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ENDOR enhancement is phenomenologically described, applying the method of Lloyde and Pake.
It is shown that fractional ENDOR enhancement can approxi-

is placed on the effect of incomplete hf separation.

Emphasis

mately be expressed as the product of that which Freed has formulated when the effect is absent, and an modified
Allendoerfer-Maki type correlation, Ty2Aw?/(c+ T,,2Aw?), where ¢ is a constant dependent on the microwave

power.

Also, a simplified method is proposed for calculating the fractional ENDOR enhancement for a multi-

level system consisting of several sets of equivalent protons, when W, & W,, and it is proven that the week rf power
irradiated leads to an ENDOR enhancement proportional to the number of equivalent protons, in the absence

of the effect of incomplete hf separation.

The ENDOR measurements for an organic radical
in solution give, in general, very simple spectra. The
spacing among the ENDOR lines easily results in an
accurate value of the hfs constant even for a proton
having its hfs hidden within the ESR linewidth. On
the other hand, the intensity of ENDOR lines (ENDOR
enhancement) conspicuously varies with temperature
(viscosity), concentration, microwave (mw) power and
radiofrequency (rf) power. Thus, under the usual
conditions of measurement, ENDOR enhancement does
not directly reflect the number of equivalent protons
which considerably helps in the assignment of the
proton. Such a complicated behavior of ENDOR
enhancement has stimulated some experimental and
theoretical investigations for the purpose of extracting
the relaxational characteristics of an observed proton.
This paper covers the theoretical part of those inves-
tigations.

It has been established that the relaxation matrix
theory developed by Freed and coworkers'—% describes
ENDOR phenomena quite satisfactorily.4-? However,
it is not easy to obtain an exact solution to the Freed
equations for a simple system consisting of only a few
sets of equivalent protons, even with the aid of a com-
puter. Therefore, a simplification based on a phenom-
enological theory is still of value in spite of its lack of
rigor, as long as it can explain, to some extent, the
experimental results for complex molecules.

The Freed theory assumes that all the hfs are com-
pletely separated. However, one often encounters cases
for which the hfs is of the order of the ESR linewidth
(and for which ENDOR exhibits its full capability).
In this situation, when one of the spin packets is saturat-
ed by mw irradiation, other packets are partially
saturated because of the overlapping of the packets,
which consequently reduces the ENDOR enhancement.
This effect of incomplete hf separation, or the self-
ELDOR effect, was first treated by Allendoerfer and
Maki,® who have proposed the following formula,

_ Tyl Aw?
I= ooy 5 T 200 ()
where I ., is the ENDOR enhancement in the absence
of the effect, Aw is a hfs constant and T, is the spin-spin

relaxation time of an electron spin corresponding to the
ESR linewidth. The applicability of the formula has
been discussed by several authors.®-'% The beauty of
the formula is its simplicity, although it has inevitable
defects. A difficult point is that it does not contain
any relaxation term, except for Ty, and therefore it is
not clear under which conditions it is applicable.
Indeed, it is known that the ratio of the ENDOR
enhancement corresponding to each proton in a molecule
also varies markedly with the measurement conditions
mentioned above.

The present work is a direct extention of the idea of
Allendoerfer and Maki. Here, the method for the spin
population number of Lloyd and Pake!® and Stephan?'®)
is applied. Introducing a coefficient of incomplete hf
separation, we can express the ENDOR enhancement in
terms of this coefficient and various kinds of transition
probabilities, and thus we wish to examine the role of
the effect of incomplete hf separation. In addition, a
simplified method is proposed for calculating the
ENDOR enhancement for a multi-level system con-
sisting of several sets of equivalent protons, under the
condition that W < W,.

