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We report the first quantitative test of the theory for electron—electron double resonance (ELDOR) of
free radicals in solution. The reduction factors R for the ELDOR spectra of aqueous solutions of the peroxyl-
amine disulfonate dianion radical (PADS) were examined and shown to fit the theory given by Hyde,
Chien, and Freed in the extrapolated limit of infinite pump power. Some of the experimental and theoretical
problems are discussed. The effect of exchange on the saturation properties of PADS was investigated and
shown to agree, within experimental error, with the theory discussed in Part I of this series. The implications
of these results for the determination of relaxation times in complex systems are briefly discussed.

I. INTRODUCTION

An experimental study of the effects of Heisenberg
spin exchange on saturation behavior in ESR spectra
was described in Part T of this series.! The results were
in agreement with the theoretical prediction that the
exchange acts as though it induces simple nuclear spin-
flips, which then couple all the different possible reso-
nant transitions, and this enables a saturated transition
to be relaxed via the lattice-induced electron spin—flips
occurring for the other hyperfine transitions.

In Part I, the relaxation times for the narrow-line
specttum of the TCNE™ radical were studied. The
difficulties of measuring small changes in narrow lines,
essential for exchange and saturation studies, lead to
some uncertainties in the quantitative results, even
though the over-all agreement with theory was good.
It was felt, therefore, that a similar study should be
performed on a radical with inherently broader lines,
for which the concentration-independent region is easier
to study. In fact the relaxation parameters 7:(0) and
T2(0) of the peroxylamine disulfonate dianion radical
(PADS) have already been measured by Kooser,
Volland, and Freed (KVF) 2 and in Part II* we have
described its exchange behavior in considerable detail.

Our familiarity with PADS gave us an opportunity
to utilize it in a quantitative test of the theory of
electron—electron double resonance (ELDOR) of free
radicals in liquids. In the initial study of this new
technique by Hyde, Chien, and Freed (HCF),! most
of the work was performed on a complex nitroxide
radical with inhomogeneously broadened “N hyperfine
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lines. While the experiments and theory were in gen-
eral agreement, no real attempt was made to quantita-
tively test the theory. This was partly because of the
cornplications of width inhomogeneity, and also be-
cause every attempt was made to optimize signal-to-
noise. This interferes with optimizing a proper quanti-
tative analysis.

The significant potential value of ELDOR in relaxa-
tion studies was pointed out by HCF. That is, the
ELDOR reduction factor R depends directly on the
ratio of lattice-induced nuclear spin—flip rates W, (or
wgE in the case of Heisenberg exchange) to the lattice-
induced electron spin-flip rates W,. Furthermore, a
comparison of R values for different hyperfine separa-
tions of pumped and observed lines permits one to dis-
tinguish between the various types of nuclear spin-flip
mechanisms such as exchange or electron—nuclear di-
polar (END) interactions. The former gives effects
that are independent of the number of hyperfine separa-
tions, but this is not true for the latter. The PADS
system in aqueous solution is known to have a very
weak END contribution to the widths,? so in this study
a straightforward quantitative determination of the
spin-exchange effects on ELDOR could be attempted.

II. EXPERIMENTAL METHODS

The PADS samples were prepared and their concen-
trations determined as discussed in Part II. The line-
width and saturation measurements were performed as
described in Part I and by KVF. (This included correc-
tions for modulation frequency effects as discussed by
KVF.)

The ELDOR spectrometer system was similar to that
described by HCF.45 However, some modifications of
the bimodal cavity, as described by HCF, were found
to be necessary. In order to bring the frequencies of the
two modes more nearly into coincidence, the length of
the unshared half-wavelength portion of the (TEss)
mode (i.e., the top-coupled single section of the V-4534
Varian cavity) was increased by 5 mm by inserting a
milled waveguide flange.

