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INTRODUCTION

WisLanD prepared tetraphenylhydrazine for the first time and proposed
that: (1) when heated in a non-polar solvent like xylene or toluene to
about 90° C., tetraphenylhydrazine dissociates into diphenylamino-radicals,
and (2) the coloured compounds formed by the action of acids on tetra-
phenylhydrazine have a quinonoid structure.* Weitz and Schwecten observed
that tetraphenylhydrazine does not form salts with acids unless oxidizing
agents are present and hence suggested that the action of acids on tetra-
phenylhydrazine produces free radicals instead of quinonoid compounds.?
Lewis and Bigeleison held the view that in solution tetraphenylhydrazine
is in dynamic equilibrium with the positive and negative ions of diphenyl-
nitrogen and, when an acid is added, the negative ions are first removed by
protonation; the positive ions which accumulate combine with the anion
of the acid3: "
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The action of ultra-violet rays on tetraphenylhydrazine held in a rigid
medium was studied by Lewis and Lipkin and the following reactions were
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274 M. RAMACHANDRA DAS AND OTHERS

postulated: (1) photodissociation forming two mol.ecules of ‘d?phenylamino
radicals, (2) photoionization resulting in the formation Qf positive and nega-
tive diphenylamino ions, and (3) photo-oxidation resulting in the formation

of the tetraphenylhydrazyl radical,’
Phy_ .. . Ph
Ph>N - N<Ph

The technique of electron spin resonance spectroscopy was employed
by Hoskins to investigate this problem. He attemapted to observe the para-
magnetic resonance of diphenylamino radical, which is presumably obtained
by heating to 90°C. a solution of tetraphenylhydrazine in toluene’ A
five-line spectrum contrary to an expected three-line spectrum was obtained;
it will be seen later that an impure sample of tetraphenylhydrazine gives
a five-line spectrum in the solid state and in xylene.

The present investigations on free radicals obtained from tetraphenyl-
hydrazine under different conditions extend Hoskins’ attempts to identify
the diphenylamino radical. Electron spin resonance has proved very useful
in the study of many organic free radicals, and the rich hyperfine structure
found in the resonance spectra of many organic free radicals has been the
subject of comsiderable theoretical and experimental studies.® This work
was undertaken with the expectation that the several radicals obtained from
tetraphenylhydrazine could be distinguished from one another with the
help of the hyperfine structure in their resonance spectra and their g-values.

TECHNIQUES AND MATERIALS

The Spectrometer—The electron paramagnetic resonance studies were
carried out in an x-band reflection cavity spectrometer consisting of a Varian
V-4500-40 x-band microwave bridge, the Varian klystron power supply
(V-4500-20) and their klystron control unit (V-4500-10); the low frequeﬁcy
magnetic field modulation for derivative recording was provided by a 37 cps
oscillator and power amplifier; the output of a twin-tee narrow banci
amplifier was detected with a phase-sensitive detector and recorded on a
Honeywell-Brown strip chart recorder to obtain the derivative spectrum.
The frequency of the klystron was stabilized with the sample cavity as
reference; the klystron was frequency modulated by impressing a 10 kcs.
modulation on its reflector voltage and the 10 kcs. component of the outpuy
of the microwave crystal diode, IN23B, was detected with a phase-sensitive
detector and used for the frequency stabilization of the klystron.

A Varian V-4012-A 12"-electromagnet with its associated V-2100-A
power supply and a voltage regulator (V-2101-C) provided the magnetic
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field for the resonance studies. The magnetic field was scanned linearly
at a constant microwave frequency for obtaining the resonance spectra.

Measurement of magnetic field strength.—The magnetic ficlds were
measured in terms of the proton magnetic resonance frequencics using a
circuit of the type described by Knoebel and Hahn,? with mincral oil as the
sample; the probe containing the mineral oil was placed as close to the
paramagnetic sample as possible. The proton resonance frequency was
measured with the aid of a loosely coupled antenna placed inside the proton
oscillator box, followed by a tunable radio frequency amplificr. ‘The output
of the amplifier was fed into a Hewlett Packward frequency converter
(hp-525-A) and counter (hp-524-B) combination. The crror in the proton
~resonance frequency due to dispersion effects was measuced by following,
on the frequency counter, the changes in the oscillator frequency as the
magnetic field passed slowly through resonance; it was found 1o be less
than +40cps. in 14 mcs. (i.e., about 3 parts in 10%). In order to minimise
the crrors due to dispersion, care was taken that the magnetic field did not
drift during the period of measurement of the proton resonance frequency :
the measurements were made only after allowing an initial warm up period
of about 2 hours for the magnet and magnet power supply to stabilize. After
making a series of measurements, the corrections to be applied for the
difference between the magnetic field strengths at the proton probe position
and the position of the paramagnetic sample were determined by removing
the microwave cavity from the magnetic field and shifting the proton probe
to the position originally occupied by the paramagnetic sample.  The
proton probe was casily reset at these two positions with the help of markings
on an aluminium plate on which the proton oscillator box rested.  This
procedure could be followed very casily because of the high stability of
magnetic fields attainable with the Varian 12"magnet and its power supply.

