thé‘disappearance of DPEH in benzene,

toluene, chlorobenzene, andvbromobenzene'involves a process due to the
absorption of energy by the sQlQent, i.e.,

| 84 hd —> S
followed by '
S* + DPPH —f€>‘?roducts,

Leﬁ us examine the possible excited species of the solvent at wave
length 3126 A. |

The lowestAlying.tripletvstétes for many molecules have been found
in recent years Ey studying the fhoéphorescence spectra of these molecules
in rigid glasses.gl _Elecﬁronic transitions between triplet states have
been observed by McClure25 in rigid glasses.

; In solution, at room temperatures, these materials which phosphoresce

in the solid glass show only normal fluorescence, generally with a decay
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time of about 10-8 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 pho%ochemistry indicates that it
is a case of deactivationo,Bowen6 postulates_that the photooxidation of
anthracene in solution has the lowest triplet state of anthracene as an
intermediate in the oxidation. If triplet stateg are actually involved
in photochemical reactions, it seems reasonable that thellifetimes of the
triplet states in solution are greater than those of the singlet states.

50

By a flash photolysis technique, Porter and Windsor have observed
transient spectra with half lives as short as about SO.uséc in soliutions
of naphthalene, phendnthrene, naphthacene, triphénylene, chrysene, pyrene,
and others. The spectra were interpreted bnyortef and Windsor to be dge
to triplet states ofvthese'molecules in solutions. These transient spectra
were not observed in very simple'aromatic compounds, probably because the
lifetimes are too shqrt for‘them to»be observed by the technique used.
Porter and Windsor qonclﬁde 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 absorption process. It is
also a phenomenon of ﬁajor importance, as is shown by the fact that there
is 1n some cases about 50% conversion‘of the excitéd singlet states to
the triplet state by a single flash, in Porter and Windsor's experiments.
With.some substahées, sﬁch as benzene and dicthrobenzené,.direct
absorption to thevtriflet level has been previously observedol8 Direct

absorption 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 direct 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 postﬁlated that in aromatic systems theiproduction_of the triplet
state from the first excited singlet state by a process of internal con-
version occurs to some extento51

Finally there is the possibility of direct photodissociationvor pre-
dissociation of the absorbing aromatic molecules. For benzene, toluene,
and chlofobenzene, no evidence has been found fdrﬁﬁhOtbdissociation at

13,17,34,38

wave length 3126 A. ‘Bromobenzene, however, has been pyrolyzed
with an activation energy of about 71 kcal/mole for the production of
bromine atoms and phenyl radicalsol9 One might then expect that bromo-
benzene would photolyze at wave length 3126 A (corresponding to9l_kcal/
mole) to give phenyl radicals and bromine atoms. The spectrum of bromo-
benzerne in the near ultraviolet is apparently not'é continuum, which
suggests that if phenyl radicals and bromine atoms are produced, 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 depehdencé on the DPPH concehﬁration, 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

DPPH concentration is great enough to compete with the combination reaction

of radicals that escape primary 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 the exclted 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 DPFPH 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 DFPH with excited states of the

b
The 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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solvené 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 photodissocietion of benzene et 1900 A
are less than 10—2,58 and for toluene at 2537 A, less than lO_u.17

The experimental fesults 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 reascnable that it would occur in the obher
solvents. It was found that the experimentally determined curves of
rate versus the DPPH concentration could be resolved into two unique
curves; curve ad (Figso 20-22), which descfibes the DPPH and S¥ reaction
(essuming 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 suceessive approximations and is‘illustrated for chlorobenzene in
Appendix II. The curves determined for benzene, toluene, and chloro-
benzene by this method are given in Figs. 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 bc. Then the
actual rate of disappearance of DPPH vs DPPH concentration is given by
ad - (ac-be), the dotted curve on Figs. 20, 21, and 22.

The quantum yields fer.both reections 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
calculated by method shown in Appendix II

Solvent | Reaction with S¥ Reaction of DPPHC
Cyclohexane - - ~ 0.0001

Benzene 0.01 + .002 0.00013

Toluene . 0.037 + .005 0.003%
Chlorobenzene 0.073 + .004 0.005
Bromobenzene 0.18 + .02 - - ¢

“This 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 DPPH, then
one would expect that some information could be obtained by éstimating
what lifetime the excited state would have to have in order to show the
concentration dependence observed in the DPPH concentration range of lO_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 bin

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

excited state diffusegrs from the source, as calculated for a three-

~
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Fig. 20. The determination of Curves ad and pe, which describe reactions -
of Type I-12 and 1-8 respectively, from the experimental Curve bc.
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 bc.
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 bc.
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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dimensicnal random walk process, is given by