5 In this work, however, a circulator replaced the magic tee
in the observing arm, while in the pump arm a four-port circulator
with a termination on the fourth part replaced the isolator and
3-port circulator.
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Initial experiments with PADS and other charged
radicals yielded spectra that were asymmetric due to
a mixture of dispersion and absorption. Such effects
are known to occur when a sample of high dielectric loss
islocated in a region of appreciable microwave E field .28
We found this to be due to a misalignment of the ob-
serving (TEiw) mode caused by the “bulging” of this
mode into the unshared portion of the cavity.” This
bulging effect was largely removed by placing a septum
at the interface of the unshared and shared cavity sec-
tions. The septum was made of highly polished silver
sheet, 0,01 in. thick. Three parallel rectangular open-
ings of 0.057X0.95 in. were cut out of the sheet. Since
the large dimension of the openings was parallel to the
B, of the pump (TEys) mode, the septum passed the
radiation in that mode while effectively confining the
observing mode to the shared portion of the cavity.

Optimum results are also dependent on sample posi-
tion and on using small-diameter quartz sample tubes.
The sample was positioned by moving it about in the
Dewar so as to maximize the cavity “dip” on the ob-
serving klystron model. This minimizes the amount of
dispersion in the detected signal. (No attempt was
made to symmetrize the spectrum from the pump
mode.)

It was found necessary, in order to obtain satisfactory
results, to minimize the coupling of the pumping to
the observing mode. This was accomplished by coupling
pump power into the cavity from the pump side, then
locating the Dewar in that position where the power
coupled into the observing arm was a minimum. (The
coupled power was measured either with a Hewlett-
Packard Model 431B power meter or with the crystal
detector in the observing section of the spectrometer.)
The isolation of the modes with sample in place was
about 45 dB when the klystron frequencies differed by
about 70 MHz, and was about 40 dB for 36 MHz
separation. (Higher values can be obtained for greater
separations.) The coupling between modes increased
appreciably as the frequency separation became less
than 30 MHz, and reached less than 15 dB for separa-
tions less than 10 MHz. The procedure for achieving
optimum decoupling of the modes did not depend on
the use of reactive paddles (cf. HCF, Fig. 2), since
these paddles appeared to lose all effectiveness when-
ever the coupling between the modes had been mini-
mized carefully according to the procedure outlined.?

The pump klystron in these experiments had no AFC.
After a 3-h warmup period, the pump klystron achieved
its maximum stability with 0.02-0.03 MHz short-term
fluctuations, corresponding to about 4%, of the narrow-

§ N. Bloembergen, J. Appl. Phys. 23, 1383 (1952).

7 We wish to thank Mr. Robert C. Sneed of Varian Associates
for helpful discussions on this matter.

8 This was not checked at small frequency differences between
the pump and observing modes. It may well be that the paddles
will be of use in experiments where conditions are different from
those described here.
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est linewidth observed for the PADS solutions used in
the ELDOR experiments.

The difference frequency between the pump and ob-
serving klystrons was measured with the aid of an
Omni Spectra model 20816 single-ended mixer, which
was fed attenuated signals from both klystrons. The
output was counted using a Hewlett-Packard model
524D counter with a 525A, 10-100-MHz frequency
converter unit.

In all ELDOR experiments the PADS samples were
in (maximum) 1.0-mm-o.d. capillary tubes of uniform
length (8.5 mm). These samples were inserted into a
2.8-mm-o.d. quartz tube, and were positioned at the
same place in the cavity, as determined by the tuning
procedure already described. These samples were de-
oxygenated, but not sealed. In most cases we could de-
tect no significant change in widths for the duration of
the ELDOR experiments. Both 15- and 100-KHz field
modulation were employed during the course of the
ELDOR experiments. The effective power in the ob-
serving mode was always kept well below saturation,
i.e., about 4 mW incident on the cavity. (A decrease of
observing power by about 10 dB had no effect on our
ELDOR results.) The angle of the cavity with respect
to the static magnetic field was between 20°-25°. The
resonant frequency of the observing mode was about
9.05 GHz with a sample of PADS in place. The rf mag-
netic-field strength B, of the pump mode is expected to
vary over the sample length. For the 8.5-mm samples
utilized, it was estimated from the results obtained in
a standard Varian V-4531 cavity? that B,? varies by
about 309 over the length of the sample.