Measurement of microwave  frequencies.— The microwive froquencies
were measurcd by coupling a portion of the microwave power and beating,
it with the harmonics of a transfer oscillator.* This method is capable of
measuring the microwave frequency to | part in 108, which is the aceuracy
of the counter.

g-Value of DPPH.—The g-value of «, a’-diphenyl-B-picryl  hydrazyl
(DPPH) was measured over scveral days to verify the accuracy of the
method described above. When a speck of DPPH  was used it was
observed that though the ratio (vg/vp) of the electron spin resonance fre-
quency for DPPH (vg) and the proton resonance frequency (vp) at the
same magnetic field could be measured to a precision of 3 parts in 10* on
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a single day, the values measured over several days varied about 2-5 parts
in 10* (corresponding to a g-variation from 2-0033 to 2:0038). 'This varia-
tion was later found to be due to anisotropy effects derived from the sample
not being truly polycrystalline. Over a whole day the orientation of the
sample with respect to the magnetic field was left unchanged and hence the
constancy of the results over a day. When the sample tube was rotated
with respect to the field between successive measurements on a single day,
the g-values were found to show variations of the same order as reported
above.

The g-value of a 0-002 M solution of DPPH in xylene, which is not
expected to show anisotropy effects, was measured over several days and
the extreme variations of the ratio, (vg/vp), were within 2 parts in 10%; the
ratio was found to be 658:62904-0-0030. The ratio of the proton magnetic
moment in mineral oil to the proton magnetic moment in water is reported
as 1-0000041-+0-0000015.° Combining this with the most recent value
of the gyromagnetic rotio for protons in water, yp= 2.675134-0-00002)x
104 gauss—sec.”,10 the gyromagnetic ratio of protons in mineral oil is (2-67513
-+ 0:00002) X 10%gauss~ sec.™* The g-value for DPPH is given by

Ve
vp
e
2mecyp (mineral oil)

and with (e/mc) = (1-75887+0-00003) x 107 e.m.u./gm.1!
g (0-002 M DPPH in xylene) = 2-00347 £ 0-00004.
The g-value for DPPH has been previously reported to be 2-00364-0-0003.12

g:

Measurement of g-values, hWfs spacings and line-widths of radicals other
than DPPH.—The g-values of the free radicals reported in this paper were
measured by the method outlined for measurements on DPPH. The values
obtained differ in their precision (as seen from Table I), depending on the
line-width of the spectrum and the intensity of the paramagnetic resonance
absorption that could be obtained. In all cases the derivative of the spectrum
as seen on an oscilloscope was used to determine the centre of the absorption
signal; whenever the sample gave a feeble absorption signal, the amplitude
of field modulation was enhanced to several times the line-width in order
to increase the ease of detection of the centre of the line. The amplitude
of field modulation is known not to affect the position of the centre of the
signal,




277

Electron Spin Resonance Studies of the Free Radicals

, (9) ¥ 819
uoiInjosal £0000-0 {u2218) pioe ounydins
100d L1297 b " " T =69100-T T — @OOD®HD W Hdl (9)
, (p) ¢ "Brg
11000-0 (u22:5) pioe ounydins
B 1S " L-S " T $8100-T (&9 — poe anede ul HAL () L
a1qejsun A1 L0000 pioe sunydins
ST [edIpe1 QYL 6% T o —TL66-1 S paienuouco Wt H4L 9
__60000-0 (g 314) *0qd
’ 123 e I-6 " —68T00-T g — peonoe Ut H4IL S
(s1ewixoidde) S0000-0 Yoom B 10y 3day
' 1) 2 h 9-L Ty —$8T00-T S “proE J1soe ul Hd L (9)
paajosai Ajtood 0100600 sojnuiul U2l J0J uayeys
pue yeam £19A 03 ‘ =11T00-T : "pioB o11208 Ul HL (B) ¢
__01000-0 (T 814) p2[ood pue
157 89 [-9 F-t —$S700-¢ S paieay "poe oleoR UL HAL ¢
(21ewixoidde) £1000-0 ‘ _Yeomee
6¢ h €l 0+ —L£S00-T £ iojiday “purlix ul Hd1l T
__11000-0 {1 ‘31) pajooo pue
137 01 1-6 S-S " 6¥S00-T t pa1eay duldx ul HdL ']
(HdL) 3NIZVYQAHTANIHAVY1I] '
(ssne3d)  ,(ssned) (ssned)
SyIBWwayY wnaaads pa pa s(Ssnes) sjuauoduwiod
Blig) =}1031100) -1J1I0dUf)  SYIpLM sanjep-3 Jo sjdwies ‘ON
Jo peaids -auIg] JaquinyN
[e10L Suonjeredas STy