Theory

(a) Outline. We assume first-order formalism
for the transition velocity of the spin population number
in a stationary state, thus

N =CN = 0. )

N={N} is the spin population number of each spin

level, in which case the total spin population number
should be conserved, thus

IV, = N. 3)

C is a conduction matrix composed of various kinds of
transition probabilities. For the lattice-induced transi-
tion probabilities, we assume that

Wy® —yhH,
_W_I—(?*T=B=CXP<—%/:_T_—O) ®)
and
WTO’) _
e, ©)
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where W and W™ are the transition probabilities
satisfying AM,=+41, and AM,=0, AM;=+1, respec-
tively. The latter equation is assumed because the
nuclear Zeeman and hf interactions are too small to
bear a net population difference among electron spin
levels. Also, we assume a Lorentzian shape function for
the transition probabilities induced by the mw and rf
fields. When the mw field, 2H,cosw.?, is applied, we
have

=X eger 1 Lig Ly 1
Pe - 27e Hl T29|<2 IS+I 2>l I+T2e2(we—weo)2,

and when the rf field, 2H,coswy?, is applied,

1

1+ "Tan((’)n_wnO)2 ) (7)

It is well known that only weak ENDOR enhance-
ment is observed for a proton whose hfs is equal to or
smaller than the ESR linewidth. In order to treat such
cases, one must explicitly take into account the effect
of incomplete hf separation. Now, mw excitation
induces a transition between the observed spin levels
at the ESR resonance, with probability,

(6)

1
Py = Gy B Ton KM | ] | M~ 12

Pe = ’é_yezng T2e' (8)

At the same time, another transition is induced between
the neighboring spin levels (Fig. 1), with probability,

~

1,2 34

Weo  Weo+dw @e

Fig. 1. Schematic diagram of the effect of the incom-
plete hf separation.

1 1
I — g2 2
Pe - 2 Ve Hl T2e 1+ Tzezsz . (9)
Therefore, a coeflicient of incomplete hf separation is
introduced as follows:

1 .

1+ Tp2Ae?

« takes any value between 0 and 1 which correspond to

complete hf separation (Aw=c0) and complete overlap
(Aw=0), respectively. Then,

P/ = oP,.

o =

(10)

(1)
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of making a partial short-circuit over the relaxation
pathways, which decreases the difference in the spin
population numbers among the spin levels, whereas
that of the lattice-induced probabilities is to be that of
keeping the Boltzmann distribution. Thus, the presence
of P, causes the ELDOR-like effect to decrease the
ENDOR enhancement.

Equations 2 and 3 result in the difference in the spin
population numbers, 7z, between the two spin levels at
which ESR is observed. Then, using the mw energy
absorbed per unit time, which is given by

4 = 2w y"H? = nP hw,, (12)
the integral intensity of the ESR absorption line ([),
the peak intensity of the first derivative (/gsr), the

ENDOR enhancement (lgxpor) and the fractional
ENDOR enhancement (E) are defined as follows:

I=y"H,

ol
Ipep = (aa) ) )

Tgxpor = IESR(ON) - ESR(OFF)’

(13)

(14)
(15)

— _ Texpor

I;sr(OFF)’

where ON denotes rf irradiation and OFF the absence

of rf power. As a whole, the present approach to

ENDOR enhancement may be regarded as a simplified

version!?) of the relaxation matrix formulation developed
by Freed.

(16)

Ms Mo
Ms My Pn/ +1/2 -1/2
Wn ~ N
+1/2 +1/2
Nl N Wx2
We Pe
P W
¢ ¢ Wxi
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Fig. 2. Schematic diagram of the energy levels and the
transition probabilities for a four-spin-level system.