The following procedure was employed to obtain the
optimum frequency separation between the pump and
observing modes. The frequency difference between the
two modes was set at the approximate PADS hyperfine
splitting (73 MHz for a two hyperfine splitting, and
36.5 MHz for a one hyperfine splitting) . The frequency
of the pump mode was chosen to be greater than the
frequency of the observing mode, because this lessened
the coupling between the modes. Spectra were taken
first with the pump power completely attenuated and
then unattenuated. In both cases the observing signal
was obtained in the usual manner by sweeping the
magnetic field. A reduction factor R, defined as

[signal amplitude {pump off)
—signal amplitude (pump on) 7]/
signal amplitude (pump off) = R(exp),

could be determined. A signal amplitude was obtained
as the difference in height of the derivative extrema.
By varying the frequency of the pump klystron (and
retuning the pump mode), it was possible to find an
optimum frequency separation for which R(exp) was
a maximum. This separation was considered proper for
the particular sample in the cavity, and was maintained
for the remainder of the experiment in which R(exp)
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was measured as a function of incident pump power.
Although there was no AFC for the pump klystron,
only slight adjustment of the reflector voltage was nec-
essary to maintain the proper frequency separation.

In general, the separation between hyperfine lines
decreases as the exchange frequency increases. Thus,
the optimum frequency separation was found to de-
pend on the PADS concentration; e.g., solutions of
about 4X10~2M have optimum frequency separations
of about 0.3 MHz (for one hyperfine splitting) to about
1.1 MHz (for two hyperfine splittings) less than those
for solutions of the order of 10-3M. We were not suc-
cessful, however, in our attempts to correlate the ex-
change frequency with the optimum frequency separa-
tion. This was mainly because of the difficulty of pre-
cisely locating the optimum separation for the broad
lines of the high concentration samples (see also Sec.
II1).

The data for the dependence of R™*(exp) on inverse
pump power was obtained utilizing powers incident on
the TEys cavity ranging from 0.050-0.280 W, which
is near maximum klystron output. The power output
of the pump klystron was regularly measured using the
Hewlett-Packard model 431B power meter, and it was
varied with a precision variable attenuator during each
run. A table of random numbers was employed to
determine the order in which the power levels were run.

III. RESULTS AND ANALYSIS

A. Saturation Studies

The theoretical prediction for 7 for the Ath (degen-
erate) hyperfine line when the dominant relaxation
terms are W, and wyg is

To=T10)[(A+D")/(14+3N0") ], (3.1)
where

T:(0)= (2w~ (3.2)
and is the concentration-independent value of 77; also,
b =war/NW,, (3.3)

with IV equal to the number of spin eigenstates, and Dy
is the degeneracy of the Ath transition. For PADS,
N=06 and Dy=1 for all three lines.

For slow exchange, the Heisenberg exchange fre-
quency wag is related to the derivative width é (in
gauss) for PADS according to!

wre= (1—2D\/N)"15V3 | v, | [6—6(0) ]
=2.28X 107[6—5(0) ] sec?, (3.4)

where 8(0) is the concentration-independent value. It
was shown in Part II that wgg is not quite a linear
function of PADS concentration, so that Eq. (3.4) was
used to obtain wag directly.

The analysis based on Egs. (3.1)-(3.4) required a
knowledge of 71(0) and T2(0) = [$V3 | v.| 6(0) ™. These
values were taken from KVF who obtained 73(0) =
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TaBLE I. Relaxation times for deoxygenated and buffered
solutions of PADS at 24°C.

