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ABSTRACT
Part T

- The technique of electron-nuclear double resonance (ENDOR) is
spplied to the study of the hyperfine interactions in onev(A) of the
two radicals formed by x-irradiating single crystals of glutaric acid.
It is shown that the other radical (B) can be destroyed with u.v. irradi-
ation. Complete hyperfine tensors based on the EMR data are calculated
for the A radical using an iterative procedure which is also prescribed.
Comparing this data with the ENDOR measurements reveals an appreciable
orientational disorder of the radicals as well as temperature dependent
splittings. ©Small hyperfine interactions not resolvable in EMR spectra
are observable via ENDOR. The experimental development is described

in some detail.
Part IT

A low temperature EMR system which permits in situ u.v. irradia-
tion is described. The TEpyj; microwave cavity, which operates at room
temperature, accommodates the helium cold finger along the cavities'

axis of symmetry.
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PART T

A CHEMICAL APPLICATION OF ELECTRON-NUCLEAR DOUBLE RESONANCE



A. INTRODUCTION

For the past fifteen iears the electron magnetic resonance (EMR)
technique has been used to study the interactions between unpaired elec-—
trons and their environment. There is hardly an area in the physical
sciences in which this techniqﬁe’hés not been applied. Such studies
have added greatly to our understanding of electron~eléectron and electron-—
nuclear interactions.

The energy level diagram drawn schematically in Figure 1 (not to
scale) illustrates the various contributions to the energy of a singlé
electron having spin guantum number S = %.* For simplicity only inter-
actions with a nucleus having spin quantum number I = % are considered.
Consider the Zeemen interaction of the electron with the external field,
HO, only. The two resulting energy levels are shown in column b. The
nuclear Zeeman contribution to the energy levels is shown in column c.
The SZ =+ % levels are split equally, by this interaction. In the nota-
tion (+-) the signs represent the S, and I  values of the electron and
nucleus respectively——i.e. 5, =+ 1, I, =~ i for (+-).

The direct interaction between the nucleus and the electron is
referred to as the hyperfine interaction and ié usually written g’é}f

where é;is the hyperfine coupling tensor. The hyperfine contribution is

shown in column d.%* Column 4 represents the final energy level distribu~

*Pamiliarity with the commonly used symbols of the EMR method will
often be assumed throughout the text. Nevertheless, a glossary of symbols
is given in Appendix 1.

**Tn going from column ¢ to d the dependence of the hyperfine
contribution on the SZ value has been shown explicitly.
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tion in high field for a single electron interacting with one nucleus
having I = %, Consider now an ensemble of such electron-nucleus pairs.
The high frequency (lOlO cps) magnetic field interacting with
the electrons can induce transitions between the energy levels. When
the resonance condition hve = g]B]HO is fulrilled, energy 1s absorbed
from the radiation field. The magnitude of the resulting signal is

proportional to the difference in the populations of the two levels

invelved. The transitions Axms =+ 1, A;mI = 0 are allowed; the

. . N _ - 17 = 3 11 = =
transitions A;ms =+ 1, Ame + 1 are "forbidden. (ms Sz’ Ly IZ.)
The allowed nuclear transitions are those for which Am, = 0, Am_ = + 1,

S I

The EMR technique measures directly the differences between tThe electronic
transition energies.

If the relaxation time, %;3has a finite value there can be a
o}
continuous absorption of energy. If %; is sufficiently long (say 10~
o)

sec) and one applies an intense radiation field (say 100 mW) at The

5

resonant frequency, one will socn reach a steady state in which the
populations of the twe levels become equal and there is no net absorption
of energy. This situation is referred to as saturation.

In column d the energy levels are represented as being sharply
defined, Apart from the natural width of the levels due to the finite
lifetime of the state (AE At =z ﬁ); there may also be line-width con—
tributions due to the local environment of the electron in the macro-
scopic sample. '"Local environment" describes the fact that there may
be slightly different effective magnetic Tields at the positions of the

various electrons in the sample.
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This broadening of the energy levels (shown in column e) is
directly reflected in the width of the rescnance lines. When this
broadening becomes of the order of the hyperfine level separation the
hyperfine gplittings cannot be resolved. Line broadening is especially
troublesome when several nearly equivalent nuclel are present. This
loss of resolution imposes a serious limitation on the information
available from EMR.

An dimportant modification of the standard EMR technique allows
one guite often to regain some of the information lost in the unresolved
EMR line. This modification, known as electron-nuclear double resonance,
and abbreviated to ENDOR® was first conceived and experimentally verified
by Feher in 1956. He described the ENDOR mechanism for the case shown in

Figure 1, column d. Those energy levels are again drawn in the diagram

below.
(++) 2 - 11 - a) - 1 - %)
() 3 LICHN T - a) r1 -4
(=) 2t——— 1L+ 4) £+ ) r(1 + )
l
e i
() 1—L 4 T(1+ A) = r

(1) (@) (3)

The relative electronic population of Tthe levels at thermal

equilibrium is given in column 1. (Only the linear term.in the expansion

*
See 1 Sam. 28:7.
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of the exponential exp[—g[B]HO/kT] = expl- A ] has been included and the
3

nuclear Boltzmann Tactor being 107 times smaller than the electronic
Boltzmann factor has been neglected.) If the allowed 1 - 4 transition

is now saturated the level population will be that given in columm 2.

(We assume that the only important relaxation paths are Y - 1 and 3 - 2,)
The population of level four is greater than that of level three by about
A, If the nuclear transition v, is seturated then the level population
is that given in column 3. {Imagine that the electronic transition does
not follow this change instantaneouslye) A difference in populations
between levels one and four exists again, therefore there will be &
change in the EMR signal level. In other words, ENDOR consists simply
in observing the NMR transitions via the EMR signal. The allowed NMR
transitions v, are the ENDOR frequencies.

The E&bOR line ig usually narrower than the EMR line (sometimes
by as much as four orders of magnitude). As a result, much of the in-
formation hidden under the EMR line cen in principle be regained by the
ENDOR technlque. However, this is not its only utility. In Section B
it will be shown that

h + -

and Zg=: v o+ v .
+ —

The former relationship allows one to deduce the nuclear g-Tactor, By
directly from the measured ENDOR frequencies without a knowledge of the
electronic wave function. The latter relationship gives;g'which in turn

is used to find A. In practice (partly because of the decreased line
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width) one can measure v, by ENDOR more precisely than f{ can be measured

by EMR, and as a result A can be found to greater precision from the ENDOR

B

data,

The sbove reasons seemed of sufficient importance to prompt us
to apply the ENDOR technigque to the study of organic free radicals in
the solid state. Although ENDOR had been applied to various inorganic
systems when we began our work, nothing had been done on organic systems,

In the sections that follow, the ENDOR mechanisms are first de-
scribed. Then a detailed procedure for calculating A from EMR measure-
ments is outlined and is subsequently used to calculate A Tor the various
protons in x—irradiated single crystals of glubtaric acid. The solutions
of the experimental problems encountered in the development of the ENDOR
technigue are described in detail. Finally, the ENDCR results obtained

from x-irradiated single crystals of glutaric acid are presented.
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B. ENDOR MECHANISMS AND SPIN HAMIT.TONIAN

ENDOR Mechanisms

As a prelude to the discussion of the ENDOR mechanism, considera~
tion will first be given to certain historical developments which stimu—
lated Tthe development of the ENDOR technique.’

Just before 1926 the lowest temperature attainable was sbout
0.7°K. This was achieved by high speed pumping on liquid helium, the
liquified gas which could in principle provide the lowest temperatures.
However the inherent properties of liquid helium made 0.7°K essentially
its ultimate low temperature limit.

In 1926 Debye (l) and Giaugue (2) independently proposed adisbatic
demagnetization of paramagnetic salts as a method of reaching lower temp—
eratures. Experimental verification soon followed in the work of Glaugque
and McDougall (3) and of Kurti and Simon (L4) and of de Haas and Wiersma
(5). The temperatures attained by these methods were in the range of
1072 to 1077°k.

In 1934 Corter (6) and Kurti and Simon (7) suggested that this
low temperature limit might be extended if one also demagnetized the
nuclei. This meant beginning the nuclear demagnetization at ultra-low
temperatures (lOm2°K> and with very high fields (105 gauss). This method
now known as the "brute force method" involved formidable technical dif-
ficulties.

Not until 1948 did Gorter (8) and Rose (9) independently suggest
the possgibility of using the electron-nuclear interaction itself to polar—

ize the nuclel and thus eliminate the experimental problems inherent in
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the brute~force method. This suggestion is now known as the Rose-Gorter
method. Variations on this theme were subsequently introduced by Bleaney
(10) who eliminated the need of an external magnetic field and by Pound
(11) who made use of the quadrupolar interaction. These methods all
involved static nuclear alignment.

Kastler was the first, contrary to popular opinion, to propose
methods for dynamic nuclear polarization. His initial suggestion (12)
(1950) involved optically pumping atoms in a gas. His second method (lB)
(1951) invoked the use of electron-nuclear double resonance. His arguments
were esgentially equivalent to those involved in our discussion of Feher's
Tirst model (see introduction). Two years later Overhauser's paper (lh)
appeared on the polarization of nuclei in metals. His proposal was con-—
firmed experimentally in the same year by Carver and Slichter (15).
"Overhauser's" suggestion was quickly exbended to non-metals by Abragam
(16). Apart from Kastler's suggestion, these methods all depended di~-
rectly on the relaxation processes to\bring about the nuclear polariza-
tion. Since then a flurry of papers has appeared suggesting other means
which do not rest solely on the relaxation mechanisms. All these methods
for dynamic nuclear polarization can be divided into two broad classes
depending on whether the electron-nuclear coupling is isotropic (scalar)
or dipolar (tensor),

Most of the variations™ normally referred to as the Overhauser
effect fall in the former category. The true Overhauser effect (i.e.—-

that occurring in metals) is one of these. Following Abragem’s treatment

*The Underhauser effect (17) which occurs in liquids has to do
with tensor coupling.
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(16,18) the isotropic electron-nuclear interaction can be written as
aI°§. If one denotes by W the probability of the flip-
() = (-+)
flop transitions (those in which an electron goes from (+) to (~) while
—>

a nucleus goes fram (-) to (+)) and by N, and n_ the number of spins S

-
and I in the states SZ =+ % and IZ =+ L respectively, then under
steady state conditions one can write (requiring that the nuclei relex

only through their coupling with the electron),

N Wey o (oe) S My o (o) (B-1)

Therefore,

W) > (1) _ . o (B-1)

Mew) = () MR

le

and since thermal equilibrium is assumed (no applied radio frequency (rf)

fields) we obtain by Boltzmeunn's relation

W h@b —.)
()= (o) Peser)
-

(3-2)

The electronic and nuclear resonance frequencies are referred to as ws

w
and wI respectively. ¥ =F - Saturating the allowed electronic
o
transition (Axms =+ 1, A:mI = 0) makes N+ = N and therefore
N o0 (5-3)
n TS KT

Clearly the enhancement in nuclear polarization is a function of GBS%DI)E

Ho(ys—71), Equation B-3 describes the case of scalar coupling in which
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allowed electronic transitions are saturated. The Jeffries effect (19)
1s also a scalar effect occurring, however, when the forbidden transitions

(Am_ = + 1, Am_ =+ 1) are irradiated. It is important to notice that

I

the polarization in these cases depends on the lattice induced forbidden

S

transitions.
To treat the tensor case the wave function for the (--) state,
-=>, can be represented by }~~> = ]~m>’ + O E—+>* (where & < 1) because
. . I S I S
of the dipoler (btensor) coupling. If "Ty << W << “T; where ~Ty and "Tq,
refer to the nuclear and electronic spin-lattice relaxation times respec-
tively and W 1s the forbidden transition probability then one can induce

the forbidden transitions directly and by equation B-1 a straightforward

consideration of population dynamics will show that

n N
Hi = ﬁi Tor flip-flop transition
- o
n, N
SELER e Tor flip-flip transition.
n_ N+
0

This is clarified in Figure 2., Subscript zero refers to equilibrium values.
Notice that the polarization reverses depending on which forbidden transi-—
tion .« i1g induced. Such effects are usually referred to as Solid effects.

In each case, the dynamic nuclear polarization is observed via NMR. We

*o? R:(HSI/HO), where HSI is the local field at the nucleus I

produced by the electron S. If WO and W represent Tthe probability for
the allowed and forbidden electronic transitions respectively then
(W/WO) ~ 0f, In the scalar coupling case W is much smaller than in this
case.
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shall not discuss further the various modifications and special cases of
these dynamic polarization methods but shall simply refer to several
recent review articles (20,21,22).

It should be pointed out that the major utility of these effects
is to enhance the normal NMR sensitivity. On the other hand, the major
advantage of the ENDOR method, which observes these NMR transitions via
EMR, lies in the increased resolution mede possible. Suffice it to say
that a consideration of dynamic nuclear polarization methods and experi-
mental results can contribubte to an understanding of ENDOR effects.

The first experiment in which the EMR line itself was used to
monitor dynemic nuclear polarization was that proposed by Feher (23)
and verified by Feher and Gere (24) using a sample of phosphorus-—doped
silicon at 1.25°K. At this temperature the electronic relaxation time
is on the order of a minute and they were able to cobserve under adiabatic
fast passage conditions (25) d definite nuclear polarization.

At this point (1956) the ENDOR experiment became self-evident.

By simply using his same sample of phosphorus—doped silicon and monitor-
ing the EMR line while inducing the NMR transition, Feher observed the
Tirst ENDOR signal (26). Shortly thereafter he observed (27) the ENDOR
transitions for F-centers in KCI.

The normal EMR of F-centers in KC1 reveals a gingle structureless
line having a width of about 150Mc. On the other hand the ENDOR lines in
KC1 have a width of about 15kc——a resultant reduction by four orders of
magnitude. From these lines one can deduce ]Yi(O)]E, the spin density of
the delocalized electron on nucleus 1. In the phosphorus—doped silicon

experiment Feher was able to observe ENDOR lines due to nuclei five
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lattice sites removed from the donor center (28). As a result he was
able to plot the "wave function" versus distance from the donor site.®
In more recent work on F-centers investigators have been able to study
the interaction of the electron with nuclel as far away as the tenth
(29) shell around the color center.

To explain his observations Feher modified his first model (see
introduction) to deal with inhomogeneously broadened lines. An inhomo-~
geneously broadened line (30) is the resulting envelope of a large number
of homogeneously broadened lines which are referred to as spin packets.
(See Fig. %a.) Within each spin packet thermal equilibrium of the spin
system is always preserved. Therefore the effect of rf energy which
Tlips spins at a particular frequency within the spin packet, is quickly
communicated to the rest of the spins within the spin packet. However,
there is very little communication between different spin packets. As a
result the application of microwave power at one frequency will saturate
(ideally) only that one spin packet. This gives rise to the so-called
hole burning experiments (27) in which a rapid passage through the in-
homogeneously broadened line immediately after such saturation reveals a
line shape such as shown in Figure 3b where the "hole" is at the frequency
at which the saturation was effected.

One can think of the spin packets (and their intensity) as being
determined by the probabilities of the various possible nuclear configura-

tions about the paramagnetic sites. Therefore, Feher proposed, when one

*Tt does not fall off monatonically. The probability plot looks
like the plot of the amplitude versus time of a damped oscillator.



, -15-

'\r’};’”\i}ﬂ'\b% i’.r\&ob‘.ﬁ\ﬁ

KOmaqanm@sig

broadcaed broadened
linag ‘tnﬁ; -~ op
i spin Packe'&:
i
i
| /
(a)
3.:,1521,.{'7:?.?212& width —-'“j
(b)
sSL4n ———as /
(c)

Figure 3



- 16 -

induces a nuclear transition which changes the nuclear configuration of
some spin packet to the nuclear configuration-obtaining in the spin
packet being saturated, the EMR is suddenly no longer saturated and con-
sequently there will be a resulting change in the level of microwave
povwer absorbed. This gives rise to the ENDOR signal.