(b) Four-level System (J=1/2). We first treat
the four-level system shown in Fig. 2 in order to illustrate
the main feature of double resonance relaxation. In
the following treatment, we neglect the effects of
exchange processes. It is convenient to represent
transition probabilities in units of W, thus

The alternating field-induced transition probabilities b= —I/I%—, by = I;//’f‘ y b= Ig}‘z ,
have inherent reversibility in contrast to the lattice- e e e
induced transition probabilities. Therefore, the role b, = P, by = Py (17)
of the field-induced probabilities is thought to be that N 7 A
TaBLE 1. CONDUCTION MATRIX FOR A FOUR-LEVEL SYSTEM
For ENDOR enhancement, either p, or .’ is set to 0.
For ELDOR reduction, both p, and p,’ are set to 0.
—(1+b+bxl+pe+pn) (8_'_[)9) (b+pn) bxls
( (1 +pe) - (£+b+bx2+pe+‘bn,) bx2 (b+pn,) )
(b-l_pn) bxz - (1 +b+ bx2+pn+pe,) (8+pe/)
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TaBrLe 2. CokerricienTts IN Eq. 19

Ao Eg: 14264 (145) (byy + byo) +byrbrat (2+ by +bio)pn”s
Al: 1+bx2; BO: FO: (1+b){2b+(1+b)(bx1+bx2)+2bx1bx2}
{1426+ (1+46) (b1 +bxe) +bx1bro} £1”5 By: 26+ (145) (byy
+bx2) + 2051050+ (14-b21)p0"5 Cot 14+-b4byy+-po; Gz 15

Dy: b(2+b5) 4 (1+4-5) (byy+bxa) +bxabxo+ (1+b+bygo)py"s
'DI: 2b+bx1+bx2+pn’; El: 1+b+bx2+pn,;

Fyt b(240) 4 (148) (bxy+bxa) +bxabrat (14+0+b4y)py’

Note that p.=y2H,*Ty.[2W ~y.2H 2T, T,. at the
ESR resonance. Then, using the conduction matrix
listed in Table 1, we obtain the difference in the spin
population numbers between the 1 and 2 spin levels
in the form

4p,+B F
" (Chat D)pot Epu+ F B’ (18)

n=

with
A4 = Ao+ Aip,), B = By + Bip,, -, F = Fo+Eyp/, (19)
Ay, Agyeeeee , Fo, F) being listed in Table 2. n,, the
difference in the spin population numbers in the
absence of alternating fields, is related by ny=(1—¢) N/4
N/792h2

and by
=N
P (N = 2). (20)

Complete hf Separation (P,'=0 or Aw=c0). Using
Eqgs. 6 and 18, Eq. 13 can be expressed as a saturated
Lorentzian, thus

1
My = yofly = ‘2—7’eh”o =

yeHl T2e (2 l)
14 Ty (0 — 0e0)* +76*Hy* T14(ON) T,

where T7.(ON) is the effective longitudinal relaxation
time of an electron spin under NMR excitation:

1 Co/’n+D 0

2W, AopatBy” 22
Note that when W, =W, =W,,=0, T;.(ON)=1/2W,.
Then,

1
I= "2-X0Ho

T (ON) =

— 3\/ —g- VeHl T292
T = i oN T %)
— _?;- yeaH 13 T2e3A Tle
fowwon = =55 iy e, (oM Ty #Y
and
3 yazleATleT% (25)

T 2 T4y lH T ON)T,,
where AT, =T, (OFF)—T7,.(ON) and Eq. 23 is
expanded to the first order in AT, to give Eq. 24. If
Ve2H 2Ty, Tye 1, then

3 AT P
an =35 1o — Ecoc- - ) 26
7T, T DalCo (26)

where

=i {b(1+bz2) +b12(1+bx1)}2
2 (1+b)(1+b+by){2b+ (145) (byy +byg) +2bgbea}”
(27)

Equation 26 also justifies the conventional interpretation
that ENDOR measures the variation in the longitudinal
electron spin relaxation time by NMR excitation.
Substitution of Eq. 7 into Eq. 26 again gives a saturated
Lorentzian for the NMR transition, thus

Eoew
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L
1 + T2n2 (wn - wno)2 + ynsza Tln T2n ’

with the effective nuclear spin longitudinal relaxation
time

E.=E,.. (28)

-1 G
"~ 2W, Dy’
Note that if Wo=W,,=W,,=0, then T,,=1/2W,.

