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T and T, relaxation {times of diphenyl, tetracyanoet.hylen (TCNE) and o, o'

o dlpyndyl radlcals preparéd in THE in various concentrations have been: measured by SRR

‘using a double resonance weak Yield spectrometer, constructed in this laboratory The‘t

theory and techmque of measurement have been. glven, and the results o"btamed have S

been  discused;’ . : . . N
INTRODUCTION

‘ The variation of the electron polanzatlon ina sulutlon, which

“contains electron and nuclear spins affects the nuclear polanzatmn.
This effect is known as Overhauser-effect [1], [2]. As'a result
of the Overhauser -effect the dynamlc nuclear polanzatlon ariges

“and the species and the strength of this polarization depend on ‘

' the origin of the spins, magnéetic field strength and the saturation™
degree of the electron spin resonance. In the steady state, for the-

~ dynamic nuclear polanzatlon, the following equation can be writ-
ten [3]. ' ~ :

i

P,

4 Ys : - A
Po ’ Yl B * :

\

where, P, is the excited nuclear polarization and P, is the nuclear
polarlzatlon in the thermal equilibrium. The parameters which
are shown in the equation have the following meanings: p, is a
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coupling parameter which depends on the origin of the interactions
between nuclear and electron spins. In the case of the sufficiently
k rapid molecular motions («? 7?, <€ 1) ¢ can be taken as 1/2 for
dipolar and 1 for scalar coupling. f, is the distribution factor which
depends only on the nuclear relaxation. The value of fis in between -
O and 1, and it can be expressed as
T

1

‘Tl,_ T1"|‘T10' T k'\,

@) -

where, T, is' the total nuclear relaxation time of the radical selu-

tion, T, is the relaxation time arising fromthe coupling of the elec-
tron spins and T, is the relaxation time which is originated from the

other mechamsms in the pure solvent. s is the saturation parame- :
*ter which depends only on the properties of the electron spins, -
- suchi as electron spin relaxation and the shape of the resonance
- curve and it-is defined as '

-
~

Ho; H‘z‘
11

I

=
IA
IA

3

0

wherell, is the electron spin polarization excited with the resonance
and II, is the value of the same quantity in the thermal equilib-
rium. v,, Y, are the gyromagnetic ratios of the electron and nuc-
- leus respectively.

By using the representation,

Ys N
F = of “)
‘ Yr
equation (1) can be written as
Pz . . 7
—— =1-Fs , ()

o

In this equation F is the extrapolated enhancement factor and -
it can be determined by extrapolating of the saturation curve
(s =-1). It is evident that for the pure dipol - dipol coupling
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the value of the enhancement faetor of the nuclea:r polarlzatlon '

- (P,-P) | P, is equal to — 330.

; ‘The state of a radical in a magnetle fleld cair be expressed‘
by a wave, function ¥, and for a- magnetlc quantum number ,

o electron polamzatmn leads to

=3 v‘ 1 L Nl

£ 3

141.151; where S,is the component of the spm operator S (va 5 Z)
in the z threctlon and N_ is the populatlon in the Y, .state.
The summation is made all over the states in orderto fmd the total
_eleétron polarlzatlon in the same direction. T

A ‘high frequency fleld excites some tramsitions between the =
. energy Ievels of the magnetic dipol, if the frequency of the magne-
“ti6 field is near the appropriate transition frequency of the sys- -

tem. Hence the polarization given by the equation (6) will be af-
fected by these transitions. By- calculating the transition _proba-
bility for absorption or emission in the unit time by means of the
perturbation theory, the following equation can be obtained,

W, = 2mp Hg (o wlk)|<m|Simk>|2' o

The shape functlon g (o= wk) which is shown in thls equatmn,
© 18 normahzed as, . :

—eo
. * il
and the function reachs its maxima for the value g(0) =

Thls relatlon gives also the theoretleal deflmtlon of the transversal
relaxation tlme T, : R !

The' populatlon whlch is changed in-any energy state m, due ;

to the transmons, is glven by a differential equations system,
AN

dt

- I, =-— X (m]§,]| m) ‘——,— - (6)
. S m N 3 : ;.