Concentration

(moles/liter) 71X 107 sec® T2 X 107 sech pri-le
5.7X107¢ 4.11 4.11
6.4X107® 2.8 1.67 1.37
8.6X1073 2.0 1.33 0.956
9.8X10 2.4 1.21 0.834
1.3X102 1.8 0.951 0.61
1.4X10° 2.0 0.913 0.57
1.9Xx102 1.6 0.646 0.37
3.5X10 1.8 0.376 0.20
5.3X1072 1.2 0.202 0.10

3 Error (=£109%) represents sample deviation for least-squares fit neces-
sary in determining T1 (cf, KVF).

b Error (49 ) represents sample deviation for least-squares fit necessary
in determining T at near-zero incident power (cf, KVF).

© Based on Eqgs. (3.2)~(3.4) and T1(0)=T3(0) =4.1 X107 sec,

T2(0) =4.1X 1077 sec at 24°C, where T1(0) is believed
accurate to about 3=209,. These results were obtained
with 100 KHz field modulation, thus necessitating small
modulation-frequency broadening corrections. In this
work we have carefully examined the width of a 1.07X
10~*M sample using 6 KHz modulation, and we found
T2=(4.034:0.15) X 10~ sec, which supports the earlier
result.?

The use of Egs. (3.1) and (3.2) is predicated on the
assumption that there are no other nuclear—spin—
dependent relaxation processes of importance. In the
study of TCNE~ in Part I, it was found that small but
nonnegligible electron—nuclear—dipolar (END) contri-
butions could affect the analysis. Such effects could be
incorporated into Eq. (3.1) by subtracting in the nu-
merator a term &= [{2(0)/ W, J[h({Ua+1) —M,2], where
7P(0) is the spectral density for the END mechanism.
The results of KVF for PADS lead to values for e of
0.0112 and 0.0056 for the central and outer lines,
respectively. For our purposes this correction is negli-
gible compared to unity.

Our results for the saturation behavior of the central
component of the PADS triplet as a function of radical
concentration at 24°C are given in Table I and plotted
in Fig. 1. The theoretical curve was obtained from
Eqgs. (3.1)-(3.4), and the values for T1(0) and T3(0)
were from KVF. The overall agreement is seen to be
satisfactory. A quantitative assessment can be made
by first rearranging Eq. (3.1) to give

[1—7/T1(0) J=3b""14-3. (3.5)

The experimental fit to the form of Eq. (3.5) is given
in Fig. 2. The two lowest concentration points of Fig. 1

® Our estimate of the HE contribution to the width of these low
concentration samples based on the results in Part II is 2 mG as
compared to a §(0) of 165 mG. In the work of KVF and of M. T.
Jones [J. Chem. Phys. 38, 2892 (1963)], it was found that the
low-concentration PADS line shapes were not quite Lorentzian,
since the lines decrease more rapidly in the wings. We have
compared the shapes both at 6 and 100 kHz, and have found
them to be the same within experimenta) error.
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Fi1c. 1. 71 as a function of concentration for aqueous PADS
solutions at 24°C, The theoretical curves were determined using
Egs. (3.1)-(34) with 7(0) =4.1 X107 sec.

were not included because their relaxation parameters
lie close enough to the concentration-independent values
that small errors in their values are magnified. The
least-squares slope and intercept including the sample
deviation are 0.840.3 and 1.440.2, respectively, and
are thus in agreement within experimental error with
the prediction of Eq. (3.5). The scatter in the experi-
mental points of Fig. 2 is quite large. We believe this
resulted, in part, from nontrivial changes in the micro-
wave properties of the cavity when the various aqueous
PADS samples were interchanged. That is, while the
1-mm (or less) PADS samples could be positioned so
as to have only a small effect on the cavity Q (i.e., Oy
values were as high as 6400), small variations from true
center can yield significant changes in @ for the lossy
aqueous samples. No attempts were made to correct
for such variations. In view of the uncertainty in Ty
measurements in general, we note that an increased
value of 731(0) by 10% to 4.5X 1077 sec yields a slope
and intercept of 0.740.3 and 1.440.2, respectively, or
slightly better agreement with theory.