aulzpapKyj{uaydpaja) 0} papjas pup woif pasliap sjpa1ppa 3a1f uo pjop pupuosas wids wouoary

1 A"4gv i




M. RAMACHANDRA DAS AND OTHERS

278

‘Sjuauodmos sugradAy [enpiarpuy oy} 10§ sdeys URIZ1U9107] B QWNSSe

pue sjewnxordde o1e Loy {sjusuodwos ougiaddy WSIFIPp 9y} usaMiaq de[12A0 9Y) JUNOSIE OJUI 3YB) 0} SPLW Ie SUOIIIAII0D O, 5
Junoxoe ojur udye} sem de[raAo i ‘padeds Ajjenba oxom yorym sjusuodwon sugrodAy paureiuos [(z) 111 1deoxa] exyoads oYy [[V 4
‘dej1910 10§ pp912a1105 J0U 21 pue sadofs WU pue WNWIXew Jo sjuiod usomlaq SodueRISIP 03 19J21 SYIPIM-5UI] UL »

ssulf ¢ Jo
Arurews sisisuod
pue omowwAse (8 "81.9) *0qq 10
ST wnnoads ay I, 6< o o o . o 08y + suolAx ur ggd 'z
010000 (L '314) °09d
) 6¢ o 89 6:C 1-€8200-C ¢ -+ pReonaoe ur gdd ‘I
(4d4Q) aNt@IZNagIANaHALF  TIT
(9 "F1,1) SusfAX YJim pajoRIIXD
01000+ 0 pue ojeueFuewrod wnis
. S " . : F91¥00-T € -sejod yim pasipixo ydd T
010000 (6 "314) °0q9d
o LE e L 6:C -+68700-C S -+ proeoneoe wr vgd 'l
(VdQ) aNIAVIANTHAIT ‘[
(ssned)  (ssned)  (ssned)
syreway wnoads po po ,(ssned) siuouodwon
Yl -}J021I0D)  -)021100Uf})  SYIPIM sonjeA-3 Jo ojdureg ‘ON
Jo peaxds . -uI JOquINN]
fejor, suoneredos gy

(pauoDd) 1 aavy,




Electron Spin Resonance Studies of the Free Radicals 279

‘The hyperfine structure separations were measured by observations
on the oscilloscopes whenever possible. In most of the free radicals the line.
widths were so large that the hyperfine structure separations could be obtained
only from magnetic field marks put on the record of the spectra obtained
with the strip chart recorder; and in certain cases only the overall spread
of the spectrum could be estimated. Table I presents the data obtained on
all the free radicals reported in this paper. The overlap corrections, when-
ever applied, are approximate and assume a Lorentzian shape for the indi-
vidual hyperfine components. When making line-width and /fs separation
measurements, the modulation amplitudes used were at least four times
less than the estimated line-widths, so that the contribution to line-width
from field modulation was negligible.

MATERIALS

Tetraphenylhydrazine—In the first few experiments a sample of tetra-
phenylhydrazine kindly sent to us by Dr. M. Vecera!® was used. 'This
sample, however, had turned green and gave an electron paramagnetic
resonance spectrum by itself in the solid state and when dissolved in xylene.
'The sample was subjected to repeated crystallisations from a mixture of
benzene and alcohol but failed to yield a colourless product.

A fresh sample of the material was prepared from diphenylamine by
oxidation with powdered potassium permanganate.’* On repeated crystal-
rsations from a mixture of benzene and alcohol, shining colourless crystals
of tetraphenylhydrazine were obtained; these were dried under vacuum
(M.P. 142° C. decomp.).

Diphenylbenzidine—Diphenylbenzidine was prepared by the method
described by Wieland.!®

Deuterated acetic acid  (CH;COOD).—Deuterated  acetic acid
(CH; COOD) was prepared from acetic anhydride and 989, D,0.1¢

Silver oxide.—Silver oxide was prepared by the oxidation of a solution
of silver nitrate with potassium persulphate.