Incomplete hf Separation. In this case, the ESR
absorption line is neither expressed by a simple
Lorentzian curve nor by superposition of such curves.
Therefore, it is more convenient to define the fractional
ENDOR enhancement by the following equation, using
Eq. 12 at the ESR resonance:
n(ON) —n(OFF)

#(OFF) (30)

In addition, we restrict our discussion to the case of an
electron-nuclear dipolar (END) mechanism and we
neglect the cross relaxations to avoid complexity. Such
an approximation may well be satisfied for protons in
most of the organic radicals in solution except for
some cases in which isotopic hf modulation may be
effective.®13) A straight forward calculation of Eq. 30
gives
E=(1=a)b(1+ap)pup2(1+5+op)[{2(1+5)

+(1+a)(246)p+20p 3o +{1+2b

+ (1+a) (14 b)po+apo®} 117 (31)
For further analysis, the reciprocal of the above equation
is expanded to the first order in g, thus

1 2
= m[(l+b){2b(l+b)+ﬁn(1+2b)}

+ (6{(1+8)(2+5) +(2+5—b%)}
+ 2{(1 48 +a(l+b =8 })pe+oO(5s7)].  (32)

Hence, we obtain a straight line in plotting E~1 vs. p,1,
in the region where we can neglect the quadratic terms
for p. which can be proven to be proportional to «.
The reciprocal of the intercept in this plot is thus
expressed as
Eu= (1= 0)bp,[2{(1+b) 2+ b) +a(2+ b —b2)}b
+{(14B)* +a(l+b—5)}p,1 . (33)

Also, the intercept divided the slope become propor-
tional to the product of T,, and T}, the latter being
expressed, in this case, as

1 2
Ty, = (2We)b{(l+b)(2+b)+a(2+b—b )}

+ pu{(14+6)* +a(l+b—0%)}
[(1+8){26(1+6) + pn(1+25) 317 (34)

Substitution of Eq. 7 into Eq. 33 again gives a saturated
Lorentzian for the NMR transition, with

_ 1 (148)2 4 (24 b—b2) (35)
2W, (1+b)2+b)+a2+b—b%)

Then, we obtain a straight line in plotting E-1 vs. p,~1.

Equation 31, as well as Eq. 33, is still of too complicat-
ed a form for practical use. One may generally consider
that a proton with a small hfs (or large o) has a small
END term (or small b) and vice versa, as deduced from
the McConnell-Strathdee formula.’® If 5<1, the
linear part of Eq. 32 can be written as

Tln (2 9)

Tl n
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E = (1 —“)pe bpn .
I+ (1+a)py 2(2b+ py)
Hence, the effect of incomplete hf separation reduces
the fractional ENDOR enhancement by the following
factors, depending on p,:
(1) for small p, by T,2Aw?/(1+ Ty2Aw?)
(ii) at the ESR maximum (p,=1/2) by Ty.2Aw?/{(4/3)
+ Ty 2Aw?}
(iii) at the ENDOR maximum (p,=3/2) by T»2Aw?/
{(8/5) + Tp*Aw®}
(iv) and at infinite p, by Th2Aw?/ (2 + Ty2Aw?).

On the other hand, if «=0, Eq. 33 becomes

(36)

1 bp
E©® =_— 2 , 37
- 2 b(1+6)(1+25)+ po(1+5)* 37)
which coincides with the Freed equation. Note that

Eq. 37 also coincides with Eq. 27, except for a trival
numerical factor, if p, is set to infinity. Therefore, an
inspection of the above two equations allows us to
express approximately the fractional ENDOR enhance-
ment as a formula including correlation of the modified
Allendoerfer-Maki type and the Freed formula for
b<1, thus

= (l —a)l’e
14+ (I+a)pe
From an experimental point of view, it is desirable to
use the mw power at the ESR maximum for ENDOR
signals with good S/N ratios. The maximum deviation
of Eq. 38 from the linear part of Eq. 32 under these
conditions is 6%, for a=1 and b=1.