J' g (0 — ) d@ik =10 e (8

\

o 2[ N (W,,,,,+w )+ N, (Vo Wan)] ERCI
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> Won are the upward "and ‘downward transitions
probabilities for the stimulated transitions and they are exactly
equal each other according to the equation (8), and W, and W, ~
are the relaxation transition probabilities per spin per umt time
due to the spin - lattice coupling. The relation between these prob-

.-ablhtles can be glven as, ; : A

" where, w

-

Db U S
' : W, : . VR

By using équatlons (3), (6), (8), and (9), s which descnbes the i

Jpropertles of -the electron spin system ¢an be- obtained [4]. The

value of s depends on the shape of the ESR spectrum. If S = and
I =0, the hyperfine structure can not be expected, that means,
there is only one ESR line in the spectrum In this case s has the -
following form,

s=ﬁf_°i,___°)°) e oy

1+o6g (0-o,)
where, o S
o=m BT, (12)

and ‘o, is the transition frequency. When 6g > 1, s approachs
‘1. In this -case, by measuring P,/ P, , the value of F can be cal- .
culated by means of the equation (5). By using F and P,/ P, value -
measurey under the condition of 6g < 1, s can be found from the
same equation, but in this case equatlon (11) becomes,

s=o-g(m—co) 3 a (13)

- Therefore the value of  can be eas1ly determined. Hence using this
result and the equation (12) T, can be found. On the other hand
the shape of g(«w-w,) renders possible to evaluate T,. '

If there is separated hyperfine structure in the spectrum,
s can be-given as,

Oy g (0 — Qik).

1+ 0 glo — oy)

= i‘, h (wy) - (14)
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where the summation is made all over ik transitions and,

| oy =4y H2 Th [(m, | S |m) 2 (15)

and : ’ .
Zh (o) =1 (16) <
ik

where h(w,;) is a correction factor for ESR line. Generally there are-
too many lines in a ESR spectrum and usually these lines are not

separated. Therefore it is possible to write the summation in the

equation (14) as an integral form '

vJ‘+°° o 8 (w—oy)

6 == bo(oy) do, 17
- 1+ oy g(“’“")ik) . ' ‘
where
Feo S v
j h (w,) d‘{’ik =1 : o (18)

. The equation (17) can be used for the ESR lines which are
broadened inhomogeneously. The evaluation of this integral is
not difficult, if the inhomogeneous brodening is larger than the
line-width of a single ESR line or if the local field distribution has

a Lorentz form. :

" In the first case, the broadening must not be resulted from ‘the

saturation. This condition can be fulfilled by using sufficiently . -

weak H, durmg the measurement of ESR - line. If g(o)— i)
has a Lorentz form, this function can be wrlten as
‘ T, ix 1 ’ ‘
g (w-oy) = : : (19)
. T 14 (0 - oy (T, R

‘and in this case all the Tillf, are equal to the TY in the ESR-line
frequency 1nterva] Accordmg to this result, equation (17) gives

, ch () S e
= @)

/\/1+2T2e
v _

" In the second case; the local field dustribution has a Lorentz form,
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L T ' 1
h (o - o) = . ; 2D
. T 1 + ((")ik - 0‘)0)2 Tzo
and the equation (17) gives
T o7
s = . - 4 (22)
Jirom, Treaers
o :
where + is given by the folllowing equation,
11 1 o |
— = — Jl+——% , @3
T z, T, T : ‘

In order to determine T, it is necessary to measure the de-
pendence of P,/ P_ on the ESR frequency for —::—,TZe < 1. Hence,

. in the first case h (0) and in the second case the line width pa-
rameter v (H,) of the Lorentz curve can be found. When the inho-
mogeneous broadening is large, s can be determined by means of F
using a P, /P, value measured in the sufficiently weak H,. It is
‘possible to determine ¢ from the equation (20) by using the cal-
culated value of s and T,, can be found.