This model explains the width of the ENDOR lines which are now
seen to be of the order of the width of the spin packet. The important
features of Feher's packet shifting model are

1) the ENDOR signal is seen when one shifts, via an NMR

transition, the spin packets comprising the inhomo-
geneously broadened line;

2) the ENDOR signal decays at a rate dependent on STl

(see Fig. 3c).
and %) the ENDOR signal is positive and is a maximum near the
center -of the EMR line.

Although the Feher model dqualitatively described the effects in
the ENDOR systems discussed thus far, the same 1s not true in ruby,*
in which ENDCR was first observed by Terhume, Lambe, Makhov, and Cross
(3%). Seemingly in direct contrast to Feher's model they observed

1) that the ENDOR signal decayed at a rate dependent on ITl;

2) that the ENDOR signal is negative and 1s a minimum near

the center of the EMR line;

and %) that an added ENDOR signal is seen when distant nuclei are

flipped.

+2 . .
*Ruby conglstes of a dilute doping of Cr 2 in AlEOBO Dynamic
nuclear polarization was first seen in ruby by Cowen, Schafer, and Spence
(31) and by Abraham, McCausland, and Robinson (32).
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By distant nuclel we mean those host sluminum nuclel whose direct inter—
action with the paramagnetic center is vanishingly small. The inversion
of these distant nuclei can then have little effect on the spin packet
distribution within the inhomogeneocusly broadened lines.

More detailed investigations by Lambe, Laurence, McIrvine and
Terhune (34) (LIMT) revealed that when the EMR line is observed under
conditions of absorption,X", the ENDOR transition causes a slight increase,
but when the EMR line is observed under conditions of dispersion, X', the
ENDOR transition causes a large decrease. Another important feature is
that the Cr53 nuclei are not necessary for the distant ENDOR effect.

The model proposed by LIMT to explain Eﬁéi{ results in ruby
has applications in organic systems. We essentially reproduce their argu-
ments, following rather closely their notation. Consider an inhomo-
geneously broadened line (see Fig. 3a) with a normalized line shape
Tunction h@b‘ﬁ%o) having line width l/Tg*. The inhomogeneous line is
composed of homogeneously broadened lines having s normalized line shape
function g(w-w') and the width of the spin packet is given by l/Tz. A

represents the nuclear Zeeman splitting.  We assume firstly that
1/Ts << A << 1/TF (B-1)

and secondly that the application of microwave power at a frequency w

2lso induces forbidden transitions at (" + A) and (@' - A) such that

1

w +A:U\)“r

- A =w. Since w =w" =" >> A we can write 0" + A =w + A
and "' - A=® - A. The flip-flip and Tlip-flop trangitions have a re-—

duced probability and s shape factor g'(w + A~ w') with normalization g',
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the ratio of the forbidden to the allowed transition probability. The
following symbols are also defined.
N(w') ='th’4bo) : the distribution Function of electrons in
local fields., N(w')dw' gives the fraction
of electrong which are in & local field such
that their resonance lies between ' and w'-+dw'
N (w') : that part of W(w') which has spin down
N+Qb') : that part of N{w') which has spin up

nw')

N (w') - N ()

il

M : the fraction of distant nuclei with spin down
M% : the fraction of distant nucleil with spin up

- +
m=M -M

It follows from these definitions that

M - M =i + ). (B-5)

MY - NN = L(n - m). (B-6)

Boquilibrium values will be denoted with a zero subscript. To determine
the effect of dynamic nuclear polarization on the EMR signal one must

congslder the time dependence of n(w'). One can write

dn
i (B-7)

an _ [dn
at ~ iadt

SL W
where the subscripts refer to spin-latifice and microwave induced transi-
tions respectively. Under steady state conditions %% = 0, Then in the

relaxation time approximation

dn
dat

= = (8-8)

SL
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and also
(%i—l- = 'g% @ (B"r{a)
W Sk
Therefore
BT 4 - _—
=1 yEHE [g(m—w')m(w') + g (Ao ) (TN + gt (oA ) (M N -M'N )].
(B-9)
Similarly
T g O S
— =1 yEHE [fg' (w-A-" ) (M N -M'N Jaw' - fg'(u)+A~<b')(M N -M N )dm’] .
N
(B~10)

Using equations B-5 and B-6 and the definition of the saturation

parameter S = (%7Hl)2TlT2 one can write
n o+ Z NQn’){g‘(w+A%m’j - g {w-Aw")] m
0] 2T2

nlw') = 5 . (B-11)
1+ gﬁ; [2g(w-w') + g' (wtA-w') + g' (w-A~-w" )]

Similerly by taking advantage of the approximation B—H,l/Tg KA KL l/Tg%,
one obtains
1+ (2TN/T3_T2)[—;-g's/(1 +3% g'8)] h(w'—-wo) [1 + % TH2 a)((bo—tb)]

m .
— = T . (B-12)
s 1+ (ETN/Tng)[%g’S/(l +4 g'8)] h(a)'»—mo)(l n g's)
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The plot of n{w') versus w' (eq. B-11) is shown below:

o stz
o -

{~

1

u)iA_ @ w+p (*/o (~/;
Electron-spin population changes upon application of the ENDOR frequencies.
() — m # 0 : Steady-state nuclear polarization (no rf).
(b) ——= m = O : ENDOR signal applied (rf at nuclear Zeeman frequency).

In equation B-11 the factor (ﬁS/ETg) e lOLL for the typical experiment.
Roughly speaking then, one can neglect the first term in the denominator
whemever g ~ g' ~ 1 and conversely the second term can be neglected
whenever g =~ g' &~ 0, The first term in the numerator Jjust gives the line
shape of n(w‘) in the absence of any rf and it locks essentially like an

absorption curve. Equation B-11 can obviously be rewritten as

0, (")

nlw') = -
1+ Eﬁ;[Eg@nﬁn’)+g‘QD+Aﬂb‘)+g‘QbaA4m’)]

(B-13)
g%—N@b’)[g’@n+Aam‘) - g' (o-A-w')]m
)

1+ g%~{2gﬁbﬂn‘)+g’(w+Aﬁm')+g'QD=A%D’)]
2
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Clearly the first term will be reduced each time w' 1g in the region of
the lines given by g and the (g')'s. The second term will also contrib-
ute to this modulation. In particular from m > O the dip in n(w') will be
shallower for w' = w-A and deeper for w' = w + A as compared with the case
when ﬁ.: O. When an rf field is applied m — 0 and in that case the dig-
tribution shown by the dotted lines is obtained.

Expressions for X" and X' the spin susceptibility for absorption
and dispersion respectively can now be found. Based on the analysis of

Portis (50) on inhomogeneousgly broadened lines LIMT obtain the expressions

©
" _ L 78 (w-w' )dw' )
XM (w) = QXOth(wmwo) SIS ETey P reny + const
° (B-1k)
- m(woww){positive definite term]
200 (wi-w_)dw' 1,1
g'S og

X' (w) = 2 o + 2 22 Sl (e B-1

( ) 2 o wFEHwe mo l-»«%g's T2 ( O) ( 5)

It is easy to see from equation B-14 that the absorption effect for m — O
will always be an increase. However, note that the change occurring in
n(wg) (eq. B-13 or B-1l) when the rf is turned off or on is in opposite
directions in the two sidebands. As a result absorption effects tend
to cancel whereas dispersion effects add.

On the other hand the two terms in eguation B-15 always have the
same gign. This can be seen if it is first noticed from equation B-12
that mAz 0 for Wy 2 w. (Recall the Abragem model Tor dynamic nuclear polar-
izatione) " Second, the welghting of those contributions to the integral

for w' < w and for w' > w is such that the resulting sign depends on
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whether o < mo or w > wo—wand the sign turns out to be the same as that
for m. Therefore when m = 0, X' always decreases. These effects are in
qualitative agreement with the results of LIMT.

They further showed that the response of the EMR signal when
either 2127 (distant) or o (local) transitions were induced was es—
sentially identical. In both cases X' decreases significantly and X"
increases moderately.® Furthermore, the decay of the ENDOR signal in
either local or distant ENDOR gces at the rate of the spin lattice
relaxation time for the A127 nuclei, All indications point to the fTact
that the mechanism for both distant and local ENDOR in ruby‘is the same.
Therefore, the mechanism, based on the forbidden transition analysis of
Abragam, would be one in which the nuclear polarization of distant nuclei
is removed in both cases. For distant ENDOR this is done by directly in-
ducing the distant nuclear Zeeman frequencies. For local ENDOR the local
nuclei after being depolarized must communicate this depolarization to
the distant nuclei for the observation of the ENDOR effect. Opin dif-~
fusion may be the mechanism for this communication. A schemetic repre-

sentation of this model as given by LIMT is shown below.

Nuclear Polarization Mechanism
(Forbidden Transitions) < i
electrons
\ ENDOR Mechanism (also
forbidden transitions) =
distant - spin ~ local
nucledl diffusion - nuclei

*Tt can also be shown (34) that the packet shifting model of Feher
predicts a decrease in X',
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At the time we began our work on ENDOR it was very difficult to
plan an optimized experiment. The only ENDOR experiments that had been
done were those of Feher and thus the only proposed mechanism was the
packet-shifting mechanism. But this applied to inhomogeneously broadened
lines. It is probably true that the EMR lines of solid state free-radicals
are to some extent inhomogeneously broadened. However, the characteristics
of these lines are considerably different from those of the inorganic sys—
tems considered so far, and consequently one could not with confidence plan
an experiment based on the packet-shifting mechanism.

Furthermore, a considerable amount of work has been done on the
measurement of relaxation times, line broadening processes, and line
widths in inorganic materials. Even today the exact opposite can be said
for solid state free-radicals, and yet these properties can have a pro-
found effect on both the mechanism and feasibility of ENDOR.

Ag a matter of fact, ENDOR has still not been observed in malonic
acid* and the reason for this is not at all understood. Our first ENDOR
experiment was performed on malonic acid at room tempersture. Recently it
has been shown that at least in ruby the ENDOR signal disappears above
20°K (51,55)° Even under favorable circumstances the ENDOR signal can
be very elusive.

However, assuming that one can see ENDOR in solid state free-
radicals one must consider how the data can be used in calculating the
hyperfine tensors. This can involve some difficulties and so we shall
describe a procedure by which the calculations can be made in a rather

straightforward way.

*Distant ENDOR has been observed in malonic acid (35).
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Spin Hamiltonian

There are many publications (56~41) dealing with organic free

radicals in the solid state. The spin Hamiltonian for a radical having

= : . . Nl
S = 5 in which nucleus 1 has spin I can be written

|12

_ — .ﬁ _ Z ~>i°—a ——>a 10—91 ) _
IH peHy = L+ % SeAteT (B-16)
The first and second terms refer to the Zeeman energies of the electron

and nucleus respectively. The third term includes the contact and di-

polar interactions. Actually A can be written as the sum of two tensors,

% =8 + E’ where a = a % and

LY

b b Db
XX Xy @ XZ

4

b b
¥y  Jz

o
i

b b b .
Xz yz Z7

The isotroplc coupling constant, a, is given by a = %‘trace é = %~trace a5,
and this implies that trace b = O. The tensor b represents the dipolar

contribution. A 1s a symmetric tensor and can be written

A = AJ_,lff + Aspjd + AgskK + Azs (15 + 37) + Ars (3K + E;) + Azsglz +53) .
(B-17)

Equation B-16 can be written in a more useful form by using the

relations
by = - ESIS°§
(B-18)
By = gNBNI .
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One obtains

> —> l——) =7
o + ﬂ @ e "'l
H - |g[5-gE ZZEas gNBNHO ] (B-19)
In analogy to the hyperfine tensor one can write the g-factor tensor as
g=gL+g . (B-20)

In most organic free-radicals in the solid state the elements of g s g 53 =~

ZLOM5 g, Therefore, for the calculation of energy levels g = g, 1.% Fur-

s

thermore in the systems we ghall study with iﬁol = 3000 gauss, SH ils ap-

proximately a good quantum number. 8o we will mske the further approxima-—

_ 4 T
tion that 8 = SH€ﬁ° If one also defines HO = Héa one can rewrite equation

B-19 as
é&t - HgolBIHo i ZTﬁSHGﬁséfefi - gﬁgﬁﬂoaﬁofi]° (B-21)
When dealing with protons one can define
v, =h e (B-22)
and {ve[ = hﬁlgOIB[HO .
Then
H =5 h]v | - n Z:[v u, - HPH 1ﬁ L (B-23)

The quentity in sguare Dbrackets can be defined as

H =splv | -n %vi{? T=snlv | -nZvia. (B-25)

*For some purposes it is valuable to actually determine g'. For
example, the minimum diagonal value of g ig related to the axie of the
m-orbital in a ReCH radical (42).



~ 26 -

In equation B-25 vl represents the ENDOR transition frequencies for the

ith nucleus. Congider just one nucleus. For that case
H = sthve] - v . (B-26)

If one has eigenfunctions for thisC?L then the energy levels for the
system can be calculated directly. If v, represents the magnitude of the

. =
vector in the u, direction (i.ee Tor SH = +

) and furthermore if Iu rep—

Yy N

resents the eigenvalues i‘% of the operator I for the component of the
—_
nuclear spin angular momentum in the direction of the unit vector u,

then The energy levels will be given by

B® = -dn|v_| + $hv_

E% = ~%h[v I - %hvm.

Consider only the allowed transitions (A;ms = + 1)s The energy of each

transition will be

El-E* = h]ve} +3h(v, +v)

| (B-27)
EZ-E2 = nlv

f - %h(v+ + Vm>e

8
We are interested only in the splitting g{ between the transition fre-

quencies so we write

ﬁf’ = (B*-8%) - (B%-E®) =n(v, + v ) . (B-28)
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The splitting in terms of frequency is just J

ﬂfz‘g“”ﬁv (B-29)

Under certain restricted conditiong it can also be shown that

2
gNBNHO _
TV, v -

A typical energy level diagram in high field as a function of HO is

shown below.

J/\%___‘,é =Y+ U j fEMR signal

Hy =

Since the Hamiltonian was written as a sum of n terms, the energies for
n nuelei will just be a sum of terms for individual nuclei. So,for a
radicakl having several magnetic nuclel one can consider each nucleus indi-
vidually end construct the energy level diagram by superposition.

The general problem in EMR is to calculate A from the measured
splittings ;éf The ENDOR technique determines v, directly and usually

with greater precision and so this provides a way of getting better values
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for A. The method described here for doing this requires only that the
ENDOR transition frequencies v+‘be measured along the three coordinate

axXes.

In Section C it is shown tThat in general

5 3
( ) ZE; (v, x Ay P2 x 2 > :Z;(zv £ A A U

+ i=1 j=1

> 3 3
+ EZJ };,;E;A 13 20

i=1 j=1 k=1

Here u,. are direction cosines and

O form=n

>
il

1 form # n
From this one can derive directly

(v_)? - (V+)2 = QVP(A11U§+A22U§+A33U§) + uvp(A12u1u2+A23u2us+AlsU1us)-
(B~30)

Then clearly the difference of the squares of the ENDOR transition fre-

guencies along ﬁhe coordinate axes gives in turn Ayi, Asz, and Ags.

By going back to equation C-15 one can write (for uizl, ujzukzo)

hivi2 = (2v_ + A, )2 2 + A2 u? + A2 WE
T P - iJ 1 ik i
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Since Aii is known one has two equatiocns in two unknowns for each of the
three orientations and therefore one can solve for the off-diagonal ele-
ments. This then gilves A directly from V.. There is only one problem.
When more than one nucleus interacts with—éhe electron it is not clear
how one should assign the ENDOR lines. Furthermore, since only square
terms appear in the equations for calculating the off-diagonal elements
of tThe tensor from.v+, the absolute signs remain unknown.