(c) Multi-level System—a Simplified Method. The
ESR absorption line of an actual molecule is formed by
the superposition of its component lines, designated by
the various quantum numbers of the total nuclear spin
angular momentum.!®  Therefore, for quantitative
discussions of the ENDOR relaxation, we must proceed
to a multi-level system consisting of several sets of
equivalent protons. Treatment of this system along
same lines as the scheme in (b)) may be possible, in
principle, but is too complicated and deviates from the
purpose of the present work. Instead, a simplified
method for calculating the fractional ENDOR enhance-
ment for such a system is proposed with the following
approximations and derivations.

In this system, the spin state is represented by

Iy = [T O M,

E, o, (38)

(39)

where J, and M, are the quantum numbers of the
total nuclear angular momentum for the u’th set of
equivalent protons and # denotes the different degen-
erate states with the same value of J,. Now, we assume
that T, is independent of J, and M,, so that the ESR
absorption is expressed as a superposition of component
lines with the same linewidth, corresponding to the
transitions from |y—) to [y+>. On the other hand
the nuclear spin transition probabilities are dependent
on the nuclear spin quantum numbers, as follows:%

YT (Jus My Jus My—1)

= w1+ e )+ 5o, )
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Wo(Jw My Ju My—1) = f(Ju MIW,®,  (41)

and

Pn(Ju’ Mu"’Ju, Mu—l) =f(Ju’ Mu)Pn(u)s (4’2)

where W, and P, are the nuclear spin transition
probabilities for a four-level system consisting of a
single u’th proton, and with

S(Jw M) = JulJut+1) — M (M,—1), (438‘)

and

F(ha0or §) = (43b)

4b, 6br 6br 4b,

Fig. 3. Schematic diagram of the energy levels and the
transition probabilities for a system with J, =1/2 and
J:=2. The cetral line of the each quintet of the ESR
absorption is observed, and the rf power corresponding
to the hfs of the r’th equivalent protons is irradiated.
Left side diagram draws an equivalent two-spin-level
system corresponding to the relaxation pathways with
thick line.

Next, we neglect the relaxation pathways passing
more than twice through the W ’s, under the assumption
that 4<1. For example, for the system with J, =1/2
and J.=2 illustrated in Fig. 3, only the relaxation
pathways with thick lines are considered. Then, all
of the multi-level systems are reduced to a superposition
of the maximum six-level systems. This can further be
reduced to the two-level system illustrated in the right
side of Fig. 3, using a summing method for the electric
conduction. The energy of the ESR absorption for this
system is easily obtained as

_ nghw WP,
T 2AW+P)’

so that the spin lattice relaxation becomes the rate-
determining step of the energy absorption, if P, is set
to infinity. Therefore, the fractional ENDOR enhance-
ment, corresponding to Eq. 37, is expressed as

_ w(ON) —w(OFF) W
@ == o (w_ )

(44)

E

(45)
e

For actual application it is sufficient only to treat the
central line of the ESR absorption. In this case, the
summing method leads to the following resultant
transition probability for an electron spin:

_ D, 2fs,(bu+ )
CE I R D o Dbt et DB

% Ju
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D,, [ o= Db (bt 10 ™)
TR D @ F o Dbatbu+ {1+ (= Dbu ) pu®

+ flu’bu'(bu""pn(u')) ]
2+Srybur)bur+ (1 fruba)pn ) S

where u and u’ denote even and odd numbers equivalent
protons, respectively, D, is the total degeneracy of the
central absorption line of the u’th set of equivalent
protons, and Dy, is the degeneracy of the state with
the same value of J,. These are given by

(46) %

_ ny(ng—1)--{(ny/2) = Ju+ 132 ]+ 1)
P {(n/2)+ Ju+ l}! B (47)
.Du = JEUDJu = ( [n";l72] ), (48)

where 7, is the number of u’th equivalent protons.