It is convenient to use the equation (22) for the high H,.
In this case, there is no importance of the shape function because
of the existing saturation, and F can be obtained from the satu-
ration curve. If a series of P,/ P, (H,) measurements are per-
formed for w = v,, a limited P,/P, value can be determined
by extrapolating H, to infinity. Under these conditions s is
equal to 1, hence F can be easliy calculated. '

EXPERIMENTAL

A. Spectrometer

‘The system used in the present work is a double resonance
weak field spectrometer. The block diagram of this spectrometer
- is shown in Fig. L. ‘

-
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The static magnetic field H (= 15 oe) of this spectrometer
has been obtained by a -Helmholtz coils system of 300 - 300 turns
- and 80 cm in diameter, with a stabilized current of 2 amps. An-
other Helmholtz field modulation system which has 300-300 turns
has been placed coaxially between the static field coils. These coils
have been fed by a sawtooth or a sin - voltage generator accord- .
ing to the type of modulation needed. The sawtooth and alter-
nating field modulations have been produced by means of an
oscilloscope . Tektronix 534A and:an audio frequency generator
Hewlett Packard 200AB respectively. A modulation amplifier
has been used either for DC sawtooth or AC modulation field
currents. ‘

The sharp absorption signal and the number of wiggles ob-
served on the scope, in the case of DC modulation, is a measure
of the homogeneity of the H_ which is extremely important for
the sensitivity of the spectrometer (Fig. 2.) As a further precau-
tion, a small permenant magnet has been used to change the field
gradient in the vicinity of the sample head to obtain the possible
field homogeneity in the spectrometer. '

Fig. 2.

The rapid modulation technique (modulation frequency>
_ linewidth) has been used for the measurements [6] and the spec-
trometer system have been adjusted for the modulation frequency
of 93 cps. .
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The sample head which is just placed in the middle of the
~axis of the coils systems consists of two small coils which are
wound one over the other. Common axis of these coils is per- ,
pendicular to that of the field coils. The inner one which is called
ESR coil was made from silver coated copper wire and it has only
four turns. This coil has been used to produce high frequency field
Hle . . ‘ . )
ESR spectrum has been obtained by using a high frequency
- voltage generator, Wandel and Goltermann Type LMS-68 with an
out put of max 10 V . Special matching boxes have been construc-
ted working in the successive intervals of the frequencies between
20 - 80 Mc and they have been used to transfer by amplify-
* ing the out put voltage of the generator to the ESR coil. Even
. if the coupling boxes are used, the saturation of the samples were
not possible. Therefor, a special oscillator has been made and used
for the measurements which were taken in the vicinity of the satu-
ration, The output of this generator was about 300 V ‘around
43 Me.

‘The outer coil of the sample head: is the nudlear resonance
coil which has about 350. turns. This coil was cOnneqtéd through
a high frequency filter to the NMR detector which is fed by a qu-
artz genenerator of 65 Kec. This frequency correspoﬁds to ‘the
proton resonance frequeny for the static fleld of the spectrometer
used in the present work.

. A sample placed in sample head causes an absorption, for each
modulation cycle, and an absorption signal can be detected
through Q -meter, high frequency amplifier and demodulation parts
of the NMR detector. This absorption signal can be taken directly

- on a scope when DC modulation was used, by making the connec-
tions in Fig. 1. The out put of the detector is connected to a nar-
row band. amplifier equiped a filter for 93 -cps which is used as
modulation frequency. Using audio frequency AC modulation, the ‘
signal can be taken again on a scope, by connecting the out put of
the narrow band amplifier and the modulatlon generator vertical
and horizontal plates respectively. '

- The signal can be recorded by connecting the out put of a
phase sensitive detector to the recorder. The signals have been
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registered by using either a Hartmann and Braun Minicomp LB
recorder or a Wandel and Goltermann BLS 218 storascope.

B. Determination of the field constant
of ESR coil

The measurement of T,, is a little complicated and depends on
the determination of some other quantities. High frequency field
H,, which is produced by the ESR coil has a special importance
for this measurement. H, should be preciselly calculated by
using V, and therefore the proportionality constant between H,
" and the other measured values. should be determined. \‘

The experimental method, which is more favourable than the

theoretical way, has been used to determine this constant.

H,, can be found by measuring the relaxation time T,, and
by calculating ¢ for a sample from the equation (12).For this puz-
pose (50,), NO™~ ions, which are prepared by solwing K (S0,), NO

in water and in the nitrogen atmosphere, were used.