To reduce th;se problems it is imperative that one first calculate
A from the standard EMR data. One then calculates the ENDOR freguenciles
Vv, These calculated frequencies are compared with the obsgerved fre-

quencies and then after assignment of v, to a particular nucleus, A for
that nucleus can be calculated. B
Therefore, the first step in making use of ENDOR dats is to calcu~
late the hyperfine tensors from the splittings ﬂ{ measured in the standard
EMR experiment. This will be done in subsequent sections.
In this section it has been indicated that
1. Dynamic nuclear polarization (DNP) is the basis of ENDOR.
2. The general Overhauser effect is one case of DNP in wﬁich
one has scalar coupling of f and g and in which one normally
induces allowed transitions.
3. The Abragam scheme is another case of DNP in which one nor-
mally induces the forbidden transition. We indicated how
this gives rise to reversed polarization.

i, Fehers model for packet shifting ENDOR was discussed and its

salient features listed.
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We developed in some detail the arguments for the LIMT model
listing ite salient features and pointed out the differences
between this model and Feher's packet—shifting model,

The paucity of experimental and theoretical information on
relaxation and line broadening effects in organic free-
radicals in the solid state was pointed out.

Finally, the spin Hamiltonian for organic freeuradicals was
Introduced and a method for finding the hyperfine tensor

from the ENDOR data was described.
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C. METHOD FOR OBTAINING NUCLEAR HYPERFINE

AND ELECTRON g-FACTOR TENSORS

In the preceding sections it was indicated that ENDOR is in~
timately tied up with the conventional EMR method. It goes almost with-
out saying that the EMR spectrum should, therefore, be rather well under-
stood before one proceeds with an ENDOR experiment. More specifically,
to calculate the ENDOR transition frequencies, one needs to know the
hyperfine tensors for the interacting protons. To this end, a straight-
forward procedure for obtaining the nuclear hyperfine and electron g-
factor tensors from the usual EMR data has been developed,

The object, then, is simply to take the measured values of the

EMR splittings, g{ =v, + v , and from these find v, and v_ and thus A,

+
However, since

—> ~»_.~—>A
v.ou = ¥V U + u.e
£+ pEHTE®

one needs to square v;§+ and then take the square root to get Ve This

leaves our unknowns, namely the elements of %"Aij’ under the radical sign.

What 1s worse, one must take the sum of two such quantities, v, and v_,
and this makes the task of solving for the tensor elements formidable.
We therefore introduce the procedure which follows.*
Step 1 Using a very crude Hamiltonian one obtains the orders
of magnitude and signs of the tensor elements.

Step 2 Using an approximabte Hamiltonian one improves the above

elements.

*This procedure based on McConnell's work (56,45) is similar to
e method used by Pooley (Lk).
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Step 3 Using the "exact'" Hamiltonian the final elements are
calculated.

For Step 1 the following assumptions are made:
a) v, is negligible

b) I =-EHIHw~i.e., the nuclear spin is quantized

along the external field direction.

These are by no means valid assumptions, but they give a set of initial
values for the tensor elements which will then be Improved by an iterative
procedure in Steps 2 and 3.

Using =) and b) the Hamiltonian equation B-26
H = nlv_[s; - wvI
then becomes

A - nlv, sy + SHIHT;HG&EH . (c-1)

—> —>

One can show that the splitting,;ﬁf ; will be given by ?f = uHeé;uHG
Having chosen a rectangular coordinate system with a Triple of unit wvectors

w7 e .
i, J, and k, one can then write

- - -5 -
wy = ul + uad + usk (c-2)

where the (ui)’s are the usual direction cosines. Recall equation B-17

o +7 = e i vt e el AN
A= Ap3ii + Appjd + Aggkk + Aip(d) + Ji) + Ass(jk + ki) + Ays(ik + ki). (B-17)
Using this equation and equation C-2 one obtains
Uppefy = (uphiitushiotuzhya)i + (uphootuildiotushes)] + (Ushsstushogtuilys)k

5
e -

oY U,.°A = 2: u.h, .e, 0-3
i 1,321 1 1353 (c-3)
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where
- S
€1 = 1
e 2
€z = ]
-> —
eg =k .
Therefore,
- —
UH e %.; UH:ul (U.lAll'ngAlg'i'ugAlg )"ng <U1A12+U_2A22+u3A23 )—HJ_S (ulAl 3+U2A23+U_3A 33)

(c-k)
It 1s most convenlent to use the sgplittings which one obtains
when the field lies along the three orthogonal axes of the coordinate sys—

tem. For these cases
.
Uy = U8 i=1,2,3 and u, =1 .

i d i

For this case

BB,
~ ey
S
it I
For
v =

(c-5)

—
=
g
I
=2
0]
0

or
-
Ay = J(ei)°
which give rather approximate diagonal elements.
For the off diagonal elements one proceeds as follows. The
splittings, gf , are usuvally measured at least every 10° in the three
mutually perpendicular planes formed by the triple (ijk). For those

measurements one writes

of b
i
<
o
-+
<

(c-6)

,.,__
e e

R
1l
[
o
N
“
N
=
TH
s
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Then
w A Lin 1 A .
u]—]:emouH - E( JJ + Al].) i ?(AJ.J — Ali)COSEG -+ ’ijs;mge
QJ | 3
1 1 .
-z A - = 2 ° s
5( gq Ajj) + [E(Aii Ajj> +AALJ gin2(6 + @) (c-7)
where 6 is th 1 a - e ton ( 2 0T )
re g L ]
i e angle measure rom_ei o) uH not from ej o u

Equation C-7 is obtained by using the identity

i
Asint + Bcosk (A2 + B2)® sin(t + 9).

Hi

This identity clearly holds on the condition that

1

cosy A(A? + BE)“§

I

1
sinp = B(AZ + BB) ¢ ,

From equation C-7 and the conditions on the values for cos2@ and sin2g
one Tinds
A .~ A,
ii JJ

Ay =5 tanod (c-8)

The values of Aii and Ajj have slready been found. The angle ¢ is found
by matching curves of the form R + P sin2(6 + ¢) versus 6 against the plot
of ﬂf (or ;5 2) versus 6. {Since ¢ is just a phase-angle it is easier to
measure it when compared with the plot of Q{2 versus 6). The result of
these calculations gives crude values for the elements Aije t will De
shown in Section D that simpler methods can sometimes be used to find at
least one of the off-diagonal elements. Using the values obtained from

equations (-5 and C-8 we proceed to Step 2.
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For Step 2 the only approximation made 1s that the term in vp

is negligible. Equations B-2Lk and B-26 then give

-

va;mSHuH-& . i (0“9)

As before)zfz v, v and since
dz = V 2 + 2V v + v 2 = l(—é .A)2 + _-_]-_(—J 'A)g + l(-> .A)2
- e T e TV 2\ F\'E &

/z/é = U AR (c-10)

Writing out the general case in component form one has (writing it in a
particularly convenient form)
2 2,2
;zf }: WA+ 2 _[ulua by (hyy + a0+ )X A.kAJkAﬁE§ﬂ4 (c-11)
154 1< k

where

acd

.,
!
ot
.
no
e
A

and

O when m = n
1 when m # n

The second term on the right includes only cross—terms uiuj, Therefore,

measuring splittings along the coordinate axes gives (sinee then ui = l)

2 2
)Ef (6;) - 82, - 28,

i=1,2,3

1434k .

(c-12)

Using Aij and Aik calculated from equation C-3, Aii can be Tound immediately.
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For the off-diagonal elements it is least cumbersome algebraically

if one measures the other three splittings in those directions which have
1 1 1 1 1 1

e = O}, | == 0 —=—}, and | 0 — —]. In other
Z (2 ) (\{5 (2‘)’ (\1’2‘{5)

words, one of the field vectors for these intermediate directions would be

direction cosines

- 1

T

T+ =73 (c-13)

1
2

or in general

— — -
uH = ulei + ujej
where
w, = u., = .
i J Jg
i
Joy= 12,3 .
k

Using equations C-11 and C-13 one then obbainsg

$2EE)

ke

i

—> - = — —>
(ei + ej) K o(ei + ej)

i
Nj=

2 2 2 A 2 2
(Aii + Ajj) + Aij + & (Aik + Ajk) + Aij (Aii+Ajj)

. T A
Completing the square with respect to Aij gives
. By Ay 2 By thss 2 A§i+A§j Aikﬂ%‘?k
2 xd
= o -+ i °
74{ (e5e5) {Aij o } 5 * 2 * 2 Aoy
Solving for A., gives
i 1
= 2
— 2 N T Bty
2 1 2 1 2
= —-% - - + + - .
Ay [75 (e;e,) (8] HAT5) = Ay 2 (MG, ) 5 5
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1
Jf=1,8,53 P B
k
In calculating the diagonal elements in Step 2 off-diagonal ele-
ments from Step 1 were used. Affter new off-diagonal elements are found
in Step 2 using equation C-1k one can 20 back and calculate new diagonal
elements using quation C-12, This iterative procedure 1s continued until
the values for the tensor elements stabilize. We take the values thus ob-
tained and proceed to Step 3. (The tensors obtained 1o this point may be
sufficiently accurate for many purposes. Compare The Tensors obtained by
various steps in Section D. However, for prediction of ENDOR freguencies
one wants the most accurate values obtainable. )
For Step 3 the "exact" Hamiltonian is used. The problem is to get

gﬁ: v, + v 1in a form useful for calculations. Starting again from

Voo U =V o +—1-—>°A
F T p'm T2 R

it is straightforward to show that

3
b(vp)? = X (v, x A ReZ x 2 Z: Z@v+A IS
‘ 1=1 j

j=1 iJ et J lJ

(c-15)

> 3
jgl kZl By gx™7 AikAjK

+
]_J-
I N
g

Where

O whenm =n

1 when m % n e
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A little thought quickly reveals that to find (v+ + v ) for the
general case could be almost impossible. It is therefore advisable to
choose special cases immediately. In fact, as was done in Step 2, one
conglders first the diagonal elements which will be related to measure-
ments along the (gi)’s and then one finds the off-diagonal elements which
will be related to measurements along the intermediate directions.

- - —>
Choosing Ug = W€, =€, one can inmmediately write

2 2
— 2 2
Fovgley) = (gvp X Aii) TRy T A

i=1,2,5 ;3 ifJftk
- —> — 2 — >
ﬂ52(ei) = [v+(ei)+vm(ei)] = %(A§i+A§j+A§k+kv§) + QVM(ei)v+(ei) . (c-16)

By appropriste grouping and factoring and writing V+(gi) = v, it can be

shown that
3
Ly A . 2

3—{ 2 2 2 2} p ii ]
vy, = A2+ A2 4+ A2+ by 1~ o (C-17)
SIS S SRS 2 21 p2 12 4 hy 2

ii ig ik

Tn order to expand the term under the square root sign one must show that

the term in the square brackets, which shall be denoted by fii’ lies in

the range —~ 1 £ fii £ + 1 which is equivalent to O = fii = 1. By com

pleting the gquare in the denominator the term can be written

2

by A,
2 p il

A+ A2 4+ (A, ~2v )%+ by A
iJ ik ii js) p 1i

Therefore expanding the factor under the square root sign gives

1
2 1 1 1
- P2 = -—= e et = P8 ..
Q-1 =1-51, -5 -5
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Substituting this back into equation C-17 gives

oy o 1_. L!-Vij_j_ 1 - _‘]___ f2 1 f4: _]_:__ 8 ...

R 2 7ii 7 8 Tii 16 Tdi

ii
1 f .2 >

o = =2 142 52 2) L ii ii , id .. ~

e 2( AL gAY WAL e TRt (c-18)

If one defines
f:'Li fi? fii
Fii = -+ 52 + = 4 eoe (c-19)

then combining equations C-16, C-18, and C-19 one obbaing

?52 = A2+ A2+ A2
iy i

+ 2 - by AT
1i D

k p oiidii C

Completing the square with respect to Aii and solving for Aii one finally

gets

P

REEI- N 2 2 2 2 _
Ay —Lé (ei) (hvp + Aij + Aik> + (EVPFii) ] + EVpFii° (c-20)

Now we wish to obtain expressions for the off-diagonal elements.
One chooses Eﬁ as in equation C-13 and derives expressions for Aij in a
manner similar to that employed in solving for Aii in Step 3. The main

problem again arises with the cross terms. One finds that

1
1 1 ]2 1. > N E
o T — B . _ s + °
vr =g Z[Aij_ + E(pr + AL H J.J.) + 2(Aii Ajj) + (Aik Ajk)
(c-21)
Defining
== — ..JL
a = aij _.AlJ + 5 (Ail + Ajj)
b =2y

and c=c,. = % (A.. ~ A, )%+ <Ajk + Aik)g
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one obtains after some considerable algebraic manipulation

1
2
2112 =]
lc + 2(a®412)] [1A_ 2 (aZ+0%) J]‘
2,,.2
2v~v+ = 2(a®-p7)( 1 + c + 2(a"+b%) . (ce2)
b (a2 )2
2.2 2
[c + 2(2402)] [l __2(am+) }
2.,2
Defining G5, =1 + c + 2(a+b%) ‘ ]
+ 4 (a212)2
equation C-22 can then be written as
2v v, =38 G, -3 b7 G... (c-23)

The off-diagonal element of interest, Aij’ appears only in aijo So in
writing 2vmv+ we have obtained4Aij explicitly-~except that Aij also
appears in Gije However, Gij is fairly insensitive to variations in Aije
Furthermore, one uses the value of Aij obtained in Step 2 to find Gij and
again employs an iterative procedure to improve all the tensor elements.

Using ?52 = vﬁ + 2v_v+ + vi and equations C-21 and C-23% and regrouping

terms one can solve for Aij to get

o

— 1
2 fB(e.e.) - 22 (1-G,,) == (A -A, )2 -4 (A, +A, )P
L = 95 N 1eg> Vp ( 1J) I ( il JJ) 2 Vg Jk) _i(a +A )
13 oy 2V 4Ty

(c-2k)
This completes the procedure for calculating hyperfine tensors.
For the sake of convenience we shall summarize the equations obtained in

the three steps. In all cases
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For Step 1
s, = 7/(@ (c-5)
Aij = (A, .-A, . )/2tan2g (c-8)
For Step 2
%
- 22 Va2, 2 _
Bis “[ff (e;) A Aﬂ% (c-12)
1
2
Ay 2 Aii+Ajj
2y _ A 2 2 - N S £
4y, = o2 (e e ) - +Ajj) L (s Al .
(c-1k)
For Step 3
2
_ 227y 2,5 2,5 2 2 _
5, - [ APEE,) - (Rea 2o 2) 4 <evaii)] Loy (c-20)
2 _ 2 1 202
e)g’ <e e, -(ev )(1-a, ,)- E(A £,) B8y ) s
A.. - Z(A..+A..>s
id l + G, . 11 3d
iJ
(c-24)

The hyperfine tensor thus obtained can be diagonalized and in turn the
eigenvectors and the appropriate similarity transformetion (&5) can be
found. Thig gives the direction cosines of the principal axes of the
tensor in terms of tThe arbitrarily chosen triple (f;g)o To obtain the
g-factor tensor one can see by looking at the terms of interest in the

—

—> — —
Hamiltonian that S«geHO can be written HOSHuH*§euH and that the form of

this expression is identical to that used in Step 1 for deriving the
hyperfine tensor. So the equations and methods used tﬁere can be ap-
plied directly in order to find the g-factor temsor. For convenlence
we ghall summarize the equations explicitly in terms of the (glJ S.