The other chemicals were obtained commercially and were of
ANALAR’ grade. ‘

RESULTS AND DISCUSSION

I. Studies on tetraphenylhydrazine—1. On heating a solution of
freshly prepared, pure tetraphenylhydrazine in a non-polar solvent like
xylene or toluene to about 90° C. the solution acquired a brownish green
colour, which it retained on cooling to room temperature. The cooled




280 M. RAMACHANDRA DAS AND OTHERS

solution exhibited an electron spin resonance spectrum consisting of three
lines with intensities in the ratio 1:1:1 (Fig. 1). A sample of tetraphenyl-
hydrazine, which had turned green on keeping, gave, however, a'r‘?sonancc
line even in the powder-form. The line from the powder exh1b_1ted fine
structure, which was not very well resolved, and seemed to consist of at
Jeast five components. A solution of the sample in xylene gave a wr:zak,
five-line spectrum, which changed to a strong, three-line spectrum on heatlpg.
It must be pointed out, however, that not all samples of tetraphenylhydrazine
showed visible decomposition on keeping; the samples obtained as cqlf)urless
crystals after repeated crystallizations were not prone to decomposition on

keeping.

Fic. 1. Derivative of the electron spin resonance absorption from a solution of tetra-
phenylhydrazine in xylene heated to 90° C. and cooled. The radicalis the diphenglamino radical,
Ph-N-Ph.

The three-line spectrum obtained on heating a solution of tetraphenyl-
hydrazine in a non-polar solvent is attributed to the diphenylamino radical,

Phy_ .
N [
o
(sometimes called diphenylnitrogen), whose formation was predicted
by Wieland.! The hyperfine structure is believed to be due to the

hyperfine interaction between the odd-electron and the spin of the N nucleus
(I = 1), resulting in three equally spaced components with the same intensity.

2. If a solution of tetraphenylhydrazine in xylene was not heated,
but allowed to remain for about a week, (or if oxygen was bubbled through
the cold solution), the sample changed its colour slightly to a faint brownish
hue and gave a weak resonance spectrum similar to Fig. 1. The g-value
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also agreed with that of the diphenylamino radical within the limits of experi-
mental error. The role of bubbled oxygen or atmospheric oxygen in this
reaction is not well understood; it is possible that the first step in this re-
action is oxidation, leading further to the cleavage of the molecule resulting

in the formation of diphenylamino radicals.

3. A solution of tetraphenylhydrazine in acetic acid, however, showed
an entirely different behaviour on heating or on keeping. On heating it
turned violet and the cooled sample showed a very strong paramagnetic
resonance absorption consisting of five lines (Fig. 2). 'The 5-line spectrum,

FiG. 2. Derivative of the electron spin resonance absorption from a solution of tetra-
phenylhydrazine in acetic acid heated and cooled. The radical is the tetraphenylhydrazinium

radical,
Ph Phyt
. . / ]
N — N .
[Ph> \ph

which had a g-value that differs distinctly from that of the diphenylamino
radical, is believed to be due to the radical of the type,

Ph Ph*
N — N ,
[Ph> \ph
a radical similar to DPPH; the hyperfine structure arises from the inter-
action of the electron spin with the nuclear spinsof the two equivalent nitrogen

nuclei. The relative intensities of the hyperfine components also- agree
A2
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qualitatively with the expected ratio of 1:2:3:2:1. The experiment was
repeated with CH;COOD and there was no change in the spectrum showing
thereby that the fine structure does not arise from the protons derived from
the carboxylic group of acetic acid.

4. When a freshly prepared solution of tetraphenylhydrazine in acetic
acid was shaken for about ten minutes, the solution took a greenish tinge
and showed a very poorly-resolved, weak, resonance absorption. The
g-value of this differed from those of all the other spectra and the entire
spectrum was spread over 50 gauss. A new radical species is formed, the
nature of which could not be determined on account of the lack of detailed
characteristics of the spectrum.

The same solution, however, when kept over for about a week turned
dark brown and exhibited a strong, five-component, resonance line with a
g-value agreeing with that of the radical obtained on heating a freshly prepared
solution of tetraphenylhydrazine in acetic acid.

5. On oxidation of the solution of tetraphenylhydrazine in acetic acid
with PbO,, a strong absorption was obtained and the spectrum again showed
five distinct lines, and its g-value agreed with that of the heated solution
in acetic acid. The spectrum, however, was less resolved and was spread
over a larger range; the spacing between the components was also different

(see Fig. 3). 'The spectrum showed no change when CH,COOD was used
instead of CH;COOH.

FiG. 3. Derivative of the electron spin resonarce absorption from a solution of tetrapkenyl-
hydrazine in acetic acid treated with PbO,.