ESR frequency dependence of |P,/ P | 4 1 quantity of
these ions is shown in Fig.3.This measurement has been performed
in a constant H _ (eff) and especially far from the saturation. The
transition frequencies of these ions have been already observed
[3], [4]. The curve shown in Fig. 3. is the hyperfine structural
line of these ions and corresponds to m = — } — - } transition
armind 68.6 Mc. This curve has a Lorentz shape and T,,
which is equal to T,, in this case, can be easily determined from its
line width » ' ' B

1
—_— = Aw = 2%. Ay
‘T2e
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This equality is .only valid, if there is no oxygen in the solution
[7] and in the absence of saturation broadining.Hence T,, has been
found as 2.2 1077 sec. On the other hand F has been determined
~ from P,/ P, (H,) measurement for the same frequency. The re-
sult of these measurements are shown in Fig. 4. The value of F .
“has been estimated as 48.8 by extrapolating H,, to the infinity
and s has been calculated as 9.74 107> by using P,/ P, meas-
. urement, for very weak H , (V, = 16 volts), and the enhence-
ment factor F. Equation (19) gives 7.00 107® sec for g (w,) in the
case of w = w, as the curve has a Lorentz shape. By using these
results ¢ has been found as 1.39 10°sec™ from the equation (13)
~ and H _ have bgen calculated as 8.111072 oe from the equation .
(12).

Hle‘ is proportional to the HF current, so,

H, = KI, "



82 N, ZENGIN G, BINGOL
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Fig. 4.

can be written. Omiting the resistance of the coil of four turns
which is made of copper wire of 3 mm in diameter,

H = K’

1e
v

can be writen, where v is the frequency of V, and K'is the ESR
coil constant. K’has been found as 1,16 10° C. G. S. by using the
caleulated data.
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C. The measurement of the nucléar relaxation time
T, and the determination of the concentrations
of the free radical solutions

To measure nuclear relaxation time T,, the side bands must
be just separated from the central line of the NMR signal obtained
by the rapid moulation technique [6]. This separation can be ob-
tained by adjusting the modulation parameter and H, . (vH, /o,
is called modulation parameter, where v is the gyromagnetic ratio
of the nuclei, H_ is modulation field amplitude and o_ is the mo-
~dulation frequency). After the nuclear magnetization has built up
in the magnetic field between the upper side band ‘and the central
line, adiabatic fast passage brings the DC static field to the
center of the central line [8]. The decay of the transverse magnet-.
ization can be mesaured ‘by. the dispertion s1gnal by ‘using a

storascope (Flg 5.).For -this curve

3
M
l' N
RN
AN
A +
) \\
C N A 4 \
\
\
\
AY
AY
\
A A
2 A\
N
N
Y
& \\
\\
time
Fig. 5.
-
. - -t /T, S
Awe (24)

as the nuclear magnetization increases or decreases exponantially.
Where Ais an arbitrary ordinate and T, is a constant which char—
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acterizes the decay of the magnetization. This constant is called
"as transversal relaxation time.. For A /2
A -,/ T, . :
—n~e . (25)
9 :

can be written . Using equatibns (24) and (25)

-t

T, = ‘ | ‘ (26)
In 2

can be obtained. When intensity of the the beam of the storascope
was modulated with a frequency £, , the time interval of t,-t,
. which corresponds. to abscissa interval of A and A2 can be
determined by counting the spots on the screen. Hence the equ-
ation (26) becomes.

n
T, =14 —
fm

By using this method, the determination of transversal nuclear
relaxation times T,, of the pure solvent and T2 of the radical solu-

tion are possible, and using these values, from the relation:

the transversal nuclear relaxation titme T,’ which is arising from the
interaction with the electron spins can be determined. It is known
on the other hand that 1/ T’, is proportional to the radwal con-
centration [5]. :