It can also be proven that for a six-level system for
which the hfs is incompletely separated, a calculation
similar to Eq. 30 leads to the same form of the fractional
ENDOR enhancement as Eq. 38. Therefore, it is
considered that Eq. 38 is still valid for general multi-
level systems, as long as the above approximation of
treating them as the superposition of maximum six-level
systems is valid. Hence, we obtain the following limiting
expressions for the fractional ENDOR enhancement of

the u’th proton, corresponding to Eq. 38. If p, is set
to infinity, then
W — (l —'“)[79 D-Iu 2fJ“bu OFF
T g = D (b @k O
(49)
for an even number of equivalent protons. Also, if p,

approaches 0, then
( 1— a)pe DJu

() — 2fJupn(u)
W= T (T ap, ® D, @ihbr O G0
For an odd number of equivalent protons,
E@) = _(I=o)py DJ«'[ S
® 1+(1+“)pe 7w Dy (1+fJn'bu’) (2+fJu'bu’)
f:fu' - 1 ]
+ b,./w(OFF).
T Uow = Db H2+ G gy SO
(51)
B = (1=%p < Doy [_.fJ__
0 I+ (I4+a)p, 77 Dy L CHSfrbo)?
_ﬁfi:l._] (u) F 5
+ {2+(f:]u:—l)bul}2 pn /w(OF )' ( 2)

Equations 49 and 51 and Egs. 50 and 52 correspond
approximately to the reciprocal of the intercept and
that of the slope of the plot of E-1 vs. p,~1, respectively.
The linearity of this plot is approximately assured,
because, in general, if x<r;/q;,

2 pile:)**
y=3 bix T

T gx+r; = 2(1’1/4;)""’2(%’1/%2) ) (53)

Application of Eqs. 47 and 48 to a four-level system
leads, of cource, to the same result as Eq. 38 with

* S denotes the single summation over the u’th set of
Ju

equivalent protons.
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Eq. 37. Because fV_‘, fouDso/Dy=ny[2, the above equa-

tions can further be reduced to more simplified forms,
if we can neglect the quadratic terms for b, thus

W ~ _(I=a)ps  nuby sk
P T Trop, 2 (54
E® ~ (1~a)p, ”ul’n(“)_ (55) **

T 1+ (14a)p, 4

Considering that from Eq. 36, p,‘® is independent of u
under this condition, Eq. 55 indicates that the fractional
ENDOR enhancement is proportional to the number
of equivalent protons, if =0 and enough weak rf power
is irradiated. This conclusion is the same as the result
of the “average ENDOR” proposed by Freed et al.®

Although ENDOR experiments have been reported
in the literature for many radicals in solution since the
first successful observation by Hyde and Maki,?®
ENDOR detection for many radicals remains impossible
or at least difficult, in spite of the ease of ESR observa-
tion. Perhaps, Heisenberg and chemical exchange may
be the reason. However, Eqs. 49—52 may offer an
additional reason. In these equations, all the END
terms of atoms with nuclear spins make contributions
to the denominator, w(OFF), whereas only that of the
observed proton makes a contribution to the numerator.
Therefore, if a radical contains atoms with nuclear spins
on which the electron spin density is moderately localiz-
ed resulting in a large END term, one may observe
only weak ENDOR enhancement. This may be a
possible reason why ENDOR enhancement for hydro-
carbon radicals is, in general, more easily observed than
that for nitroxide radicals.

Summary

A simple theory has been formulated to calculate the
fractional ENDOR enhancement (£) in the presence
of the effect of incomplete hf separation, using the
conduction matrix composed of the lattice-induced
transtition probabilities and the alternating field-induced
transition probabilities, the latter being assumed to be a
Lorentzian. The coefficient of incomplete hf separation,
«, has been introduced and it is shown that a plot of
E-1 ps. H,2 results in a straight line even in the presence
of this effect, if ap. <1, where p. is the mw-induced
transition probability in units of W,. Also, it is shown
that the effect of incomplete hf separation reduces the
fractional ENDOR enhancement formulated by Freed,
by an Allendoerfer-Maki type factor. However, this
factor should be modified to Ty 2Awm?/{(4/3) 4 Toe2Aw?}
at the mw power corresponding to the ESR maximum.