-
We define the measured g-value for the e, directions as ig (ei)e
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Then one can write

o, =P G (c-25)

2.~z
g, . = == _dJd

P
ij  2tan2g (c-26)

Here again ¢ is a phase angle and can be obtained from a comparison of

plots of the form

R+P sin(9+¢) versus € against a plot of g; (6) versus 0 .

We ghall now proceed to Section D where the procedures described
in this section will be employed to calculate the hyperfine and g-factor

tensors in glutaric acid.
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D. CALCULATION OF HYPERFINE TENSORS IN IRRADIATED GLUTARIC ACID

The EMR of Tthe radicals formed in single crystals of glutaric acid

had been inveétigated‘by Horsfield, Morton and Whiffen (k6) (hereafter
referred to as HMW). Their stated purpose was that of weasuring the
hyperfine interactions due to the y-protons (see structure of radical
below). This was of basic importance in the development of the theory
of electron-nuclear interactions in solid state free-~radicals. However,
their preliminary studies revealed the presence of two non~identical
radicals. It had been shown that annealing sometimes destroys one
radical preferentially but their efforts in this direction failed. They
therefore proceeded with their interpretation (of the composite system)
assuming that the two radicals were distortion isomers of the form (A,B)
() 1))

C COOH Q%m) (4,B)

|
(w,,) HOOC ? ?
m(e) H(B,) H(y,)

By distortion isomers we mean radicals having non-identical electronic

structure but arising from identical physical structures by distortions.

They designated the btwo radicals by A and B, where A refers to the radical

having the larger isotropic contribution to the hyperfine interaction.
They calculated the hyperfine tensors for the CG-proton for both the A
and B radicals. However, because the superpogition of the spectra due
to radicals A and B causes poor resolution for many orientations they
did not calculate the B-proton tensors but only listed thelr general
characteristics. Furthermore, this same problem permitted them to place

only an upper limit of about 10 Mc on the y-proton interaction. As was
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seen in Sections A and B the ENDOR technique is well suited for deter—
mining the magnitude of such an interaction. However, the complexity of
the glutaric acid spectrum promoted the gearch for a simpler system to
which one could apply the ENDOR technique and still obtain information
on the y-proton coupling constant.

At about this time certain investigations (4L7) in these labora-
tories indicated that u.v.~irradiation of x-irradiated crystals gave
results similar to those obtained by annealing. Consequently, a single
crystal of glutaric acid was x~irradiated and the EMR spectrum taken be-
fore and after u.v.-treatment. There was a marked change. It appeared
as though the sgignal intensity due to one radical had been considerably
reduced while that of the other seemed neither to have increased nor de-
creased. In Figure 4 and Figure 4 (overlay) we show two spectra illus-
trating this rather nice change.

Subsequently accurate measurements were made, in three mutually
perpendicular planes, of the splittings for the remaining radical.
Figure 5 and Figure 5 (overlay) are plots of;giz(e) versus 6 for the
O~proton for rotations in one of these planes (xz). Figure 5 represents
the data of HMW whereas Figure 5 (overlay) refers to our data. It is
quite apparent (since similar results also obtained for the two B-protons)
that the radical which remsined after u.v.-~treatment is, within the limits
of accuracy of our measurements, identical to radical A of HMW. However,
concerning the y-proton iﬁteraction, we were only able to reduce the upper
1imit from 10 Mc to 5 Mc. Nevertheless, the resultant simplified spectrum
of the glutaric acid radical (A) now made this system useable for the ap-

plication of the ENDOR technique.



Figure 4 (Overlay) EMR spectrum of x~ and uv-irradisted
single crystal of glutaric acid
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In this section then, we discuss some general principles involved
in obtaining EMR data from single crystals and then, using our data for
radical A we calculate the hyperfine and g-factor tensors emploYing the
methods outlined in Section C. Toward the end of the section the nature

of the A and B radicals are discussed,

Single crystals of glutaric acid were grown. Large well-formed
crystals simply Tfell out of water solution the first time, and since then
I have been unable to repeat this feat. The crystals were placed about
two inches in front of a General Electric model CA-T7 x-ray tube and ir—
radiated for about four hours {at 30 ma) at 45 KV. They were then ex—
posed to u.v.-irradiation from an 85 watt General Electric Mercury Lemp
model number H85A5/UV from which the glass envelope had been removed. The
crystal was placed approximately at the focal point of a quartz lens
(f = 10 em). The spectra were observed using a standard x-band EMR
spectrometer as described in Section F.

Before taking spectra useful for hyperfine tensor calculations one
must declde on a relationship between the coordinate system used in the
calculation of the hyperfine tensor, and the crystal morphology. In
particular, the coordinate system should be chosen so that two conditions
are satisfied:

1. the number of spectrally different radicals is a

minimum for measurements made along the coordinate

axes and in associated planes;



-~ 50 -

and 2. the coordinate system is simply related to the
external features of the crystal. (This is
important only because it makes the mechanics

of crystal mounting and orientation easier.)

When these two requirements are incompatible, one must decide on the
basis of the particular system, which one should be given priocrity.
Consider the problem for glutaric acid.

Glutaric acid crystallizes in the monoclinic space group Cgh (12/2)
with four molecules per unit cell (48). Pairs of these molecules are re-
lated by a center of inversion and are therefore spectrally equivalent for
any arbitrary ﬁo’ As a result one needs to consider only the two molecules
in The unit cell which are always differently oriented with respect to any
arbitrary Eo“ However, their orientations are related by the symmetry
operations of The space group. In particular, for monoclinic systems
these two molecules are related by a two-fold screw axis which, for EMR
purposes, isg equivalent to a two-fold rotation axis. This axils is normally
designated the g axis.

In general, one assumes (as far as EMR spectra are concerned), that
the radicals produced in these crystals still exhibit the symmetry of the
parent space group. This is usually found to be true to within experimental
accuracy. Consequently, if the tensor for one radical in the unit cell is
known, the tensor for the other(s) can be obtained by the appropriate trans-
formation.

In particular, in the case of monoclinic systems it was stated that

the two spectrally different radicals in the unit cell are related by a
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-
rotation of =w sbout the b axis. Later, we shall choose the y axis to be

-
coincident with the b axis; so we now consider the general rotation

matrix (49) for a rotation by w about the y axis.

. cosf 0 sing
R = 0 0 -

y(#) * (>-1)

~sin¢ 0 cos¢
~1 0 0
d R = 0 1 0 D-2

S Sy (n) (>-2)

0] 0] -1 /.

If the tensor for one of the radicals is

Azz Az Ayg
A=l Ajp Aoo Aog (D-3)
Ars Aps Azs [/

then the tensor, é:, for the other radical, obtained by the usual tech-

niques, is A" =R A R *.
Agi -Ay2 Ays
Al =1 -A12 Azz —Azg (D-4)
Ais ~Azg Agal .

Note that the only difference between A and A' is in the signs of the
elements Ao and Asg.

Probably the most important feature of monoclinic symmetry is the
spectral equivalence of all identical radicals when Eo is perpendicular
or parallel to the symmetry axis. One way in which this can be seen is

the following.
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Consider the magnetic field fixed in some arbitrary orientation
relative to one of the molecules in the unit cell. BSee Figure 6a.
(Clearly no matter what we do to the orientation of the molecule the
relative orientation of the magnetic field remains the same.) Now if
one performs a rotation by = about ﬁ one obtains, in keeping with the
properties of the monoclinic space group, the orientation of the other
radical in the unit cell, See Figure 6b. There is no useful relation-
ship between Eo before and after the rotation, except when ﬁo is per—
pendicular to the two-fold axis. In that case the direction of ﬁo after
rotation is in exactly the opposite direction from that obtaining before
rotation. See Figures 6c,d. The sign of ﬁo makes no difference in the
spectra. Therefore the radicals are spectrally equivalent when ﬁo°€ = 0.,
(The one other case when the radicals are spectrally equivalent is clearly
seen to occur for Eollﬁl See Figures 6e,f.)

In order to capitalize on this fact, we will choose one of the
coordinate axes, y, to be coincident with the crystallographic b axis.
Condition 1 is now satisfied (as far as is possible).

In order to satisfy condition 2 one has to look at the crystal
morphology. Glutaric acid crystals obtained from water or alcohol solu~-
tion usually grow in the form of thick tablets on (OOl)o The faces form—
ing the edges of these tablets are seldom well defined. However, (101)
is a good cleavage plane and as a result one can unambiguously decide on
the directions of g, g} and g relative to the morphology. To satisfy con-
dition 2 then, we choose the x axis to be coincident with = and this fixes
z which lies along Z%. The latter is defined as the direction perpendicu-

— —_ - —
lar to b and a and lying between a and c. Spectra can now be taken in

the xy, yz, and xz planes.
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Spectra were taken every 5° in the xz plane (Iﬁ) and every 10° in
the xy and yz planes. Typilcal spectra for Eolg (XZ plane) and for EO not
fg are shown in Figure 7. For the former case (Fig. Ta) (XZ plane) split—
tings can be measured directly and rather accurately. For the latter case
(Fig. Tb) one has the superposition of the spectra from two differently
oriented but identical radicals and the measurement of the splittings be-
comes much more difficult and less accurate. We now proceed directly to

the calculation of the hyperfine tensors.

As outlined in Section C one begins with Step 1. From equation

Big = Fj(gi)

Actually, by looking at equation C-20 (or C-12) one can see that Aii will

C-5 we have

be somewhat smaller thanA)i{ G:i) so anticipating this one chooses a

slightly smaller value for Aii to begin with.,
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We measured (in Mc)

s Ga) = h0.q LG = 68s ofp Ba) = 12900
55/53(25) = k2.0 a(gé) = 3h.z gﬁféL(gé) = 127.2

i

;ngs(g3> Lé.o SZZ;CSS) = TTes ;5fﬁL(g3) = 126.5

S0 one can say that

A?l = 6)4-
04 Where Aa means the ii
Aop = 32 | id ©
element for the CG-proton.
(04
Agg = T2

(We show these values only for illustrative purpose and therefore omit
detailed values for BS L~protons.) For the off-diagonal elements

equation C-8 gives

il 3d

Ai5 = Btaneg

Consider
Ay1-Aas

Alg = ——
27 otan2g

Figure 8 and Figure 8 (overlay) show a plot of R + P sin 2(0+f) versus ©
matched to the plot of/gfz(e) versus 6. Using ¢ = -5.5° one gets
(0
Als =~ 21

In finding A5 and fos a slightly different method was used.

From equations D=3 and D-I4 one can write

Azy + A2 Ay

A= 11 A2 Roo + Aos

I+
5
o

Ayg Aas



..57_

O
ORI oLl O/

Rel-7}

B18p PIOR OTIBINTD (ABTI9AQ) @ 2anITL

K2l

(§g-=)2 NIS 22 + Gg

el

02 o1

@TH)

K==

Koo

O

oOL

02

Vom

K4

€

o

ol

oz

=1

=

oy

sy

o

%

<D

oL



- 58 -

838D PIOB OTABYNTD

- O
O LI O 08 OP Joel 0Tl e

@aTH)
D NII9NE2 NI ZadAH N3IpoTdAH-» 4o ITUVNOS

Re oy

°Q PANETH

L&

R d

O

-

(=44

2

O X PN

oz

@2

oe

ac

4

14

oG

=

=>4

OL

(=7

O%



._.59._

and it is seen that the Ajo and Apg elements for the two differently
oriented radicals are related by a Ffactor of (-1) in the tensor. Ir,

as in equation C-13 the unlt-Tield vector is designated as

- - i
= - - . °
Uy = W8l ujej (j) 1,2,3 1 % J

X s - —>
then for rotations in the xy plane, for example, Uy = (cosp) e1 + (sing) es.

by

Z

-
One can obtain an expression forféfyfor this direction of Uy

All iAlg Als cos ¢
sgfi Eﬁ-g;ﬁﬁ = (cosf sing 0) |+A1o oo Aog sin ¢
Azs Hios Aszs 0
Fgﬂ = Ay cos®@ + App sin®P + Ajo sin 2¢ (D-5)

and J; Jm =2 Ajp sin 20 (D-6)

}éf+ refers to the choice of the + sign in the second equation for;$7 . We

mentioned before that when Eo is not perpendicular to i the spectra are a
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superposition of the spectrum due to each radical. So at any of these

orientations one can measure botb;zf+ and.gﬁf (from the same spectrum)

bz gf%g; (o-7)

. , (D-7a)

and thereby calculate A;s.

similarly

Using these formulae andvthe appropriate data one gets
104
‘Alg = 10
04
A23 = 0 °

As a very crude first approximation, then

Lo 0 1 128 +8 L
JLEIN h2 o |, ST 126 0
1 0 L6 L 0 125
6k + 10 21
a
and A = {+ 10 22 0
21 0 T2

where the same methods have been applied to find %?L)Se These values are

now used in Step 2. Eguation C-12 gives

)j (e ) ~ A 2 - A 2 .

l

Here the values for Aij and Aik calculated in Step 1 are used to find the

(Aii)'se Employing equation C-14 to calculate the (Aij)'s using the new

values of the (Aii)’s one obtains
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4o.q +l.s ~0.7

AT S 2,0 O.2
~0. Oeo h6.o

6l.s

2= 412,
18.0

APL

o

i1235

2.g

_'l: 0.5

128 + 7 6o

= + 7 126 1

6.5 +1 125
18.0
+0.5
Thes

Using these values one iterates using equations C-12 and C-14 until the

values stablilize, and the result of this is (after three iterations for

the O~proton and one for the B-protons)

QFS = no change
6540
.’e:O‘ = j-__lgoo
le7

We now proceed to Step 3.

from Step 2 one obtains

595 +H2.eg 0
&BS = igus l'l':]_»o il
0 +1 45.5
128. 6
ABL = + 605

ilZOO
32.0

:"_“ 004

= no change

Using equation C-20 and C-2L4 and needed values

6h.g +12.8 7.9
= | +12.g 28.5 ?!-_2‘,5
T~ *2i5 T5aa
Des
+ 2.0
126.2
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Again iterating one finally obtains (after three iterations for the

O~proton and one for the P-protons)

6)4»@0 _'%_‘_1207 18g4_
6
%FS = no change A = | +12.+ 27.5 O.s QFL = no change
18.4 O.s 5.0

The Tinal values for the hyperfine tensors for the O~ and P-protons of

the A radical in glutaric acid are

39.5 :}:?95 0 614-50 i12.7 l8e4_.
é?g = | +2.5 bl.g +1 A% - +12, 4 27.5 O.s
0 +1 45,5 18.4 Oes 75.0

12806 + 6@5 5.8

éSL = j—_ 6.5 126.9 1290

S5es * 2.0 126.5

The same methods employed in obtaining the tensor elements for
Qq in Step 1 were used in calculating the g-—tensor. The standards for
these measurements were 1,l-diphenyl 2~picryl hydrazyl (DPPH) as the
field marker and the peroxylamine disulfonate ion, (SOg)gNO:, (PDS)

for field calibration. The result of these measurements is

2.,0030 +0,0007 0.0006
g = | +0.0007 2,003 0.0000
0.0006 0.0000 2.0028

The uncertainty in these values is about + 0.0003.
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A comment should be made on the calculation of the hyperfine
tensors. The O~proton splittings exhibit the greatest anisotropy. This
means that the off-diagonal elements of the tensor can be quite large.
We also saw that the Ag; element is approximately 2vp and it is interest-
ing to note that a considerable change occurred in the Ag; element in
going from Step 2 to Step 3 as one would expect from the approximation
upon which Step 2 is based. All other elements seemed well behaved.
However, it would probably be best to limit the use of the procedure
to systems in which the coupling constants are = 2Vp= In general the
procedure worked very well, requiring only about three iterations in
both Steps 2 and 3 for the O~proton and one iteration in both Steps 2
and 3 for the P-protons. However, the calculations are quite tedious
and it would be rather straightforward and advantageous to write a
computer program for this procedure. In general, for free radicals of
the type described in this section this procedure should be applicable
to protons with coupling constants greater than about 2vp.