6. A powdered sample of tetraphenylhydrazine, when treated with
concentrated sulphuric acid, showed very rapid colour changes. There

i
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was a deep violet colour that lasted for a very short time, followed by a
Jonger blue which finally turned into pale green. All the colour changes
were followed in the paramagnetic resonance spectrometer and only the
violet phase showed the presence of free radicals. [Initially, the concentra-
tion of radicals was very large but decreased very rapidly with no trace of
resonance signal after ten minutes. The entire spectrum had to be scanned
very rapidly using fast scanning techniques and short time constants.  Stcady
flow techniques were not adopted because of certain experimental difficultics.
The g-value measurements were made very hurriedly owing to the short
life of the species and a precision greater than 4-0-0007 could not therefore
be attained. The g-valuc was smaller than the free clectron value of 2-0023
and the spectrum consisted of 5 components. Both the powdered tetra-
phenylhydrazine and the concentrated sulphuric acid were cooled to about
—5° C. before mixing to prolong slightly the life of the frec radical phase.

7. 'The spectrum obtained from adding a drop or two of concentrated
sulphuric acid to a freshly prepared acetic acid solution of tetraphenyl-
hyrdazine was, however, very much different from those discussed carlier
[Fig. 4(s)]. When sulphuric acid was added to the acetic acid solution,
there was a flash of violet colour followed quickly by blue, turning slowly
into green. The violet phase was too short-lived for resonance studies and
the blue phase exhibited no resonance.  The green phase had a paramagnetic
resonance spectrum, whose central portion showed a flat on the derivative
curve indicating a trough rather than a peak at the centre. Since the
hyperfine interaction with nitrogen (I = 1) alone cannot under any conditions
give a trough at the centre, it had to be concluded that some hyperfine
structure duc to protons also was being observed. (In the other spectra
where the observed Afs has been attributed solely to nitrogen nuclei, any
hfs due to protons might be unresolved) To confirm this, the experiment
was repeated with CH;COOD instcad of CHyCOOH and the resulting
spectrum [Fig. 4 (b)] showed no trough at the centre. ‘The trough at the centre
was, therefore, caused by hyperfine interaction with the protons derived
from the carboxyl group of acctic acid; and the deuteration of the carboxyl
group led to a peak instead of a trough, as expected from a nueleus with
[ = 1. The g-values of the deuterated and undeuterated species agree with
each other, though they differ from the g-values of the other radicals and
fall below the free clectron valuc. The spectrum of the deuterated species
was split into five main lines and the spectrum of the undeuterated species
apparently into six. The five main lines might be duc to a larger nitrogen
splitting over which smaller proton or deuteron splittings are superimposed.
From the fact that some of the Afs is derived from the proton abstracted

S S son i A
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S gy

Fic. 4. (a) Derivative of electron spin resonance absorption from a solution of tetra-
phenylhydrazine in acetic acid treated with a drop of sulphuric acid; (b) CH;COOD is used as

the selvent instead of CH,COOH.
«—t

Fic. 5. Derivative of the electron spin resonance spectrum of a solution of dipyhenlamine
in acetic acid treated with PbO,. The radical is the same as that in Fig. 2.
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from the carboxyl group of acetic acid, we are led to believe that the free

radical formed is in all probability, (he protonated tetraphenyihydrazinium
radical,

LE

Ph L
1‘}1’/” 1’3;

1

I Suddics on Diphenvlaming. The paramagnetic resonanee studies
were extended o o few reactions of diphenylbenzidie and aim%wmi.nnnu‘»
to ascertain whether diphens Limpe and diphenvibenzidine woild, under
suitable: conditions, yield the wame radicals as those obtamed o tetni
phenylhydrazine.

L Diphenylamine was subjected 1o oxidation with PhO), 1 4 polar
medium, viz., acetic acid.  The Fesanance spectrum of 1he resullmg mnqure
exhibited five components and the sevalue, the line-widehe of e vemponent.,
,md jif,' xrmcingx ;l}ﬂ't,‘u-d with thone of the froe j‘;ldiu,’,ﬂ nhmmml g*ﬁ ”‘?MH%}{
a solution of tetraphenyihvdrazine in deetic avid (Fig 81 When detterared
acetic acid, CHCOOD, was used there was 110 cluaspe m the apectrum
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Fii. &, Detnative of the clevtion apim aesosne WM 0 fhe gy len Caliant of gl
wdue ablaned By the ovdagon eb shiphemdamine with Petanssusts pesiangas gy gy acolyie
S evaporating the acelune,