B. ELDOR Studies

The theory for the ELDOR technique has been given
by HCF for the case of nondegenerate hyperfine lines
and is sufficient for an analysis of the PADS results.!
[It can readily be extended to degenerate hyperfine
lines when either wgr or when W, (END) are the
dominant nuclear—spin—flip mechanisms.]' When the
observing mode is not saturated we have

(Z”ESR—Z”ELDOR)
&« [dp2TﬁQo.p/(1+A“’p2Tp2+dp2Tpr) ](1+Aw02T02) -1
(3.6)
with
Zgsr o (14 Aw T2, (3.6")

where Z"gsr and Z''gpipor represent the absorption
modes for ESR in the absence and presence of the
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pumping field, respectively, while the subscripts o and
p refer to observing and pumping modes, respectively.
Here d,*= }v.2B,? with B, the circularly rotating compo-
nent of pumping microwave magnetic field; @,(=4T, ;)
is the saturation parameter for the pumped line,
Tpo="Ts,; Aw, is the frequency deviation from reso-
nance of the pump line. There is a similar set of terms
for the observing line. The term €, , is the cross-satura-
tion parameter leading to observable ELDOR effects.
The theoretically predicted reduction factor R is

R= (Z”ESR_Z”ELDOR)/Z”ESR,

which yields
R'=0,/Q p+ L1+ 20,2 T32) / T, 1d,72. (3.8)

Equation (3.8) is independent of the value of Aw,. It
appears from this equation that a plot of R! vs d;2
would give a straight line, the intercept and slope of
which would yield useful relaxation information. Our
experimental technique, however, involves observing
derivative spectra as a result of detecting the first har-
monic arising from low-amplitude field modulation.
Appropriate expressions may be obtained by differenti-
ating Eqgs. (3.6) with respect to Awp, while recognizing
that Aw,= Aw,+a, where a represents the difference
between the actual hyperfine frequency separation of
observing and pumping lines and the difference in
pumping and observing klystron frequencies.’® This
yields a new expression R/, where

o ({080 2 e )
B (d/dAw,) (Z" gsR)

3.7

Q, dy? (
= —11 14+ Aw,*T,2
Qo [ + 9, (1+ w* TP
-7 8w’ T+ T, 0d,° )] (3.9
14wy T2+ T,Q,d, 4V

and

V= (2w, T, Ao T) (14 Aw2T,2). (3.9

251

20
o)

e

=

\O
=18
[

Fic. 2. Linear least-squares fit for [1—7:/71(0) ] versus
b1 for aqueous PADS solutions at 24°C. 7(0) =4.1X1077 sec
and b" from Egs. (3.2)-(3.4).

10 See also J. S. Hyde, R. C. Sneed, Jr., and G.H.Rist, J. Chem.
Phys. 51, 1404 (1969).
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The first terms in Eq. (3.9) give the direct effect of the
pumping upon the modulated (derivative) observing
ESR signal, while the last term (dependent on ¥)
arises from the effect of modulating the pumping line
upon the observing (absorption) ESR signal. For ¥'=0,
the latter effect is zero, so R’=R. The inclusion of a
finite term in ¥ could be expected to detract somewhat
from a simple linear dependence of R! on d,2 It
should also be noted that in our technique, both Aw,
and Aw, are varied simultaneously as the observing line
is swept out in order to obtain the heights of the deriva-
tive extrema. Further, there is uncertainty in each run
as to whether & has been accurately set to zero. In view
of these complications, as well as the inherent diffi-
culties in measuring B, (which varies somewhat over
the sample) and the uncertain line shapes in the pump-
ing mode (see Sec. IT), it was felt that a proper analysis
of the terms in d,72 of Eq. (3.9) [or (3.8) ] would not
be meaningful. However, the infinite power intercept