The theory has been extended to a multi-level system
consisting of several sets of equivalent protons and it is
shown that the plot of E-! vs. H,™% also results in a
straight line and that the reciprocal of the slope in this
plot is proportional to the number of equivalent protons,
if @=0 and #<1. Thus, the effect of incomplete hf
separation should be examined by the following
procedure. The H, dependence of the ENDOR enhance-

*% Ip this case, u denotes odd and even numbers of equiv-
alent protons.
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ment is measured at high temperatures of which <1
is satisfied for all protons. E-! is plotted against H,~2,
and the reciprocal of the slope divided by the number
of equivalent protons is compared with the proton
species.

The author wishes to express his gratitude to Professors
K. Ishizu of Ehime University and K. Kuwata of
Osaka University for fruitful discussions and encourage-
ment throughout the cource of this work. He also
would like to express his appreciation to Professor Y.
Deguchi of Kyoto University.

Appendix

TRIPLE Enhancement. Recently, Mébius and coworkers
were the first to succeed in observing electron-nuclear triple
resonance (TRIPLE) in solution.!® The most attractive results
of their experiments are that TRIPLE enhancement has a
better S/N ratio than does ENDOR enhancement and that
TRIPLE enhancement is proportional to the number of equiv-
alent protons.

It is worthwhile to interpret TRIPLE enhancement from
the standpoint of the present theory. The fractional TRIPLE
enhancement is defined by Eq. 30, where OFF means, in this
case, that P, is present but P, and P,  are absent, and ON
means that P,, P, and P,’ are all present.  Straightforward
calculation gives the following expression for the fractional
TRIPLE enhancement for a four-level system, where hf is
incompletely separated and P,=P,’, thus

E=(1 —d)ﬁeﬁn(l +ape) (& +pn) [(1+6+ ape) [{pn2
+2(1+b+ape)pa+ b(2+b+2ape)}pe
+ (24 0pe)po?+2{1+2b+ (1 4+ b)apot by
+0{2+2b+ 2+b)ap 112

The above equation indicates that the effect of incomplete hf
separation also reduces TRIPLE enhancement and that if
a=0, TRIPLE enhancement has a S/N ratio eight times
larger than does ENDOR enhancement, when Eq. Al is
compared with Eq. 37 at their optimum conditions. Indeed,
the TRIPLE enhancement for 2,6-di-t-butyl protons in the
2,4,6-tri-t-butylphenoxyl radical'® appears to support the
presence of this effect.

For a multi-level system, we start with Eq. 45 as the basis
of discussion. However, because P, and P’ are simultane-
ously excited, even the previous approximation to reduce a
multi-level system to a superposition of the maximum six-level
system is not valid. Instead, we consider the entire system in
the extreme cases that P,=P '=0 (OFF) and that P =P/
=00 (ON), under the condition that 46& 1. In the former case,
all the relaxation pathways are cut off except for the original
two-level system (I,). In the latter case, all the W pathways
are completely short-circuited by P, and P,’, so that all the
W, pathways are gathered to form a net twe-level system. Thus,

w(ON) = 31D 2/, + 1),

Hence, the fractional TRIPLE enhance-

(A1)

(A2)

with w(OFF)=1.
ment is given by
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E®™ = 2 DJu

> D, (A3)

2]

Such a simple formula appears to explain fairly well the experi-
mental results demonstrated by Mébius ef al. For example,
the ratio of the TRIPLE enhancement for 4,5,9,10-protons to
that for 1,7-protons in the pyrene negative ion is obtained
from Eq. A3 as 1.67, whereas the experimental ratio is 1.3
and the ratio of the number of equivalent protons is 2.
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