20 I however, the ovidation wa. crried out warh PhO), or ApOy oy
siene, @ non-polar solvent, (he resulting solution FAve o very broad, wegh
WOOANCC  speetrum, whose churactenstics could not be catnily measured,

we, tetraphenylhydrazine i usually prepared by the avidation of di-
henylamine with powdered Potassium permanganate in acetone this system
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was subjected to resonance studies. A solution of diphenylamine in acetone
was shaken for about ten minutes with powdered potassium permanganate
at room temperature and the acetone was evaporated with a jet of nitrogen.
The residue—which on crystallization from a benzene-alcohol mixture
yields tetraphenylhydrazine—was extracted with xylene in the cold and
the xylene extract was examined inthe spectrometer; a well-resolved three-
line spectrum was found (Fig. 6). This spectrum resembled the spectrum
of diphenylamino radical in its line-width and overall spread, but had a
different g-value. The mother liquor from the crystallization of the crude
tetraphenylhydrazine also gave a similar spectrum. The mechanism for
the formation of tetraphenylhydrazine is presumed to be the oxidation of
diphenylamine into diphenylamino radicals, two of which combine to form
a molecule of tetraphenylhydrazine. The species, whose spectrum we have
observed, might be that of the diphenylamino radical further oxidized;

the presence of three components may be indicative of this radical containing
only one nitrogen atom.

III. Studies on Diphenylbenzidine.—1. Diphenylbenzidine behaved | in
a manner analogous to diphenylamine, when treated with acetic acid and
PbO, (Fig. 7). The five-line resonance spectrum did not undergo any

change when deuterated acetic acid, CH;COOD, was used instead- of
CH;COOH. |

- F1e. 7. Derivative of the electron spin resonance spectrum of a solution of diphenyl~
benzidine in acetic acid treated with PbO,. The radical is the same as thatin Figs. 2 and 5.
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2. Inanon-polar solvent like xylene, the oxidation of diphenylbenzidine

with PbO, or AgO. resulted in an asymmetric paramagnedic resonance
spectrum (Fig. 8). It is believed that more than one radial is formed and
the measurement of g-value has no meaning due to the ambiguous nature
of the spectrum. ‘The spectrum could be interpreted  as consnting of o
less intense line superimposed on a stronger three-hne spectrum, I this
interpretation is correct the g-value of the component species v 20030

-+0-0005.
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CHARACTERISTICS OF 1 EricTrRoON SPIN Restmanet S iia
Or Frer Rapicats

The electron spin resonance spectra of organic free radwals are chas
racterised by the g-values, the hyperfine structure and the sepatation between
the hyperfine components, the hae-widths of the components and the aver-
all spreab of the spectra, Amang these the gevalues and the hyperfine
structure are most useful in differentiating between radical spevien, The
gevalues of organic free radicals containing €, H, O and N have been
found to cluster around the free clectron value of 2-0023 and great precision
i the determination of gvalue is necewary for dufferentiating between
nic free radicals only on the basis of their gvalues The almos




288 M. RAMACHANDRA DAS AND OTHERS

. . _ i . sults in
of spin-orbit interaction in organic free radicals resul

the isotropic part of the g-tensor (the part which is measuxed :‘in _solut}ons)
being very close to the free electron value and the small deV1at103,1$ rom
the free electron value are presumably due to second order contributions

from spin-orbit coupling.

complete quenching

The rich hyperfine structure usually observed m the elfzctron spin
resonance spectra of organic free radicals gives considerable information
about the nature and structure of the free radical. It arises from the mag-
netic interaction of the electron magnetic moment with the magnetic mon'ment
of the nuclei, the magnitude of this interaction being reflected in the s pacings
between the hyperfine components. In solutions of low viscosity, the magni-
tude of the hyperfine interaction with a particular nucleus is directly pro-
portional to the density of the unpaired electron at this nucleus,’® and a
study of the hyperfine pattern gives information on the distribution of the
unpaired electron over the molecule. Most of the hyperfine structure
observed in the radicals related to tetraphenylhydrazine has been attributed
to interaction with nitrogen nuclei (except in the radical formed when a
solution of tetraphenylhydrazine in acetic acid is treated with a drop or two
of concentrated sulphuric acid). The magnitude of splittings measured
are of the same order as those found for nitrogen splittings in other radicals
(compare DPPH in benzene'® or peroxylamine disulphonate ion2°). 'The
splittings due to protons in the phenyl rings of these radicals are usually . |
very small and we have not observed them. The only proton splitting that “
has been observed in this study is due to the proton derived from the acidic ]
medium, in the reaction between concentrated H,SO, and tetraphenyl- 1
hydrazine in an acetic acid medium; even here the proton is outside the
phenyl ring.