RS '=R, =0,/ (3.10)

is independent of all such considerations, and could
therefore serve as a useful test of the ELDOR theory.
We have found in all our experiments over a PADS
concentration range of 5-45X10~3M that R! followed
a linear dependence upon d,~2 (or more exactly the
inverse power incident on the cavity, P-1), and we have
extrapolated to R, accordingly. These linear plots
and extrapolations are shown for the different concen-
trations in Fig. 3. Largely as a result of the almost
linear dependence of 7, on wxg, hence on concentration,
the different concentration samples yielded a different
degree of approach to R,™! at the maximum pump
power; the closest approach was for the more dilute
samples. Nevertheless, the possibility of some departure
from linearity near the intercept is not ruled out by
our results.!

The values of R, determined at the different con-
centrations are given in Table II'2. This table includes

1 The worst deviations from linear dependence should occur
in the possible case where Aw,=Aw, over the sweep of the
observing mode. Since we have T,=T,=Ts, Eq. (3.9) becomes:

14+ Aw 2T
12w TE) + Tollpdyt )

Q
R’—l= -STZ; (1+ ( TzJdep2) -t 2(

Note at the derivative extrema (Aw,T2)2=1%. One finds, however,
that this equation is linear in dp™2 over a very large range of
T,Q.d,% it begins to curve from linearity for 7,Q,d2>2, at
which point R“1=1.14R™. Our results (Fig. 3) would have to
be interpreted in terms of 7,0,4,2<2 in which a linear fit in
4,7t (or P7') is expected, although the extrapolated intercept
should be about 129, below the true value for R%. While such
an error would be a systematic one, it is of the order of our sample
deviations from the least-squares intercepts. Crude analyses of
the slopes in Fig. 3 are, however, not consistent with either simple
limiting cases of Aw,=Aw, or ¥'=0.

2 Evaporation of a small amount of water from the PADS
8.5-mm-length samples sometimes occurred while the ELDOR
spectra were taken. When this happened, the linewidths were
broader by about 5%-109, after completion of the ELDOR
spectra than before. In these cases the widths used in Eq. (3.4)
were average widths.
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TaBLE I1. Values of R ! for ELDOR studies on aqueous PADS
solutions at 24°C,

Concentration X 10® wpgrX 108

(moles/liter) secl 8 1o

R1b

A. Two hyperfine separations: jf =1 line observed and
M = —1 line pumped

5.5 4.97 2.50+0.09 1.47

7.2 6.87 2.42+-0.09 1.07
9.5 9.73 1.8940.24 0.752
17 14.2 1.4720.25 0.516
28 31.4 1.40+0.15 0.233
35 37.3 1.384+0.20 0.196
45 51.0 1.16+0.40 0.144

B. One hyperfine separation: 7 =0 line observed and
M= —1line pumped

4.9 4.30 2.88-40.37 1.70
6.8 6.59 2.050.32 1.11
15.4 13.5 1.75+0.33 0.542
16.2 14.0 1.64=+0.16 0.524
17 17.9 1.50+0.19 0.410
19 20.0 1.27+0.27 0.265

& Calculated from Eq. (3.4).

b From least-squares fit of R~ versus P-1. Error represents sample
deviation least-squares intercept.

¢ Based on Eqs. (3.2)-(3.4) and T1(0) =T2(0) =4.1 X107 sec,

one set for which the /=41 line was observed and
the M = —1 line was pumped, and another set with the
M=0 line observed and the M =—1 line pumped.
(Here M is the spectral index number, cf. Part I.)
The latter set, which involves the smaller separation
between pump and observing frequencies, required more
critical adjustment than the first. It was obtained some
time after the first set, when our experimental tech-
niques had become more precise. In Fig. 4, R, 7! is
plotted versus 4! [as determined utilizing Egs. (3.2)-
(3.4) ] for both sets. The linear least-squares fit to this
data yields a slope and intercept of 1.03420.08 and
1.074:0.07, respectively. This linear fit of the data is
well within the experimental error in the least-squares
values of the individual R, as given in Table II.
(The separate fit of the data for two hyperfine separa-
tions is 1.040.1 and 1.12:0.1 for the slope and inter-
cept.) These results are to be compared with the theo-
retical values?:

Q,=Q,=[(1+0")/(1+36")1(2/W.) (3.11a)

and
Q,=[0"/(14+30"")1(2/W.) (3.11b)
or R 1=1484"1, (3.12)

Equations 3.11 and 3.12 are independent of which pairs
of lines are observed and pumped. The agreement with
theory is exceptionally good, especially in view of the
uncertainties in the experiment and its analysis.

Iv. DISCUSSION AND CONCLUSIONS

One advantage of our saturation study on PADS as
compared to our similar study on TCNE™ reported in
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F1c. 3. Linear least-squares fit for B! versus P! (W) for
aqueous PADS solutions of different concentrations at 24°C.
(a) Two hyperfine line separation (jf=1 line observed and
M=—1 line pumped): I}, 5.5X107% M; O, 7.2X10= M; O,
95X102 M; ¥, 1.68 X102 M; A, 2.79X1072 M; @, 3.52
X107 M; A, 4.53X102 M. (b) One hyperfine line separa-
tion (if=0 line observed and Af=—1 line pumped): A, 4.9
X10~% M; 0O, 6.8X1073 M; O, 1.54X107 M; A, 1.62X102
M; P, 1.68X1072 i ; @, 1.80X10~2 M.
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Part T was the availability of a reasonable set of values
for T1(0) and 7,(0), which were obtained at moderate
concentrations on lines of substantial intrinsic width.
Another advantage is the insignificant contribution of
END terms to the saturation behavior. These results
may be taken as a further indication of the validity of
the theory as outlined in Part I. However, the relative
insensitivity of T to wrg for moderate values of 3 is
again manifested [cf. Eq. (6.3) of Part I].

Our ELDOR results for values of R, (cf. Fig. 4) are
quite gratifying in the quantitative agreement between
theory and experiment, despite a number of uncertain-
ties in our methods. It seems clear, then, that this
technique can be very useful in extracting important
information on relaxation. While in the present work
all the relevant relaxation information was known

3.0+

F1c. 4. Linear least-squares fit for R,! versus &/~ for aqueous
PADS solutions at 24°C. (A) represents data for two hyperfine
line separation (Af=1 line observed and 37 =-1 line pumped),
while (O) represents data for one hyperfine line separation
(M =0 line observed and 3f=—1 line pumped). The slope and
intercept are 1.03==0.08 and 1.074-0.07, respectively, as compared
to values of unity from the theoretical prediction of Eq. (3.12).

reasonably well at the outset, we can illustrate with a
simple but plausible example how these techniques can
be applied to a sample of unknown relaxation prop-
erties. Suppose exchange processes (Heisenberg exchange
and/or chemical exchange) are the dominant nuclear—
spin-dependent relaxation processes. Since both kinds
of exchange are predicted to have identical relaxa-
tion effects’® we introduce wgpx=wnpr+wce, and b=
wex/NW,. Then Eq. (3.12), generalized for degener-
acies, becomes:

Ry 1—1= (D", (4.1)

where D, is the degeneracy of the pumped line. This
permits a determination of b". Then Egs. (3.1)-(3.2)
in conjunction with saturation measurements will yield
W,, so Eq. (3.3) can yield wrx. One can then determine
the contributions of these terms to the width or Ty,
and the residual width, presumably due to secular con-

15 J. H. Freed, J. Phys. Chem. 71, 38 (1967).
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tributions, (e.g., secular g-tensor and spin-rotational
terms), can then be found. A study of this type, with
regard to the benzene anion, will be reported on else-
where.!¢