HMW discuss the general features of the radicals so we shall
meke only a few comments on the nature of the radicals. The proposal
of HMW that the radicals are distortion isomers certainly seems to be
the most plausible explanation. They suggest that possibly the two
isomers are energetically equivalent and that as é result ‘a dynamic
equilibrium exists with a half-1ife of exchange of longer than 1077 sec.
If this were true it would be very difficult to explain why one radical
should disappear almost entirely on u.v. treatment while the other
remains at almost the same‘intensitye Another suggestion made by them
is that s largé activation energy for interconversion may exist. Again

Tor the reason stated above this seems unlikely.
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The final possibility HMW mention ig that the space group is
actually Cg which meané essentially that the two ends of the molecule
are not gquite equivalent. Such slight deviations in the carboxyl
groups would not seem to be sufficient to give the pronounced effecté
obgerved. However, the possibility cannot be completely ruled out.
In all Tairness it should be noted that we have not shown HMW to be
wrong but have simply‘eliminated gsome of the not unreasonable pos—
sibilities which they suggested.

In a sense, the result obtained with u.v. treatment mekes the
problem more puzzling Than before. It woﬁld be interesting to pursue
this problem somewhat mofee One could possibly obtain some revealing
information by finding the decay rate of radical B versus the energy
of the light. The use of polarized light and the decay of radical B
as a function of the angle of polarization relative to the crystal
morphology might also add some pertinent information.

The production of radicals A and B is peculiar to the single
crystal of glutaric acid. We irradiated glubtaric acid included in
urea® and obtained spectra arising from only one radical and found
that the intensity did not seem to be affected by u.v. treatment.

The proton coupling constants due to the radical in urea were (not
unexpectedly) different from those for either the A or B radical.

Finally, one word of caution should be added. The hyperfine

tensors calculated above are based on spectra taken at room temperature.

¥Qriffith and McConnell (50) have shown that many radical-forming
compounds can be studied as guest molecules in a non radical~forming host.
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It cannot be expected, a priori, that the same splittings will be meas-
ured at other temperatures. Actually, at one orientation it was observed
that the splitting due Tto the BL—proton increased on going to lower Temp-
eratures. In Figure 9 a high and a low temperature spectrum areshown.
The only splitting That seems to change is that due to the BL—proton and
the change is about 10 Mc. This is a rather large and unusual change.
As a result of this the ENDOR transitions for this proton will be about
5 Mc higher than what one would predict from the room temperature data.
This will be dealt with further in Section G.
To summarize then, we would like to reiterate some of the main
points of this section.
1. When single crystals of glutaric acid are irradiated
with x~rays two non-identical radicals A and B are
formed. Thesge radicals are distortion isomers having
the structure HOOC-CH-CHz-CHo-COOH.
2. Irradiation of these crystals with uv.v. light destroys
radical B but does not seem to effect radical A,
%. The hyperfine tensors for protons &, BS’ and BL and
the g-tensor were calculated for radical A. The
isotropic contributions were 55.sg; 42,5 and 127.2
and 2.0031 respectively;
L, Several of the possible explanations tendered bj HVW
regarding the nature of the distortion isomers do not
sppear plausible in view of our experiments.
5. Single crystals of glutaric acld included in urea give
only a single radical on x-irradistion and this seems

not to be affected by the u.v.—irradiation.
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Pigure 9. CGlutaric acid spectra
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6. 786L was found to be g function of temperature and the
deviation over the range of interest was found to be
abéut 10 Mec.

T Even with the improved resolution obtained by bleaching
radical B, splittings due to y-protons were still not
cbserved,

With the information presented in this section one can calculate the
data important for the ENDOR experiments. The problems encountered in

development of the ENDOR technigue will now be considered,
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E. THE ENDOR PRORIEM”

A formal introduction to this section is omitted since the
enbire section is essentially an introduction to Section F. In this
section only the experimental problems encountered in the developmental
vhase are discussed.

In the summer of 1959 we decided to apply the ENDOR technique
to the study of organic free radicals. R. W. Fessenden, during the
last two months of his postdoctoral stay at the Institube, introduced
me to the electronics problems and the first experiment was done under
his direction.

Again we state that the technique is based on the standard EMR
experiment. To a first approximation, the only new requirement is that
of introducing a second rf field®™ at the sample position. The frequency
range of interest for these experiments is 1-100 Mc, and one must be able
to vary the frequency continually over this range. The introduction of
such an rf field at low power levels is very simple and straightforward——
and at high power levels becomes rather difficult. We shall simply state
that high power levels were deemed necessary—levels gufficient to produce
a 1 gauss Tield at the sample position.

The obvious way to get rf freguencies at this power level inside

a microwave cavity is to place the rf coil inside the cavity. However,

*Tor a basic understanding of the various aspects of electronics
one should consult references 51-53.

**Henceforth we shall refer to the x~band frequencies used in
standard EMR experiments as microwave frequencies. The low frequencies
used to induce the ENDOR transitions will be referred to as xf fre-
quencies.
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placing a conductor at an arbitrary position inside the cavity will not
only reduce the cavity Q but in most casges will completely change the
cavity's resonant charscteristics. The conductor must be positioned so
as Lo cause a minimum perturbation of the field distribution in the
cavity. One has essentially two conditions.

(1) The coil should be placed in a plane where E = O

since this causes the minimum perturbation to

the system.

(2) One would like to maximize the sample filling factor

for both the microwave and rf magnetic fields.
A cavity in which these conditions could be satisfied had already been
bullt. A rectangular cavity resonating in the dominant TE;o mode has a
field configuration (51) (for TE;ps) as shown in Figure 10a. The mag-
netic field density is a maximum in the c/2 plane and the electric field
dengity is a minimum. Therefore, placing the rf coil in the c/2 plane
satisfied both conditions given above. A coil (made in the form of a
watch spring) mounted in this plane resulted in a useable cavity.

The availabllity of a high-power sweep-frequency rf signal
generator was another matter. Generators with high (and even very high)
power output in these frequency ranges are available but they cannot be
continuously varied in frequency. Furthermore, we knew of no commercial
wide-band amplifier that could do the equivalent job. Consequently, we

modified a war surplus generator and obtained very roughly the desired

specifications. For (phase sensitive) detection purposes a reactance

modulator was inserted in the plate circult of the oscillator to allow
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frequency modulation of the r£.* To reiterate—our first ENDOR system
congisted of the standard EMR spectrometer, a special TEjgos cavity, and
a modified war surplus f.m. signal generator.

The sample for this experiment was a single crystal of malonic
acid in which a high concentration of (HOOC)gé—H had been produced. Up
until that time very few radicals had been studied in the solid state,
This radical had been investigated quite thoroughly in these labora-
tories and it was the obvious choice.

In ocur first try rf pick up prevented us from doing a definitive
experiment. After eliminating this problem by appropriate shielding
and grounding, several room temperature ENDOR experiments were done but
wifhout success. This concluded the association which Dr. Fessenden
had with the problem.

The overall feeling one was left with after these early attempts
was that sensitivity would probably constitute the major problem. There
are two strongly coupled and rather apparent ways in which to increase
sensitivity and/or slgnal to noise ratio (S/N).

1. Increase the Q%*of the cavity.

2., Do the experiment at low temperatures.

The ability to saturate the EMR signal is of course of prime importance.
For a given electron spin-lattice relaxation time STl this is a function

of the magnetic field intensity in the cavity (Hl) which in turn is =

*Another generator built later is described in Part II. It
employs essentially the same features as This one did.

*¥%Q JAy o, Shergy stored in cavity

‘ energy lost in cavity per cycle
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function of the cavity Q and of the available microwave power. AL room
temperature with a 150 mW source one is barely able to begin saturating
the EMR lines of the radicals produced in the dicarboxylic acid crystals.
If one were to increase STl for these systems saturation would be feasible.
1 1

g for T < 80°K and Ty o —

ronig (52) has shown that generally T, & 7

for T > §9°K, In other words Hi can be effectively increased by going
to lower temperatures. (Reduced temperatures will also increasé S/N
simply because of the Boltzmann distribution). Increasing the power
available from the source was not feasible, but improving the cavity Q
Wa.se
Q is inversely related to the resistivity of the cavity walls.
Decreasing the temperature will therefore effectively increase the
available power. Furthermore, the highest Q can be obtained with cylin-
drical cavities operating in the TEp; mode. (See Fig. 10b). It seemed
reasonable therefore to employ a cylindrical cavity at low temperatures.
In proposing to use a cylindrical cavity one is confronted anew
with the problem of introducing the rf. Several possibilities were
consildered:
(1) A coil on the outside of the cavity
(ii) A helix which simultaneously acts as a
microwave and rf structure®
(1iii) A coil on the inside of the cavity.
Possibilities (i) and (i1) were studied and rejected. Both resulted

(with the technigues available then) in a reduction of either microwave

*SQuch a structure was designed, at the time of my candidacy exam,
in connection with a proposal for a radio frequency maser employing the
hyperfine levels in a free-radical. More recently (55) this method has
been proposed and employed in similar double resonance experiments,



...75._

or rf fields at the sample position. The third possibility had two parts.
One was that of cutting the silver plating on the cavity walls (made of
some dielectric) in such a way as to effectively form an rf coil,% The
other was to place a "conventional" coil in the cavity similar to the

way in which it was done in the rectangular cavity. The former presented
some practical problems. The latter we had already solved so we pro-
ceeded to develop: it.

We designed and built a cylindrical cavity (out of brass) con-
taining an elongated rf coil having its long dimension along the cylinder
axis. (This is done so that ﬁ over the region of the coilil is everywhere
small and perpendicular to the coil wires,) The low temperature glass
dewars which could accommodate our cavity in the 5" magnet gap were also
built at this time. (See Section F, Fig. 20.) Using this system several
experiments were done at T7°K using malonic acid crystals with negative
results, It became clear that the cavity was not ideal (the coil in the
cavity actually reduced the cavity Q congiderably) and since it could

not be used at liquid helium temperatures, 1t was abandoned.

The above experiments left us with the impression that a rec-
tangular cavity, constructed with care, could have a Q comparable to
that which our cylindrical cavity had. Therefore we set about to care-
fully design and build our third microwave cavity.

Since a good 100ke modulation and phase sensitive detection sys—

tem had just been acquired we wanted to build the cavity so that this high

*See proposition number 3.
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modulation frequency could be used. (The increase in sensitivity would

be about \/105/Lpoo = 16). However the skin depth, d, of silver at 100kc
is about 0.010 inches. Therefore, in order to fileld modulate at 100kec
from outgide the cavity one needed to find a dielectric material from
which to build the cavity. This would allow one to put a sufficlently
thin silver coating on the internal cavity walls permitting the 100kc
fields to penetrate. The need for peculiar configurations having high
tolerances and the necesgsity of thermal shock resistance eliminated the
glagsses, After a considerable search and some research a filled epoxy

resin®

wag found which could be placed directly in liquid nitrogen
without showing any ill effects.

The internsl cavity walls were made very smooth by casting
the epoxy around a highly polished nylon plug having the desired dimen—
gions. The nylon plug was coated with an extremely thin layer of sili-
cone grease which scted as a mold release, To obtain a continuous
epoxy surface the resin was degassed before pouring. After prolonged
and sglow curing the nylon plug was removed by a thermal and mechanical
shock method. A one-half inch hole was tapped two~thirds of the length
of the nylon plug. The inserted lag bolt after being submerged in
liquid nitrogen was forcibly Jjarred using a menual press. The sub-
sequent removal of this tightly fitting plug left behind a highly
burnished surface.

The resulting resin block was then machined to the prescribed

dimensions (see Fig. 11). The tolerances in most cases were 0.0005"

¥Furane Plastics Company, Los Angeles. Epoxy 10-F with D-40
catalyst.
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and 20' for critical angles. The object of these close tolerances was
to allow final positioning of the rf coil in the cavity as nearly as
possible in the E = 0 (c/2) plane. The cavity was then chemically
silver plated (56) and buffed. The surface of the silver after

plating is quite rough and is covered by a sediment. Carefully buffing
the coating increased the unloaded Q by about a factor of 2. In Figure
11 the microwave trap assembly is shown. It was found that microwaves
were coupled out of the cavity by the rf coil giving rise to microphonics
and reduced Q. The trap was designed to have the electrical character—

istics sketched below.

L

’W\—‘[—O to rf source
C I C
T

Physically each capacitor consisted of an insulated.#EE wire passing

)

“tp]

through an aluminum block. The inductor consisted of three turns on
a 1/8" diameter. This trap completely eliminated the microwave leakage
problem.

The sample mount was rather uncorthedox. A quartz rod was brought
up Tthrough the bottom of the cavity directly through the maximum.ﬁ Tield
to the plane of the rf coil. This destroyed cavity resonance. The
problem was solved by adding a dummy‘quartz rod in Tthe upper half of
the cavity so as to restore the symme?ryo The gquartz did not seem to

affect the Q.
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The rf coil congists of four turns of 0.010" X 0.015" 99.995%
silver ribbong* The plane of the coil was mounted perpendicular to the
surface of the insert o within less than 1°. This unit was then in-
serted into the cavity and oriented so that the plane of the coil was
within less than 1° of being parallel to the top surface of the cavity.
A picture of the completed unit after it had yielded all the ENDOR data
is shown in Figure 12,

After the completion of the ENDOR cavity in the fall of 1960,
the only known deterrent to our doing a definitive ENDOR experiment
was the rf source~—its characteristics were simply not good enough.
After canvassing all the major electronics distributors I learned of
the existence of s wide-band amplifier, built by Instruments for
Industry (IFI),*% that could handle 100 watts of power in the 1-200 Me
range. The cost was $5,000L IFI also built one covering the same
range having a 3 watt capability for l/lO the price. The former was
within the right power range but in the wrong price range. We felt
that probably the reverse was true of the latter. Therefore we began
to bulld the rf generator described in Part IT. This generator had a
15 watt output over most of its range and this could be increased by
using higher plate voltages.

In December of 1960 when we had almost completed this high-

power generator we got word from T. Cole of the Ford Motor Company

*The coil was wound and mounted on the insert by Don Boyko of
DB Products of Pasadena. I am very grateful for his generous and
expert assistance.

**Instruments for Industry, Hicksville, New York.
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Scientific Laboratories® that they had observed the ENDOR transition in
succinic acid using the equipment employed in the ruby ENDOR experiment
of LIMT. They had used the 3~watt IFI amplifier! Nevertheless, we
continued building the rf unit and completed it in early 1961,

In order to test the equipment it was decided to first look for
ENDOR in either KC1 or rubys%* The ENDOR in KC1 had been abserved both
at 4,2°K (26) and at room temperature (58). Therefore it was decided
to do our first experiment on KCl at 77°K. We saw a signal-—sa spurious
one. It appeared at the point where the KC1l line was expected and it
had the right line width. Dr. Hildebrandt suggested that the signal
was probably due to resonant rf pickup in the cables leading to the
microwave crystal detector. To check this he supplied me with a filter
which was mounted next to the microwave crystal inside the Varian micro-
wave bridge. This completely eliminated the "KC1" line. Howevér, it
had been observed that the F—centers in the KC1 crystal bleached very
rapidly and so it was decided to go directly to 4, 2°K using a ruby
crystal. A single crystal of ruby was cut to the appropriate dimensions
and shapeeT

Then we were suddenly stopped by a ridiculously simple problem--

how to attach the sample. The waxes used at room temperature:k and at

*The effect is reported by Cole, Heller and Lambe (CHL) in
reference 57.