The hyperfine structure spacings have been reported only for some of
the radicals studied because of the large uncertainties involved in the overlap
corrections when the individual components have line-widths comparable
to the hfs separations. The hyperfine spacings in spectra, which are not
sufficiently well resolved, are, therefore, less reliable criteria than the g-values
for differentiation between radicals. In our investigation, we did not have
!;o rely on Afs spacings for differentiation between radicals except in one
mstance, viz., the radical derived by the oxidation of tetraphenylhydrazine
with PbO, in an acetic acid medium. It has five components and its g-value
agrees with those of the other five-line radicals observed in this series; the
spectrum, however, is very broad and spread over a larger region. 'The
uncorrected Afs spacing of 9-1 gauss found for this radical is very much

_———-
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different from the average of 7 gauss for the other five-hne specira I there
is an appreciable overfap between the components due to the larger hine.
widths of the components in this particular medium, the corrected Afs spacing
would increase: hence, we are led to believe that we have here a radical,
different from the radical which gives the same gevalue but different by
spacings.

The fine-widths and the overall spread of the spectra depend consderably
on the concentration of the radicals and the natre of the mediom w which
the radical is obtained.  Whereas the isotropie part of the g tensor qnd
s spacings of radicals in solutions of Tow viscosity depend onfy on intry.
molecular interactions and are hence independ ent of the medm, the line.
widths and comsequently the overall spread of the spectrum depend aho
on intermolecular interactions. The mteraction of the vadical  with its
neighbours (lattice) decides the spin-luttice relavation time and henee the
line-width of the individual components, The dipolar und the exchange
mteractions that govern the Hne shape and the bnewidths sre conventration
dependent. (It should be pointed out that i veny conventrated  salutions
the hyperfine structure might be completely fost due to the phenomenon
of exchange marrowing.)  In certain cases, the hfvtime of the radial itself
is made short by fast reactions in which the radical takes part and the line.
width becomes dependent on the mite of this reaction, which m s s cone
trolled by the voncentration of the radical and the other reachions ™ Poy
the reasons cited above, we have not relied on hineswidthe e making sy
tematic  differentiations between the radicals. The observed e widihs
are & function of the amplitude of the magnet ficld modulation and the
averlap between the different components of the ;w“m I owar ot

abways possible to operate at low field modulation amphitudes due 1o the
tow free radical concentration m such cases the linewidths wnd by o pacing
have not been reported,

CONCTUSION

Tetraphenylhydrazine has been known, from the time 10 was it
prepared, to undergo o ovariety of reactions mvalving free tadial e
mediates. We have attempted an our studies to provide postive prout far
the formation of these radicals and to dentify the reactions that may imole
common intermediates.

1. Among the radicals which have 3hne spectra, we Bave wdentilied
the diphenylamine radical,
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which is obtained either by heating a solution of tetraphenylhydrazine'in
xylene or by keeping the solution for a week or by bubbling oxygen

through it.

2. 'The three-line spectrum obtained from diphenylamine, on oxidation
with potassium permanganate [See Table I-II (2)] in an acetone medium
cannot be attributed to the diphenylamino radical. The free radical results,
perhaps, from the successive oxidation of the diphenylamino radical by
gxcess potassium permanganate'

Ph .
>NH Ondatxon_) >N
Ph Ph
Phy PE . Oxid

NH + y  Oxidation N — N< + H,0
o p/ > Ph/ 2

_Ph Ph
Pb> 0x1datxoi> Ph>No and other Products.
The spectrum reported by Hoskins for the radical obtained by passing oxygen
through a hot solution of diphenylamine in a mixture of toluene and alkaline
alcohol, and presumed to be diphenyl nitric oxide,

Ph
\I;TOs
’
does not agree with our spectrum and the g-values are also different.
The nature of the radical we have observed is, therefore not well

understood.

3. We believe that the asymmetric spectrum obtained by the oxidation
of diphenylbenzidine with AgO or PbQO, in a non-polar solvent [see Table
[-III (2) and Fig. 8] is from more than a single radical species. 'The
g-value of the major three-line radical does not agree with that of the di-
phenylamino radical, and the radical could either be Ph-N-Ph-Ph-NH-Ph,
or the biradical, Ph-N- h-N-Ph, obtained by the oxidation of either
one or both of the imino groups of diphenylbenzidine, Ph-NH-Ph—Ph—
NH-Ph, respectively. The biradical is rather unlikely to be formed on
account of the higher stability of the diamagnetic quinonoid compound,

Ph —N=< \,-‘=\/ ___>=N-— Ph,

In this connection, it may be mentioned that the carbon analogue of this
compound, Chichibabin’s hydrocarbon,

(T Dec

Ph
Ph>c AN
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is found to be diamagnetic. Hutchison and co-workers and also later
workers have observed electron spin resonance from the solution of this
hydrocarbon, corresponding to this hydrocarbon existing in the biradical form

Ph
>C—-Ph——Ph-—-C<
Ph

to about4%.22 Ingram, however, observes that the signal might have been
due to an impurity.?