There are a number of ways in which the ELDOR
technique can be improved for purposes of such studies.
Probably the most significant would be to make use of
frequency-swept ELDOR techniques'®® in which the
field and Aw, are kept constant while Aw, is swept.
This would greatly simplify the laborious tuning pro-
cedure employed in these experiments, and would help

14 M. R. Das, S. B. Wagner, G. V. Bruno, and J. H. Freed,
J. Chem. Phys. (to be published).

L J. S. Hyde, L. D. Kispert, R. C. Sneed, Jr.,and J. C. W. Chien,
J. Chem. Phys. 48, 3824 (1968).
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to clarify the uncertainties in the experimental analysis
based on Eq. (3.9). It would also be desirable to use a
more powerful pump klystron, and to improve the
cavity Q of the pump mode (about 3400 in the work
with the small aqueous PADS samples). This would
reduce the extent of extrapolation of R~! with P~ in
order to obtain R, Other improvements could involve
stabilizing the pump klystron with an AFC and the
development of techniques to reduce microwave cou-
pling between pumping and observing modes.
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Metastable Peaks in the Mass Spectra of N,O and NO,. IT*

Ayos S. Newron anDp A. F. SciaManna
Lawrence Radiation Laboratory, University of California, Berkeley, California 94720
(Received 23 June 1969)

Metastable peaks arising from the delayed unimolecular dissociation of NO* to O*4N in the mass
spectra of both N>O and NO; and from the dissociation of Nz* to N*-N in the mass spectrum of NyO have
been investigated. A new metastable dissociation of NoO2* to NOt+ N+ was also studied. Further studies
were made on the previously known metastable transitions of N,O* to NO*+4N and of NO:+ to NO*4-0.
The appearance potential, the kinetic-energy release in fragmentation, and the half-life were determined
for each metastable transition. Comparisons were made of the energetic and half-life characteristics of
the metastable NO* ion as produced from the sources NO, N0, and NOs, and of the metastable Nzt ion
from the sources N> and N;O. The results are consistent with the unimolecular dissociation of these diatomic
ions, No* and NOt, proceeding by predissociation mechanisms.

I. INTRODUCTION

Begun and Landau'? reported the metastable dis-
sociation of N2OT to NO*. This observation was later
confirmed by Newton and Sciamanna,? and an analogous
metastable dissociation of NOg+ to NO+ was observed.
It was further established® that the metastable dis-
sociation of NOs;+ to NO* proceeded from at least two
excited states of NO;t with the product NO* ions having
different kinetic energies and being formed from states
of different half-lives for dissociation.

Recently metastable ions in the mass spectra of N,
and NO were observed. Since Ny+ and NO+ are
prominent fragmentation peaks in the mass spectrum
of N,O, and NO™ is prominent in the mass spectrum of

*Work performed under the auspices of the U.S. Atomic
Energy Commission.
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¢ A. S. Newton and A. F. Sciamanna, J. Chem. Phys. 50, 4868
(1969).

NO,, it was of interest to examine the mass spectra of
N,O and NO, for the same metastable transitions
previously observed in the mass spectra of Ny and NO.
The present paper presents results showing that meta-
stable transitions of Nyt and NO* formed from N,O,
and of NO* formed from NO,, do indeed occur, but
with different kinetic-energy release than when formed
fI'OI’IliNg and NO. In addition, the metastable dissocia-
tion of N,O* to NOt+N* was observed. Information
on the half-lives and energetics of formation of these
metastable peaks has been obtained.

II. EXPERIMENTAL

The experimental work described herein was per-
formed using a Consolidated Electrodynamics Corpora-
tion Model 21-103B mass spectrometer. Modifications
on this instrument to increase the pumping speed and ion
detector sensitivity have already been described,
together with the experimental methods used to in-
vestigate metastable peaks.®5 The present experiments
were made with a collector slitwidth of 1.5 mm.

(159 A7.)S. Newton and A. F. Sciamanna, J. Chem. Phys. 47, 4843
67).
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