D. Preparation of the radical solutions and determmatlon
of rad.lcal concentration

In this stud’y; the concentration of diphenyl radical ions which
were prepared in THF and nitrogen atmosphere have been found
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: . 4

by measuring T, as described above and then by using the graph.
~which is given in ref. [5].The concentrations of TCNE /THF radi-
cal ions have been determined by using a S band spectrometer [10].
T; relaxation times of the same samples were also determined by - )
using NMR spectrometer. The concentrations of « , «’ dipyridyl
free radical ions which were prepared in the same solvent, havebeen
determined by using a Q band EPR spectrometer. For this purpose
special twin cells on which identical capillary tubes joined were

. used. The reason of using identical capillaries is to avoid the volu-
me corrections during the concentration measurements. The used
cells were calibrated volumetrically, and solid DPPH which was
weighted very preciselly was put in one of twin cells and then THF
was distiled on it in the nitrogen atmosphere. Hence, a sample,
which can be used as a reference, was prepared. Then the free
radical solution, approximately about the same concentration was -
prepared in THF by using the second cell. An ample amount of
radical solutions were sent to capillaries and they were cut off
by a flame [9]. By comparing these samples at the Q band .EPR
spectrometer the unknown concentration was determined [10].

T, relaxation time of the same sample was -also determined by
using the double resonance NMR spectrometer

A series of measurements were made for TCNE and «,a'’-
dipyridyl and the graph shown in Fig. 6. was obtained. The other
concentration values of -these . free radlcals were determined

“‘from this graph
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)

-
Laid

01 o Dipyridyt [ THF

© TCNE / THF

10 10 CT T 16 C molar

Fig. 6.

E. Determination of the relaxation times:
T, of the free radicals

le

‘The relaxation times T, of diphenyl, TCNE and «, o’ - dipy-
ridyl free radical solutions, which were prepared in THF in dif-
ferent concentrations, were determined by the methode which has
been explained in detail in the introduction. Firstly the concen--
tration of each sample was determined. Then | P,/P | 4+ 1
values were found depending on ESR frequency. This gives the
ESR spectrum of the radical which is under examination. Some
“spectra belonging to these three radicals are shown in Fig. 7,
Fig.8, Fig.9. By integrating this curve the value of h (w)has been
obtained. Then the saturation curve was drawn and finally for a
known value of H,  under the condition of c g <1, | P,/P,[ -1
was measured. These measurements, repeated for each concentra-
tion, wére made at room teperature and finally the T has been
determined. ' '
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4
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: result can be attnbuted to the relaxation of magnetle dipol - dlpol S

BN

: in_the theory that the solvent molecules and the radlcal ions:-have,
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2

o *

DISCUSSION OF REsULTS;_“ o

~

1 /T has been ploted agamst the concentratlon, for three radlcal S
: ':"tmal to the eoncentratmn, in the high concentratloxis region. Thls

‘interaction. [11] The results which have been found. expenmentally

the completely free motins each others. Soit could be only possﬂJIe

to explain the relaxauon ‘mechanism in the high concentration e
region. Therefore there i8. no association between solvent molecuﬂ o

’les and radlcal ions.

It is seen in Fig. 10. that another mechanism affects the, re-

solutlons in .Flg 10.It is seen m‘fthese graphs that 1 /T, is. propor-

-.

‘are satisfying .and 1 m -accordance with the theory JTris accepted '

\ laxation in the case of the low concentratlons An actlvatlon by‘__.

i temperature (-~ e

1 .
fk ) is not observed, therefore ‘the
le

relaxation ‘can’m‘)t be the result of any type of dipolar coﬁpling.

In a previous study [4] a type of spin-orbit coupling is p’ro;v‘ '

posed, but it is not prooved. It is necessary to take a series of
the - temperature dependence measurements to see the spm-orb]t

coupling. -
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OZET

Difenil, TCNE ve o, a’~ dipizidil’in THF iginde, farkh konsantrasyonlarda hazr-.
Janan radikallerinin T,, ve T, relaksasyon zamanlari, bu laboratuarda kurulan bir. ¢ift
rezonans, zayif alan spektrometresi ile blqiildii-. Cahgmada teori ve 61.;{5. 'teknigi halkian-
da gerekli bilgi verilerek TI; nin konsantrasyona bagh olarak de§i§imi' tefsir edildi.
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