*¥*The ruby crystal was supplied by A. F. Hildebrandt.
TThis was done by Wm. Schuelke of the Chemistry Instrument Shop.

*Cenco Universal Red Wax.
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77°K* were not satisfactory for the helium temperature experiment. After
several days of searching an adhesive was found (see reference 59) that
seemed to be ideally suited to our problem. It is made from General
Electric Insulating Varnish and Adhesive #7051 by mixing in a 1:1 ratio
with toluene. If one does not exercise care in using this glue the
bond will not be satisfactory. The glue forms a surface film very
quickly which will not adhere properly at low temperatures, However,
if one applies a very thin film to a clean surface and immediately
pressesg the other surface to it a bond is formed which sets up quickly
and is strong even at very low temperatures. In all the times I have
used this glue I have never had a crystal fall off at low temperatures, ¥
Since liquid helium passes through even the smallest fissures
with the greatest of ease, all efforts to seal out this refrigerant
failed:r Subsequently when the rf was Tturned on the helium in the
cavity would vaporize causing great instabilities in the electronics.
A, F. Hildebrandt suggested that we pump on the helium to make it
superfluid. This solved the problem since the thermal conductivity of
liquid helium is so high that it boiled only at the surface. Also in

the course of this experiment the signal generator gave & considerable

amount of trouble. Therefore, it was decided to purchase the 3-watt

*ipiezon NN or Silicone grease. These have worked at 4.2°K but
their lack of rigidity at room temperature is undesirable,

*¥%pifficulties are sometimes encountered in mounting samples
such as certain organic crystals which are soluble in the glue. This
is particularly so when a lot of glue is unnecessarily used.

TAt 77°K we had very successfully used a rubber cement-kerosene
mixture for this purpose.
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IFT amplifier. When this finally arrived it was driven with the output
from the General Radio signal generators and using field modulation we
immediately observed the ENDOR transitions in ruby at 1.5°K. See Figure 13,

This wag now the summer of 1961. Almost a year had been lost be—
cause of the rf source. However, the ENDOR system seemed to be working
well, and we were now ready to study organic free-radicals.

CHL had seen the ENDOR transitions in succinic acid (57). They
hed been unable to see ENDOR in melonic acid. We therefore decided to
look for the ENDCR transitions in & radical which also contained y-
protons. The first member of the saturated dicarboxylic acld series in
which this could be done is glutaric acid. The EMR of the glutaric acid
radicals had already been done but it did not seem advisable for our
purposes to investigate it because of the problems mentioned in Section D.
The next member of the series is adipic acid. Since this looked like s
"clean" system we decided to study it. Once again this was the wrong
decision.

After a month or so a single crystal of adipic acid was obtained
from solution. A helium temperature experiment was done using this
crystal. We saw no signal. When the system was dismantled it was found
that the crystal had shattered. However, since a normal looking EMR spec—
trum had been obtained at helium temperatures we felt that the crystal had
shattered on warm-up. (Actually the spectrum appeared normal because
of the small anistropy of the proton splittings,) After the second
lesson we took single crystals and dropped them into liquid nitrogen.

They 2ll shattered. It was felt that crystals grown from the melt

might have fewer imperfections and therefore not shatter., After build-
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ing a crystal grower and obtaining an excellent single crystal the tests
were repeated on a cleaved section. It did NOT shatter. We therefore
spent some time using Laue and Supper precession methods to find the
appropriate orientations. In order to avoid introducing strains the
crystals were cut with an "acid" saw. Again the cooling tests were re-
peated. All adipic acid crystals shattered regardless of conditions.
More careful experiments revealed that they did so in the range of 110°K
to iSOOK regardless of the rapidity with which that temperature range
was reached. A low temperature powder picture could be taken to deter-
mine whether a phase traensition is involved. It was felt that adipic
acid could still be studied by

1) casting the crystal in an epoxy resin

or 2) doping some appropriate non-radical forming
host with adipic acid.
However, at about this time (late 1961) we had begun to check into the
glutaric ascid situation more fully. (See Section D.) Since it began to
look promising the work on adipic acid was abandoned.

Before going on to the next section to discuss the Tinal experi-
mental set up and its use in collecting the ENDOR data the high points
of this section will be summarized.

1. ENDOR was initially tried on malonic acid at room

temperature using a rectangular cavity containing
a watch~spring-like coil. Result: negative

2, The next attempt was made on malonic acid at T7°K

using a cylindrical cavity containing an elongated

rectangular coil. Result: negative
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A liquid helium temperature system was designed and
constructed. A new rf source was also built. With
this system F-centers in KC1l were investigated at
77°K. Result: negative

The above system was applied to the study of ruby
at 4.2°K. Problems encountered due to helium enter-
ing the cavity were eliminated by using superfluid
helium. The rf source which had been used was re-
placed by a G.R. signal generator and‘an IFT wide~
band amplifier. Result: POSITIVE

We tried to observe the ENDOR transitions in
adipic acid.

Results: negative-—adipic acid crystals shatter

on being cooled.
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¥. THE ENDOR EXPERIMENT

In this section consideration is given to the complete ENDOR
system and the basgic steps followed in doing the experiment are de-
scribed., The various pieces of equipment are listed by number, ¥
These numbers may be compared with those in Figures 14-20,

The common unit in both ENDOR and EMR is the EMR Spectrometer.
This is the standard x-band unit VLH500(525)"F made by Varian Associates.
It consists of the following items:

(1) Low-High Power Microwave Bridge V4500-41h(55E)

(2) EPR Control Unit V4500-10(51)

(3) Power Supply (Control Units) VLE260B(59)

(L) Power Supply (Klystron) V4500-20 (L)

(5) Precession Field Scanning Unit V4280A(77)

(6) Selector Panel V4295

(7) Oscilloscope Dumont 3OLAR(OF15)

(8) 100kc Field Modulation and Control Unit VL560(224)

This unit was modified with the Varian Kit to allow the use of lower

reflector voltages.

(9) Mode Sweep UnitT

*The modél number is followed by the serial number in parentheses.
*¥¥4t some time or other during the course of our experiments al-
most every one of the more than 30 pieces of equipment decided to quit

functioning properly.

1_OI’:J'.ginally built by R. W. Fessenden and later modified.
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(10) sSweep Unit 4250 A(83)*
(11) Output Control Unit Vh2T0A(75)"
(12) Sweep Amplifier Unit Vheho(76)*
{12a) Power Supply Unit V4261B(66)%
We used the 12" magnet system made by Varian Associates.
This includes
(13) the Magnet Power Supply V2100-B(292)
and (14) the Rotating 12" Magnet Vh012~313(332)
In all the ENDOR experiments both 1.75" pole caps were removed from the
magnet leaving a 5.20" gap. This did not seem to cause any additional
line broadening in our solid state free-~radicals.
The data was recorded with a
(15) Brown Recorder (-5 to + 5mV).
Line voltage for the spectrometer is controlled by a
(16) Sorenson A.C. Voltage Regulator 1000-S.
The ENDOR equipment directly involved in producing the rf in
the cavity coil included:
{17) General Radio Signal Generator (L0-250 Mc)
(L0-250 Mc)1021AV (2023 )
(18) General Radio Signal Generator
(5kc~50Me )1001A(3482)
(19) Simpson TV-FM Signal Generator®™®

(2-250Mc ) 479 (modified)

*These items are not used in present ENDOR experiments although
they were used in the early experiments.

**We added a "Varicap" to the oscillator for f.m. purposes. We
tried using this generstor in place of the GR Generators but found

numerous spurious signals. This unit was abandoned until further work
could be done on shielding the systenm.
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(20) Hewlett Packard (HP) Wide-Band Amplifier
LEOAR{L066)
(21) Instruments for Industry Wide-Band Amplifier
500 A (110-6003P)

ENDOR components are shown more fully in Figure 17 and Figure 18, The
output {about 1 volt) of the GR generators was fed to the HP WB Ampli-
fier which had sbout 10db gain. The output from this amplifier was
then fed through the IFI WB Amplifier (gain = 10db) to the rf coil in
the cavity. Both amplifiers are of the distributed type having a 200Mc
band~width. However, since the rf coil has fixed inductance, and,
furthermore since the feed lines are about 4' long the actual power
delivered to the rf coll can vary quite drastically with frequency.

The frequency was varied by driving the GR generators through a

(22) General Radio Coupling Unit (GR part # 1750-301)
with a

(23) Bodine D.C. Motor Type NSE-11R*
whose speed was controlled by a

(24) Minarik Speed Controller SE-11(2810).
The rate (and direction) of sweep could thus quickly be varied by a
factor of 1-100.

For the purposes of freguency measurement (both rf and micro-
wave ) we used a

(25) Hewlett Packard Frequency Counter™¥

(26) with plug in units for freguency range 10-250 Mc**

*The motor was geared down in the ratio 32h:1, Maximum speed
of slow shaft was 21 rpm.

**¥Borrowed from E.E. Department.
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(27) HP Transfer Oscillator™

and a {28) HP Printer®™®

The rf frequencies were recorded directly on the chart paper by manually
simultaneously gating the frequency counter and a side pen on the re-
corder, The instantaneocus frequency was recorded by the printer and
this gave a point by point plot of the rf frequencies. The system was
gated about 30 times per minute.

The importance of high (S/N) in the ENDOR experiment has been
emphasized, Therefore, the first step in the experiment is to make =z
relative maximization of (S/N).

After the spectrometer has warmed up for at least an hour the
procedure recommended by Varian Associates 1s followed. This includes
impedance matching of the microwave crystal diode and adjusting the
phase of the phase sensitive detector. Both of these quantities are
a Tunction of the klystron frequency. It has also been empirically
established that for our unit the optimum phase setting is a function
of The 100kc modulation amplitude.

For microwave detection a 1N23F crystal diode was usedGT These
diodes should be rechecked before each major experiment because their

characteristics are sometimes greatly affected by the treatment they

*Supplied by A. F. Hildebrandt.
**Borrowed from E.E. Department.

This nomenclature replaces that of Microwave Associates'
MAL2ZA,  According to Varian Associates the 1N23F gives the best (S/N)
with their system. We further selected from several 1N23F crystals
that which gave the best (S/N).
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receive. IFor example, it has been found that a sudden increase in the
crystal bilasing current can considerably reduce (S/N)e

Having maximized (S/N) one next makes a measurement of the ab-
solute sensitivity. A special high-Q cavity (See Part II) was used for
this measurement. (It should be noted that everything will need to be
remaximized when the actual ENDOR cavity is used. However, this pro-
cedure will apprise us of the range of sensitivity possible using the
ENDOR cavity.) A crystal of ruby weighing 250 micrograms having a con-

3

+
centration of Cr - of 0.05% was prepared. This is equivalent to about

107

spins (S = 5/2)9 The ruby spectrum consisted of four lines each
about 20 gauss wide. 8o for (8/N) = 1 the sensitivity was about lOlBAAH
spins. AH is the half-power line width. (In other words; if one had a
sample for which AH = 1 gauss = 2,80 Mc one could detect lO15 spins. )
Actually for our measurements (S/N) = 5, Furthermore we were using

only a 6 gauss (p to p) modulation amplitude. The maximum sensitivity
as given in the Varian specification is 2x10MAH spins. The measured
sengitivity was within a factor of 10-50 of the rated sensitivity and
therefore we felt justified in proceeding with the ENDOR experiment.

An important step that can best be considered here is that of
the crystal alignment. The crystal mount (Figa 11) was prepared to
close tolerances so that the crystal was known to be in one plane {the
c/2 plane) to within less than 30'. An edge of the crystal was then
aligned relative to a mirror mounted on the outside of the cavity by
using a microscope mounted on a milling machine. This could be done

to a tolerance of about 10'. After the cavity had been mounted on the

silvered stainless steel wave guide and inserted into (see Fig. 20)
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(29) the helium dewar
and (30) +the nitrogen dewar
within the magnet gap, a silghting was made on the mirror using an auto-
collimator. The mirror orientation was Tthus related to the orientation
of the pole faces of the magnet. This entire procedure allowed one to
determine the crystal orientation to within about £°,

The cool-down procedure follows. Liquid nitrogen is first added
to the outer dewar and a pressure of about 1 atmosphere is maintained in
the Jacket of the helium dewar.”

After the contents of the inner dewar have cooled down over a
two hour period the helium dewar jacket is evacuated and the stop-cock
closed. TFinally liguid helium is transferred.

We were able to cut our helium consumption by a factor of three
(to three liters per experiment) after going consecutively through five
defective transfer tubes. Two of these were new commercial units so
poorly constructed that a minimum of 2 en® contact area existed via di-
electric spacers between the inner and outer tubes.

Once the helium transfer was completed we either proceeded
directly to the EMR experiment or in several cases we pumped on the
helium using

3 (51) Cenco 15 cu. fpm pump**
and controlled the pressure with

a (32) manostat (see Part II).

* It is very important to flush the helium dewar Jacket with
nitrogen gas several times before each experiment because of the rather
high rate of diffusion of helium through glass.

**10aned to us by P. V. Mason,
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We normally took about 30 minutes to get below the lambda point of helium.

This gave the cold helium gas a chance to cool the components in the dewar.
Having attained the helium temperature range one looks for the

EMR signal at low power to avoid saturation. It is wise to take a good

EMR spectrum to compare with the room temperature spectrum for that

orientation. (See Fig. 9.)

Typical operating conditions for ENDOR were

Klystron frequency 9017 Mc

Microwave power (incident or cavity) 60mW

100ke modulation amplitude 5G<p to p)

Time constant 0.3~1.0 sec

Signal voltage gain 80-90 db

Recorder chart speed 2 dnches per minute
rf scan rate 5--500ke sec—t

rf power 3 watts

(16 rf field in coil)

The experimental set up allowed the observation of X" only. The LIMT
model indicates that this is a poor way to do the experiment. Further-
more, field modulation is not the best way to observe the ENDOR signal.
However, at that time this was the only feasible way for us to do the
experiment.

We therefore proceeded to set the magnetic fileld at either peak
of the derivati?e of the absorption curve. Clearly, it is important that
the magnetic field remain at this value over a prolonged period of time.
For this reason the magnet system was allowed to stabilize for about three
hours and was Then cycled in a modified way. This eliminated drift prob-
lems—at least as Tar as the magnet was concerned.

The distant ENDOR line, when observable, is much more intense

than the local ENDOR lines. Therefore we always first looked for the
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distant ENDOR line. For protons this falls at 13.5Mc in a field of
5175 gauss. One can usually see a rather strong signal at this fre-
quency. At elevated rf powers the line 1s quite broad due to its in-
herent nature and one is particularly interested in splittings found
on the wings since these represent the long-range dipolar interactions.
We therefore scanned the range 0 Mec = g% = 13.5 Mc., About 25
lines were observed! See Figure 21. It soon became evident that these

obeyed the relationship

g

n 5% = 13,5 Mc where n = 1,2,3:0:25,

Due to the high rf powers used and the intensity of the distant ENDOR
line the transition of the distant ENDOR line was induced each time

the generator moved through a sub-harmonic: of 13.5Mc. It was not ob-
vious whether the harmonics were generated in the glutaric acid crystal
itself or whether they were due to signal distortion. Although the wave
form appeared as a "pure" sine wave on an oscilloscope the latter is most
reagonable. Furthermore, a reduction of rf power by a factor of 100
causes the harmonic lines to disappear and then the distant ENDOR line
for n = 1 takes on the width and shape which the n > 1 lines had.

In one sense the harmonic lines were convenlent since they allow
one to measure VD without the necessity of reducing the rf power at 13%.5Mc.
However, in general the presence of these lines can obscure any local
ENDOR line whose frequency is less than 13.5Mc. Therefore, in future
experiments this problem will have to be resolved.

In ruby we had observed symmetrical ENDOR lines. (See Fig. 13.)