R=2r, (%)1/2, ' ITI-1

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

diffusive displacements during the lifetime of the statee7 Assuming
then that the frequency factor of diffusive displacements is about lOll
per second, we can calculate the radial displacemeht R for an activated
species of lifétime 10-9 second and one of lifet:’Lme'lO"5 secona
(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
R=5.7Tx2 (lo x 10 }1/2 for T = 1077 sec,
or N
R £ 50 A;
and 11 -5 7
R =57 x2 <lO x 10 ‘)1/2 for t = 1077 sec,
or : N~

R = 6000 A.
As the average distance between DPPH molecules in benzene solution

at a DPPH concentration of 10-5

M is about 550 A,vit 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 benzéne, 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



-62-

lifetime T, one may consider the rate of disappearance‘of activated solvent
molecules, %%f as a function of the diffusive displacement frequency 2/,
the average lifetime T'Of the excited state S¥, and the mole fraction ND
of DPPH. Then we have
das¥/as = -(11/12% Ny 6)n - n/7, (11I-2)

where n is the number of activated states produced pef 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
moleculés that 8% 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

11/2 wy 2/ ,. © (ITI-3)

F = .
11/2 ND’JJj + 1/

The curves predicted by Eq. (III-3) for 7 = 5 x 10_6 sec, lO_5 sec,
5

5 x 10 7 sec, and 10—8 sec are given in Fig. 23.
For beneene and chlorobenzene,; curves of the type predicted by Eq.
(III-3) are readily obtained from the expefimental plots of initial rate

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

describing the DPPH

5% 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 BCA from 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 L.5 +

.8 x lO_lQ 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 R/0Z" is equal to the fraction of the excited species formed

that reacts with DPPH, and from Eq. (III-3) we have

11/2 Ny ¥ .
R = (TTI-4)

V1
11/2 NyV o+ 2

and

=1+ -2 (I1I-5)
5/2¥t N,

| =

It is seen that a plot of 1/R vs l/ND should give a straight line
with slope (5/27)1)_1. Such a plot for the DPPH-chlorobenzene reaction
is given in Fig. 2k.

Values of 1 for the triplet states of benzene, toluene, and chloro-

benzene calculated in this manner are given in Table XI.

Table XTI

Values for v for triplet states in solutions

Solvent YT t(assuming # = lOL%sec)
6 -5

Benzene ~ 3 x 10 % x 10 sec -

Toluene n 2.5 x 106 2.5 x 107 sec

Chlorobenzene 2.2 +0.2 x 10° 2.2 x 107 sec

It should be pointed out that the values of 2/7 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 10-5 sec; c, 1 x 10-2 sec; d, 5 x 10-° sec; and '
e, 1 x 10-8 sec). These curves are predicted by Eq. III-3 and the
inner filtering effect.

..
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the porticn 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 theycompgunds irradiated.
It is noted that as the mass_(or atomic’namber).of the substituted group
or atom increases Région A moves to a higher DPPﬁ concentration with 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 deCféaéing with increasing
mass (or atomic number) of the substituent group. In subétituted benzene
molecules, as the atomic'ﬁumber of the substituent group increases, the
singlet-triplet transition probability increésesvowing to the gradual
change of the electron coupling from‘L°S ﬁo jed, and the lifetime of the
triplet states deéréases;2

The differences in the rates in air-saturatea'and degassed solutions
are also of intéreste In‘benzene, toluéne, and chlorobenzene it is noted
that the presence of air causes an increésé in the rates of the reactions.
It has been showh by Bowen5 that oxygen qﬁeﬁches the fluorescence of ben-
zene and toluéneﬂin solution by a reaction of'the oxygen with the excited
singlet state to.give a stable peroxiaeo' This effect in toluene is
roughly twice as great as in benzene. It has been shown by Magateg that
DPPH is extremely sensitive to pefdxides in solutiono One would then
expect that if oxygen is presént in the solution of'bPPHfin benzene and-
toluene, an increase in the rate of the photéinqued feactiop would be
observed owing to the percxides formed Whén.oxygen quenches the singlet-
state fluorescence% Aﬁ effect of this type is present. - Fluorescence
of chlorobenzene is not observedvin solution, but -the peroxide formation

during the deactivation process probably occurs.

'
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Fig. 24. A plotof 1/R vs 1/Np (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 offe.different natufe from the
reactions in the other solvents. Further evidence that at least part of

the reaction in bromobenzene 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 DFPH concentration
than it is for chldrobenzene.