4, The radical,

Ph

[Ph>N & /Ph]+

Ph \rh

is formed under various conditions: (4) on heating a solution of tetra-
phenylhydrazine in acetic acid; (b) by the ageing of a solution of tetra-
phenylhydrazine in acetic acid; and (¢) when diphenylamine or diphenyl-
benzidine is oxidized with PbO, in an acetic acid medium. Weitz and
Schwecten have suggested that in acid solution this radical is formed by
the removal of an electron from a molecule of tetraphenylhydrazine:
the resulting cation can then form a salt with the anion of the acid.?
A molecule of tetraphenylhydrazinc itself can act as the oxidizing agent:

> _ N< ”i):udatmn [ >N _ N< ]
Ph Ph

[l’h\ B fq/ph]*

I’h/ \I’h

The formation of this radical on keeping an acetic acid solution of tetra-
phenylhydrazine is perhaps duc to atmospheric oxidation. It is possible
that the same radical is derived from diphenylamine and diphenylbenzidine
in the following manner:

Diphenylamine:

Ph>- Fh K Ph L Pht
Nt > —_— [ >N —- N ] + H
Ph - Ph !

Oxidation
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Diphenylbenzidine :

H

|
Ph — N

NN\ 2N\
_ e _
Ph — 1\;7—-1:\1 — Ph o
N\ Ph. . he+
o (N N FOU

{m-complex)

A similar -complex is at present believed to be the transition state in the
benzidine rearrangement.?* The two aromatic rings fold on each other
and the energy difference before and after the folding is extremely small; 2
and the formation of the tetraphenylhydrazinium radical is believed to be
through a w-complex transition state and may be compared to the reverse
of the benzidine rearrangement.

5. The protonated tetraphenylhydrazinium radical,

H ++
Phy . | Ph
N — N ,
Ph N\pp

is obtained when a drop or two of concentrated sulphuric acid is added to
a solution of tetraphenylhydrazine in acetic acid.

)

N — ™  Oxidation [Ph\i& o <ph]+
Ph”’ Npp — > Lo/ -

Ht

¥ \

H + H +
Ph._ .. .. ,Ph Oxidation Ph. . . _Ph

e W
.Ph Ph Ph Ph

Ht+
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6. We have not understood the nature of the radical formed when
tetraphenylhydrazine is reacted with PbO, in acetic acid (Fig. 3); the radical

is different from
Ph Ph4+
\.. _ .
[Ph/ N N<Ph] '

but the presence of a five-line structure indicates a >N-N< structure for
this radical also.

7. On atmospheric oxidation of tetraphenylhydrazine in acetic acid,
the radical formed as the initial step seems to be different from the tetra-
phenylhydrazinium radical,

Ph Ph+
N — W ] .
N — N ;
[Ph N\ph
prolonged oxidation, however, leads to the formation of the tetraphenyl-

hydrazinium radical. The nature of the radical formed as the first step
is not well understood.

SUMMARY

The free radicals obtained from tetraphenylhydrazine, diphenylben-
zidine and diphenylamine under different conditions have been investigated
with electron spin resonance techniques. The identification and differen-
tiation between the radicals were done on the basis of their g-values and
the line-widths and hyperfine structure exhibited by their spectra. The
formation of the diphenylamino radical,

Ph_ .
>,
Ph

by the thermal dissociation of tetraphenylhydrazine in non-polar
solvents has been confirmed. The same radical is obtained when tetra-
phenylhydrazine is subjected to atmospheric oxidation in a non-polar
solvent. The tetraphenylhydrazinium radical ion,

Ph. Pha*

Pl e

[Ph/ N\Ph ’
is formed (1) when a solution of tetraphenyl-hydrazine in acetic acid is
subjected to prolonged atmospheric oxidation, (2) when a similar, freshly
prepared solution is heated and (3) when diphenylamine or diphenylbenzidine

is subjected to oxidation in an acetic acid medium. It is believed that
the protonated hydrazinium radical,

s e T

A e S R 2
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++
N . e
P’ “N\ph | *
) H

results if an acetic acid solution of tetraphenylhydrazine is treated with a
few drops of concentrated sulphuric acid.

During the course of this investigation, the g-value of a 0-002 M solution
of DPPH in xylene was measured to be 2-00347--0-00004.
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