However in glutaric acld the ENDOR line shape had the same shape as dis~

cussed in Section B (Fig. 5). The center frequency of the line was
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determined by scanning through the line several times in both directions.
Then the normalized signal intensity was plotted versus frequency for
all these spectra and the average of the cross—over polnts for each pair
of scans was taken as the center frequency. The whole procedure is
rather tedious:

Finally it should be mentioned that the existence of the distant
ENDOR line is very convenient since Vp has to be known accurately in
order to calculate A from the measured ENDOR frequencies. The presence
of the distant ENDOR line eliminates the need for accurate field measure-

ments. This concludes the remarks on the ENDOR experiment.
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G. ENDOR DATA, SUMMARY AND CONCLUSIONS

ENDOR Dats
The lines oObserved in obtaining the ENDOR data in glutaric acid
can be divided into two broad groups.
1. Lines which correspond to predicted ENDOR lines.
a. In crystal X. This crystal had been been
x=irradiated for 6 hours and u.v.—-irradiated
f'or about 4 hours.
be In crystals ¥ and Z. These crystals had been
x-irradiated for about & hours and U.v.-—
irradiated for about 8 hours.
2. Lines which do not correspond to predicted ENDOR lines.
a. Sub-harmonics" of the distant ENDOR line.
b. Electronic pick-up signals.
c. Unexplasined lines.
d. Lineg near 13%.5Mc.
In Figure 22 the glutaric acid data is presented in such a way
— — =3
as to illustrate these various groups. For HO ll a, b crystals X and
Y were used. For ﬁg [ ¥ crystal Z was used. The results are plotted
50 as to bear out the spectrum obtained for each crystal for the appro-
priate orientations. Above each spectrum for the three orientations
are indicated the frequencies calculabed from the room temperature hyper—
fine tensors. These calculated frequencies are marked with an arrow
labeled with the proton that gives rise to those transitions.

Although a wide range of intensities were found in the measure—

ments we do not in general show relative intensities. The reason is
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that it is not known whether the variocus intensities are due to changes
in the rf level or due to differences in transition probabilities. Short
lines indicate transitions which are very doubtful because S/N =~ 1,

For the sake of clarity any indication of the line-widths is
omitted. Usually these were between 0.1 and 0.5 Mc. In the case of
crystals Y and Z the "coalesced" lines (80 Mc for example) were as wide
as 1.0-1.5 Mc,

Diagonal lines designate those regions of the spectrum in which
we were unable to make measurements because of serious pick-up problems.
An arrow pointing toward O Mc from the 6.75 Mc line indicates that true
ENDOR lines~——-if they fell in this region--would in all probability be
masked by the sub-harmonic lines.

For Eo I & we show with dashed lines the fact that we did not
look for lines around 13%.5 Mc. Finally we imply by —T—= that the
calculated values for the ENDOR Transitions must almost certainly be
low because of the change in splittings that occurs in going to low
temperatures. Careful measurements on this were made Tor only one
orientation and there the change was found to be about 10 Me. Rough
checks for the other orientations also indicated an increased splitting.

The first task was always That of finding the distant ENDOR
line at 13.5 Mc. One could then use this rather intense line To
maximize S/N., Invariably S/N increased with

1. dncreased field modulstion

2. ldncreased rf power

3. dncreased microwave power
and 4, with the precision with which one could sit at the

point of maximum slope on the EMR absorption line.
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The same seemed to hold true for the local ENDOR lines. Figure 25‘shows
a typical distant ENDOR line observed at low rf powers. Both the forward
and reverse scan are given. The relaxation times are such that at least
50 seconds must elapse between such scans or one will not see a signal

on the reverse scan. Figure 23 also shows the decay rate of a distant
ENDOR line. The rf was turned off’when the scan reached the maximum
peak of the line. This spectrum would indicate a nuclear relaxation

time of the order of 10 geconds.,

The second task was of course to find the local ENDOR lines.
Figure 24 indicates our success. These lines are always considerably
less intense than the distant ENDOR line and some of the lines were pre-
sumably not observable at all with the available sensitivity. This then
is a major objective of future experiments~—to increase sensitivity.

The fact that the ENDCR lines are only about ten times narrower
than the EMR lines is somewhat disappointing. There are two obvious
factors which might contribute to this line width.

1. TField inhomogeneity (Cole, et al. also used a 5" magnet gap).

2. Orientational disorder of the radicals.

The fact that the latter might make a wmeasurable contribution seems to
be borne out by the difference in the results for crystals X and Y, The
doublets in crystal X seem to indicate two orientations differing so
little that 1t would not be detected in the usual EMR measurements. The
measurements on crystal Y seem to point to the fact that extended u.v.-
treatment caused a spread in orientation about some average value. The
coalesced lines in crystal Y are always broader than the individual lines
in crystal X. See Figure 25. There are almost certainly other contribu-

tions to the line width which are related to our reference in Section B



¢z 2anB1g
uBds SFUBI-UMOD

usng ofuBI-dn

- 103 -

NVDS BOANT TYWZION

oRAS Ol e

H\mumi S5@ CENTL



- 10k -

uoTdex o O%-Gg SU3 JO sSuBOS paqeadsyg

g SINTTY

FCt o —

a4 7°

X TIWWLGATID

D227~



DOUBLET COLLAPSE

Ho ) &

- 105 -

(on)
— peo6r

—eeg Ly
— CPS%

T lee GF

— LLLCh

igure 25

=

—Ivrer

—2CC

TCe9y

—2Z b

3—Ceocy

—Vve IF



- 106 -

to the line broadening processes for the EMR lines. ENDCR thus provides
8 means whereby such effects can be studied.

Another feature which is somewhat disturbing is the variation
with temperature of the proton splittings. We indicated that for
Eo ]l ¥ the splitting Tor the BL~proton becomes about 10 Mc greater
at low temperatures than it is at room temperatures., Therefore the
ENDOR frequencies will be about 5 Mc higher than calculated from the

*

room temperature data. (The @ and BS~proton splittings remained
constant to within the accuracy of EMR measurements for ﬁo ]l g*s)
This is borne out by our results. Note that for all three orienta-—
tions the G-proton splittings seem not to be affected by The tempera-
ture change.

Why the ENDOR lines for the Bs—proton are so elusive is not
known. The low frequency transitions of each pair may well have been
masked by other signals. However, the high frequency lines should
have Dbeen observed. For Eo ]] b the low frequency transition for the
(@)

C-proton, v , was probably also masked by the unwanted signals. It

ig conceivable that either the 7.3 or the 7.6 Mc line (shown as short

(@)

lines) may be the v line.

In practice we were usually able to measure the lines with a
L%
precision of 1:10 as compared with EMR where the precision is less

than l:lOgu So by ENDOR one gains a factor of about 100--if one ne-

glects the difficulties mentioned above. Those difficultiesw——

..

*ENDOR frequencies are given approximately by v,

S

**Not true for lines near 13.5 Mc.
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orientational disorder, temperature dependent splittings, and absence
of several lines——vitiate the significance of an accurately calculated
hyperfine tensor. (It is trivial to calculate such a tensor from the
data using the procedure given in Section B.) Furthermore, a rather
significant point arises when one looks at the cases where both v, and
v_ have been observed for one orientation. The calculated values for
gt = v -V are different than the measured values. The difference is
probably greater than experimental error and indicates that the problem
needs to be treated in higher order.

The origin of many of the observed lines which have the charac—
teristics of real ENDOR lines is unexplained. Several of these occur
in crystal X but not in Y. The sub-harmonic lines have been explained
and they are primarily a nuisance, Some lines are strictly electronic
in origin and their characteristics differ from those of the ENDOR
lines. We always made a dry run in which EO was set to a point far
removed from the EMR lines. In this way the lines which were unrelated
to the glutaric acid gpectrum could be identified.,

Finally there are the lines near 13.5 Mc, which we had hoped
could be designated as y--proton lines. See Figure 26. However it
would seem thalt there are more lines than would arise from just the
7mprotons,% This is not unreasonable since one might expect that the
warproton could interact about as strongly with the unpaired electron

as the y-protons do. What other contributions one might have from

nearby nuclei is unknown. It would therefore be presumptuous to

*The precision with which these lines can be measured 1s rather
poor primarily because of the poor S/Nq This may pirtially explain
the differences between crystals X and ¥ for HO li b
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arbitrarily assign any of these lines to the y-protons. More detailed
study (isotopic, for example) is in order. The need for incressed

sensitivity is here again emphasized,

Summary and Conclusions

The initial purpose of this research was to observe ENDOR in an
organic free-radical. This has been successfully accomplished. The
complete ENDOR system has been described in detail. Although these
experiments have yielded much information the need for improved sensi-
tivity has been emphasized repeatedly. There are at least four ways
in which such an improvement can be made. In Section B it was pointed
out that the LIMT model predicts a much more intense ENDOR signal for
dispersicn than Tor absorption measurements. Since we have been able
to observe the distant ENDOR line this model may have some applicability
in this system. If it does then one can increasge S/N

l. by looking at the dispersion effect. We are not set

up to do this at present,
Furthermore, detection via straight field modulation does not result
in the best S/N. This can be improved

2. by pulse modulating the rf for detection purposes.

From what has been said earlier S/N can also be increased
3. by dncreasing rf power
and 4. by increasing mlcrowave DPOWer.
In spite of the Temperature dependent problems already discussed low
temperatures are still necessary to maintain a high S/Ng Needless to
say, a fuller understanding of the ENDOR mechanism in organic systems

would also help in sensitivity optimization.
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During the course of preliminary investigations of free-
radicals suitable for the ENDOR experiment a rather pronounced effect
was observed to take place in glutaric acid. When single crystals of
x-lrradiated glutaric acid containing the radicals A and B are UeV.-
irradiated radical B essentially disappears. The complete hyperfine
tensors for the A radical were calculated from the room temperature
EMR data. Procedures were described for

1. Calculating hyperfine and g-factor tensors

from EMR data

2, Calculating hyperfine tensors from ENDOR data.

From the ENDOR‘data on glutaric acid we had also hoped to
obtain more precise values for the hyperfine tensors and to determine
the y-proton coupling constant. As was pointed out, however, the
calculation of the hyperfine tensors from the ENDOR data is not par-
Licularly meaningful because of uncertainties relating to temperature
dependent line shifte and orientational disorder. The latter effect,
essentially not observable by EMR is well resolved by the ENDOR
technique. Furthermore, although the magnitude of the y~proton
coupling constant cannot be given, we can state that the interactions
of the electron with other "nearby" nuclei must be taken into account.
The value of the coupling constants for many of These nuclel can in
principle be determined by the ENDOR technique.

The above effects—-temperature dependent splittings, orienta-—
tional disorder, and interactions with "nearby" nuclei-—certainly make
important contributions to the EMR line width. ENDOR thus provides a

means whereby such EMR line-broadening effects can be studied.
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Finally, it should be noted that the work is yet in its infancy.
The only two organic systems studied to date are the two saturated di-
carboxylic scids. There are a large number of different organic systems
amenable to such study--radical ions (COz, for example), metal complexes,
unsaturated systems, etc. Even our preliminary results seem to indicate
that the energy level problem needs to be treated in higher order, I
predict that in the next few years the ENDOR method will be applied to
many organic systems and will yield a great deal of new information on
the electron-nuclear interaction. This in turn will encourage further
refinement of the theoretical calculations of hyperfine interactions in

these systems.
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A LOW TEMPERATURE EMR SYSTEM

The detection by electron magnetic resonance (EMR) of triplet
excitations in conjugated organic moleculeg 1ike naphthalene requires
that one irradiate the sample inside the cavity with ultraviolet (u.vs)
light at reduced temperatures. There are a large number of other EMR
experiments which require low temperatures, quite often liquid helium
temperatures (l°—4a2°K)e Therefore, it was desirable to design a low
’temperature EMR sgystem which would be flexible and convenient to use.

Several types of low temperature EMR systems that allow in situ
V.v.~irradiation are described in the literature (60,61). The par—
ticular features that are incorporated in the design discussed below
include

1. The system employs a high Q cylindrical TEgyy cavity

2. The microwave cavity and its coupling mechanism are

at room temperature
%, The sample is known to be at a Fixed low Temperature
L, The sample and/or external field can be rotated for
aniscolropic studies
and. 5, The sample can easily be changed during the course
of an experiment.
In the discussion that follows this system is briefly described and
detailed drawings of the components are given. We will omit the word
"Part” in what follows wherever its meaning is clear. For example,
when X is written 1t can be read Part X.
The low temperature EMR system consists basically of a helium

cold finger inserted into a high Q cylindrical TEgyy mode cavity. This
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is shown in Figure 27. Figure 28 gives a cross sectional view of the
dewar proper and Figures 30-35 are detalled drawings of the individual
components., Figure 29 serves as an assembly gulde. These components
are now considered in order.

A, B, C, and D form the bottom end of the dewar proper. This
dewar is of conventional design® employing 20k (nonmagnetic) gtainless
steel {50#88) with welded Joints throughout. A is the o-ring-contain-
ing room temperature flange. B forms the bottom of the liquid nitrogen

*e .
D ie an

dewar or can and C the bottom of the liguid helium can.
adaptor Tflange which matches C to the particular helium cold finger

one wishes to use, As far as the dewar is concerned the inside dismeter
of C and D can be enlarged.

I bolted to J serves to maintain F and K coaxial. This 1s
rather important since there is some warpage of the individual dewar
sections(or cans) as they are cooled and rewarmed., This is particularly
true of the helium can becausge of the way it is suspended. I is made
of 304SS to cut down its thermal conductivity, since at this point such

a contact is a potential heat leak., Typical thermel conductivities (62)

are given below (in units of mW deg"lcmml)u

Lex : 300°K

Copper: hand drawn 3500 L0000
annealed 17000 Lo00

Brass 30 1000
Stainless steel 2.5 Loo
Pyrex 0.9 10

*The design was obtained from Professor G. Wilse Robinson,

*¥%¥The cans can clearly be filled with any refrigerant. We will
use nitrogen and helium in the discussion only for convenience.
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Figure 27. Low temperature EMR system
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DEWAR : CROSS-SECTIONAL VIEW

nf

®\ PR

Figure 28



- 117 =
ASSEMBLY DIAGRAM FOR LOW TEMPERATURE
EMR SYSTEM K-IL

®

\Q

-

LT

N
SSSSNANY
“ “L l

J ‘
@ ®

Figure 29



-~ 18 -
ADAPTOR FLANGE
(TO BE WELDED ON TO HELIUM DEWAR)

= 500
o 350
il AR Material: SS 304
s i |
H ! |
m— st 5
0.10— )j
1437 ——
Tap 4-40 Thru
8 Places
187 B.C.

Drill to Clear 8-32
3 Places
875 B.C.
C'Bore

Material: SS 304

2-1/4 O.D. by
0.425 Thick

3 Contact Lines

to Center Parts
D and E

Effective
D.=1.490

CENTERING COLLAR

Figure 30



- 119 -
HELIUM FINGER
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NITROGEN SHIELD
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The helium cold finger itself (which forms a helium tight seal
with D using an indium wire "o-ring"), comprised of B, F, G and H,is
shown as a metal LTube having a small metallic sample mount™ on the end.
This was the finger first built for prototype purposes although it was
ultimately to be replaced by a quartz finger.** G and H are made of
high purity annealed copper or aluminum g0 as to maintain good thermal
contact between refrigerant and sample.

E ag shown in the detailed figure is represented as a symmetric
unit. In practice the welding process introduces strains and asymmetries
in the dewar proper. Therefore the helium finger must always be custom
Titted to the individual dewar in order that F and K can be maintained
coaxial.

d, K, and L form the nitrogen shield. L simply makes the in-
terior of the cavity lock a little less discontinuous to the microwaves.
The design is such that at 80°K or below the bottom of L is approximately
in the plane of the "ceiling" of the cavity. The sample mount H pro-
trudes through L into the region of maximum magnetic field.