Since the activation energy of the reaction

CcH Br > C6H5° + Bre . ] _ (T11-6)

>

has been determlned to be about 71 kecal per mole, and since the energy
at 3126 A is about 90 kecal per mole, it is qulte pessible that the photo-
dissociation of bromobenzene followed by the reaction of the DPPH with
the free radicals produced contributes to the over-ell 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 eignifipantly higher than would be expected
if the reection'were only that of DPPH and freevradical produced by photo-
decomposition, since the quantum yield for tﬁe production of radicals in
iodobenzene is only 0.053 at these wave lengths.,2 |

An attempt was made to separate the pfoducts.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 Wild” had shown that DPPH is reduced on alumina
columns. DPPH was found to be stable on silicié acid columns.

Only one product was 6bserved 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 photolyzed air-free soclution
-of DPPH in toluene. vIt 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 réaction;

In no case was the product diphenylpicrylhydrazine, which has a
characteristic absofption'spectrum that -can be eaéily identified. This
clearly eliminates reactions such as

DPPH + H- ——> DPPH-H
and ‘ o
DPPH + S ———> DPPH-H + R*
Photolyzed solutions of DPPH ih toluéne and benzenevcould be reoxidized
with lead dioxide to the charaéteristic 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.

Becauée of the diffiéulties involved with trace amounts of large
molecules, which hoid solvents very tenaciously, deéompose 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 solution. O‘D°0 = 0.325,

1
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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
solution. O.D. 0 = 0.330.
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Fig. 28. The absorption spectra of the final products of the photolysis
of DPPH-chlorobenzene solutions. Curve a represents the
products in an air-saturated solution; Curve b represents the

products in a degassed solution. O.D.2300A = 0,335,
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IFig. 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 degassed solution. O.D. 0 0= 1.3,
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IV. CONCLUSION

The rates of the photoinduced disappearance of DPPH from solutions of
DPPH in cyélohexane, benzene, toluene, chlorobenzene and bromocbenzene have
been studied by use of ultraviolet light of wave length 3126-31%0 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. Thisg reaction involving DPPH does
not result in the abstraction of a solvent hydrogen atom by DPPH.

52 et al.

These results indicate that the assumption by Prevost-Bernas
and Cha,piro8_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 quélitative 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 reéction of DPPH with molecules in triplet
states as a function of thé 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 signif}cantly 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.
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Appendix I - Corrections for Inner Filter Effects

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

absorption in the reaction vessel is not negligible, it is always necessary

to apply a correction for this ipner filtering effect.

The absorption laws of Beer and Lambert give

Ll X (v-1)

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

.X is the thickness of the absofbing layer in centimeters; € is the

absorption coefficient of the absorber; I, is the incident light intensity;

0
and I is the intensity at thickness X.

The effecti#e intensity or average intensity of the light over a

thickness X is given by

X
I = AZ;-EEE . (v-2)
eff_ X
fdx
o]

Substituting 5a in 5b, one obtains
x .

-eCX -eCX
\/; 1T, e % I, (1 - e %)

T o= = : — (V-3)
eff X e CX

or, in terms of optical density of the solution,
Io(l - e‘(OGDo))

I = —
eff (0.D.)

(v-1)

where 0.D. is the optical density and is defined as

0.D. = eCX (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)

I = — (v-6)
eff (0.p.); + (0.D.),
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Appendix IT

The method of successive approximations for determining the curves
that describe the two Reactions (I-12) and (1-8) from the original data
is represented by'Fig.vio.

Cur?e ACB is é plot of the obéerved rate of disappearance of’DPPH
versus the optical dénsity of DPPH (oPtical densiﬁy is proportional to
the concentration)}. At point C, the maximum of curve ACB, where 0.D. = X,
a correction is made for the inner filter effect.of thie DPPH absofption,
assuming that most of the reaction at this point is causgd by the
activated solvent molecules. Line zy, then, fepresents approximately
the rate of disappearénce of DPPH if no inner filter effect were present.
Curve zD is then drawn so that it describes the reaction

S* + DPPH ——> products
as 1t would be obserﬁed with the inner filter effect of DPPH absorption
present. The ampunt of reaction AD was assumed fhen to be due to another
reaction, (I-8).

Curve OF is theﬁ dfawn so that it describes Reaction (I-8) which is
proportional to the aﬁount of light absorbed b& DPPH (the inner filter
effect of the solvent is neglected)z EF = A.D.

It is seen, then, that at 0.D. = X, the inner filter correction
should nogrbé applied to the amount of reaction rgpresented by WX. This
lowers curve zD at =z by the amount WX multiplied by the correction for the
inner- filter effect 4t X. This correction, made éuccessively,'gives
curves z"D' and 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 eipécted if S* had a lifetime that was very long compared to

the time between collisions of S¥ and DPPH.
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Fig. 30. The representation of the method for determining two curves
describing reactions I-8 and I-12 from the original rate data.
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