The 3/8" holes in J are to increase the pumping speed for the
volume immediately surrounding the helium can. One notices that except
for. these holes the path for a gas molecule from the vicinity of the
helium can to the pump hasg a very low cross section. Therefore, if the

3/8" holes were absent the gas in the volume around the helium can would

*Tt should be remembered that the metal distorts Hy somewhat
and small samples must be mounted accordingly.

**Such a finger has subsequently been made by O, Hayes Griffith,
and works very satisfactorily.
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appear effectively as a "virtual" leak (63). In order to prevent room
temperature radistion through these holes from falling directly on the
helium can the 2,485 i.d. ring has been included.

M is the room temperature flange to which the quartz vacuum
Jacket Q is coupled by coupler N, O, P. An o-ring 1s used between P
and Q@ to reduce rigidity and prevent glass-to-metal fracture.

The upper end of @ 1s a standard pyrex o-ring joint which forms
a simple quick-coupling vacuum seal with M. The lower part of Q is
fused guartz. The reason for this is discussed below in connection
with the microwave cavity.

R is made to receive a thermocouple gauge and an ionization
gauge. Plexible stainless steel tubing* from the diffusion pump is
coupled to R. A switching system has been buillt which allows the
vacuum to the dewar to be broken without requiring that the diffusion
pump be shut off.

This completes the deseription of the dewar. The rate of
helium loss using the metal finger is about 400 cc per hour. When
the gquartz finger is used the rate is about 600 cc per hour., This
glight disadvantage is compensated by the convenient Teatures of the
system,

The design of the cold finger described above is essentially
determined by the properties of the microwave cavity to be used. We

used a TEqq, cavity (see Fig. 10 for mode distribution), because

*When using such tubing one end should attach to a floating
coupling ring so that any angular orientations can be accommodated.
This tubing cannot be twisted about its axis.
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1. Such cavities can have a very high Q

2. It has a very good filling factor for the kind of
samples normally used

3, The microwave megnetic field is axially symmetric
and 4. TIts symmetry matches that of the cold finger.

The cavity is shown in Figure 36 and its component parts in
Pigures 37-%9. It has not been designed for maximum Q. In spite of
thig its unloaded § with poorly conducting walls is about 15000. (Q
reduction due to design% is about 20%.) The cavity was designed to
require as short a length as is reasonable for both the metal cold
finger (particularly for the metal sample mount) and for the quartsz
cold finger. One essentially compromises between Q maximization and
rate of helium loss.

The cavity body (which is not shown in the dimensioned draw-
ings) consists of a glass (pyrex or quartz) cylinder having a 2.020"
outside diameter which is cut to a length of about 1.025". A hole
is then drilled through the glass. It is symmetrically located and
should be about 1/4"-5/16" in size. This is for the purpose of coupling
microwaves into the cavity. The bakelite piece shown in Figure 37 is cut
along the plane marked ¢ in the upper view. One of the resulting pleces
is glued** to the glass cylinder so that the 1/L" hole in the glass is
placed symmetrically with respect to the thinnest part of the bakelite.

After the bond has cured, this surface (near the coupling hole)

*For the important considerations involved in the design of such
csvities see Propositions 3 and b,

¥*¥mastman 910 Adhesive is quite satisfactory. (Made by Eastman
Kodak Co. )
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is lapped evenly until eventually the thinnest part of the glass is
about 0.015"-0,020" thick. This part is silver plated (and should be
flashed with gold) and the cavity is completed by adding the end
pleces shown in Figures 36 and 38. The coupling plate with tuning
screw 1s then attached. (This plate has been made so that standard
X~band waveguide can be coupled directly to it.) The teflon bearing
around the coupling (or tuning) screw holds it snugly and eliminates
any microphonics due to the screw. Such microphonics are often a
source of noise in EMR experiwments,

Such cavities have good EMR charscteristics and are very con-
venient to use for most room temperature EMR experiments. (This is
the high Q cavity with which sensitivity was checked in Part I,
Section E.) Although they are quite easy to construct they should

be handled with care.

The cylinders (or arms) protruding from the ends of the micro-
wave cavity prevent microwaves from leaking out of the cavity. In
general, the attenuation, &, of rf power down a tube of length £ having

a diameter d which is beyond cut—off for that frequency is given by

o = 30db

=

These cylinders with d = 11/16" are beyond cut—off for the dominant
TE.; mode at 9 Ge. The microwave are thus attenuated about 60db and
leakage 1s negligible.

These cylinders must also be kept small endugh (in d) so that
they can be considered as a small perturbation on the TEpi mode in Tthe
cavity. If d is increased much beyond 11/16" the arms will not be be-

yond cut-off for the TE;; mode and microwaves could be ccupled out of
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the cavity. These arms with d = 11/16" can be considered as a minor
perturbation on the system. The resonant frequencies of the cavity
with and without the arms differ® by about 2%.

A rather more important frequency shifting mechanism that must
be taken into account in the design is that due to dielectric and/or
metal insertions. Adding a quartz tube of 17 mm o.d. with = 1 mm wall
lowers the frequency by about 6%, The addition of the shield and metal
cold finger raises the frequency about 1%. (This is reasonable since
one ig essentially eliminating one of the two arms which caused a 2%
lowering in the frequency.)

It was stated above that the TEgy mode is a very high Q mode.

To maintain this high Q a quartz vacuun Jacket was used. The loss
caused by dielectric materials inserted into an rf field is roughly
proportional to the product of a quantity designated as the loss
tangent, tan ©, with the electric field density over the volume of

the dielectric., This loss is directly reflected in the Q of the cavity
and thus in the sensitivity of the systen.

Quartz has a very low loss tangent;%* tan & = 0.0001 at 10 Ge,
Compare this with water for which tan & = 1 at these frequencies, (How—
ever, for ice at -12°C tan & = 0.001.) If the entire cavity were filled

with quartz then the maximum §Q would be

S SRS
Qmax ~ tan © 107

*The frequency is clearly lower for the cavity with the arms.
They may actually improve the filling factor by effectively making the
cavity longer.

**¥See reference 51 for tan & values.
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Clearly the quartz tube hasg a negligible effect on the cavity Q. CFOT
pyrex Q .~ 100. )

Since one normelly uses roughly cylindrical or cubical samples
the TEoy mode provides a good filling factor. The microwave magnetic
field is axially (x-axis) symmetric and HX drops off proportional to
Jo’ the zero order Bessel function (see Fig. 10).

Again, because of the axial symmetry of Hx the effective micro-
wave Tield which induces transitions is unaffected by a rotation of the
external Tield about the cavity's x-axis. Therefore, if one attaches
the 100 ke coils to the magnet a convenient system for angular studies
results.

The field distribution of the TEgp; mode ig further convenient
since coupling to a metal rod along the x-axis is negligible. Such
coupling would be disastrous because the metal rod inside a conducting
cylinder formg a coaxial line. Coaxial lines have no cubt—off frequency
and microwaves would be coupled out of the cavity. Even if such coupling
out of the cavity did exist to a very minor degree it could be a source
of microphonics. To prevent this the coaxial line was designed to be a
very poor AC conductor.

The attenuation & along a coaxial line is given by

1

b
1n a

o e

where g-is the ratio of the diameters of the ocuter and inner conductors
regpectively. When g-» 1, & =, Therefore by making the two "conduc-

tors"” almost the same diameter we can eliminate coupling out of the cavity.
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However, O represents an I°R loss. Since the Q is nob affected by the
nitrogen ghield and/or the helium finger we can conclude that coupling

to them is negligible.

For either the metal or quartz cold finger, the u.v. light can
be introduced through the gquartz plate forming the bottom of the quartz
vacuun Jacket, Q. When the metal finger is used it is difficult to de-
termine the sample temperature, and this 1s particularly so when u.v.
light is incident on the sample. Whenever small changes in temperature
are Ilmportant it is desirable for u.v.-irradiation experiments that the
quartz finger be used (here the sample is immersed in ligquid helium).

Unless special precautions are teken this can present some dif-
ficulties due to the ice which settles to the bottom of the tube. Cavi-
ties basically the same as the one described in which, however, the u.v.
light is introduced through an aperture(s) in the side of the cylindrical
cavity have been built® and used. This is another reason for using a
gquartz vacuum Jacket and a quartz finger. The path length of the light
through these quartz pileces is less than 3 mm. This is negligible com-
pared to the path length when light pipes are used.

The size of sample that can be used in the gquartz cold finger
ig limited to d' = 0.22” where d' is the insgide diesmeter of the finger.
(This of course is ultimately determined by the permissible size of the

cavity arms.) The metal finger can accommodate considerably larger

samples. However, in that case the sample cannot be changed during the

*0One used most recently was designed by M. W. Hstna and the
author and wag constructed by H. Sternlicht.
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course of an experiment. Furthermore, sample rotation over any ap-—
preciable angle requires that the whole dewar be rotated. (The
magnet can only be rotated about 90°.) For this reason and for the
others discussed above the quartz finger is usually used.

This system, then, incorporates all the features that were
listed at the outset of the discussion. To conclude we shall ex—
plicitly mention the two major disadvantages which this system has.

l. The useable sample size is seriously restricted.

2. The temperature cannot (ig the present modification)

be varied uniformly and controllably over certain

ranges. (It can be controlled accurately from 1°—

421{ and from about 60°-77°K. )
In spite of these limitations the system has been used extensively in
these laboratories and in several cases has even yielded significant

results.
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REMOTE~TUNED HIGH-POWER F.M. SIGNAL GENERATOR

The signal generator shown in Figure 4O was discussed in Part I
Section E. TItes unique feature is the employment of a remote resonant
(tank) circuit which is composed of Lo’ LO' and COo A remote tank is
particularly convenient for ENDOR experiments when one would like the
ENDOR coil to act as the inductor in a tank. Using the ENDOR coil as
a tank coil essentially increases the rf field by a factor of Q, the
gquality factor of the tank. (The Q can easily be made greater than 10.)

Values for LO, LO’ and CO will of course vary with each system.
Usually the system will be designed around LO, and LOT and Co are then
determined by feedback requirements and the desired frequency range.
LO‘ effectively provides the feedback voltage,

It is quite reasonable that using a remote tank in the mega-
cycle region will introduce unwanted resonances. Such resonances are
more numerous the longer the feed lines between the oscillator tube
and the tank become. For this reason a filter and a trap are associated
with the grid circuit.L; and Co form a low pass filter and Le~Ca-Ro
forms a narrow pass series resonant clrcult (trap). These values too
will depend on the particular system used.

At the end of this discussion typical values Tor the com?onents
are given., This list dincludes the vélues for the above named elements
Tor the casge where the feed lines were abéut four feet long and where

the oscillator tuned over the region from 2-18 Me .

*The unit (modified) has also been operated between 10 and 60 Mc.
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For those values, L;-Cs presents zero admittance Y {Y = % where
Z is the impedance) beyond 25 Mc. This eliminates a spurious resonance
in the 30-40 Mc region which varies in frequency as CO is tuned. Be-
cause of this the filter is more applicable than a trap. Ieo-Ca—Re acts
a8 a fixed trap tuned to 235 Mc. This shunts the spurious 23 Mc reso-
nance to ground.

Ry is used to destroy parasitic oscillations® in the plate
circuit. Cy and Rz are adjusted to prevent intermittent oscillation.”

In order to run the ENDOR coil at ground potential the generator
is supplied with B . Both B~ and the filament voltage are fed through
filters®® Fy and Fo which are constructed so as to completely eliminate
rf leakage., For the same reason the chasgis is made of l/#” alumninum
with 1/8" ventilation holes. (Recall that o = 30db (’%)o)

With B~ = =325V the magnetic field produced in LO was about 7
gauss. The 6146 tube can be operated with a plate voltage as high as

600V. Such a value would substantially increase the magnetic field

strength.

*For a good discussion of parasitic and intermittent oscillations
see reference 53.

**Made according to a design supplied by A. F. Hildebrandt.
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Typical values for the components

0.55 ph
0.75 uh
70-280 pf
50 pf
L1.5-7 pf
(=15 pf
1000 pf
by

100 pf
0,001 puf

O.1 uf

Jilver Mica

Varisble mica disc capacitor
Variable mica disc capacitor
Silver Micsa

450 VDO Dry Electrolytic
Silver Mica

Disc

600 VDC

About 5-15 pyh~-variable inductor

About T7-20 ph~-variable inductor

~ 0.2 mh
220 - 5W
1500 - W
10K —.lW
25K - 5W
2.TK - W
1500 - 3w

10K - 2W

rf choke

Carbon

Carbon

Carbon

Wire-wound

Carbon

Carbon

Carbon
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MANOSTAT

A pressure regulator, or manostat, for controlling the pressure
above liquified gases was built according to a design given in reference
6. A point not very explicit in that design is the need for 2 stopping
device which limits the range of travel of the bellows when they are
under reduced pressure. In Figure 2 of reference 64 the faint hori-
zontal lines going Jjust above the first fold of the bellows represents
this need. Provision must somehow definitely be made for this. The

mznostat shown in Figure 41 has a diameter of 8".
CRYSTAL STRUCTURE BASES

It is usually desirable when studying single crystals of com-
pounds by EMR to make a model of the crystal structure. A particularly
convenient base for such models 1s often used by the crystallographers
in these laboratoriesn' However the cost per base is about $30. The
design was modified so as to bring the cost into a range which would

allow one to make and keep such models., This modification is shown in

Figure 42. Apart from the perforated sheets aluminum is used through-—
out. This base can be built for $5. The crystal structure shown is

that of glutaric acid.
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Menostat

Figure hl.

Crystal structure base

Figure 42,



10.
11.
12,
13.
1k,
15.
16,
17,
18,
19,
20.
Pl.
22,
23,
ZL

- 12 .

BIBLIOGRAPHY

Debye, P. Ann., d. Phys., 81 (1926), 115L4-1160.

Giauque, W. F. J. Am. Chem. Soc., 49 (1927), 186L4-1877.

Giauque, W. F. and McDougall, D. P, Phys. Rev., 43 (1933), 768.
Kurti, N. and Simon, F. Nature, 133 (1934), 907.

de Haas, W. F., Wiersma, E. C. and Kramers, H. A. Physica, 1

(1933-193k), 1~13.
Gorter, C. J. Phys. Z., 35 (1934), 923-938.

Kurti, N. and Simon, F. Proc. Roy Soc., A1L9 (1935), 152-176.

Gorter, C. J. Physica, 1k {(1948), 504,
Rose, M. E. Phys. Rev., 75 (1949), 213-21k,

Bleaney, B. Proc. Phys. Soc. London, A6L (1951), 315-316.

Pound, R. V. Phys. Rev., 76 (1949), 1h10-1ki1.

Kastler, A, J. Phys. et Radium, 11 (1950), 255.

Kastler, A. Compt. Rend., 233 (1951), 1hhL-14Lé,
Overhauser, A. W. Phys. Rev., 92 (195%), L11-k15.
Carver, T. R. and Slichter, C. P. Phys. Rev., 92 (1955)} 212213,
Abragam, A, Phys. Rev., 98 (1955), 1729-173%5.

Abragam, A. and Combrisson, J. Compt. Rend., 245 (1957), 157-160.

Abragam, A. and Proctor, W. G. Compt. Rend., 246 (1958), 2253-2255.

Jeffries, C. D. Phys. Rev., 117 (1960), 1056-1069.

Jeffries, C. D. Progress in Cryogenics, 3 (1961), 1301773,

Webb, R. Ho Am. J. Phys., 29 (1961), 428-Lhk,

Barker, W. A. Revs. Mod. Phys., 34 {1962), 173-185.

Feher, G. Phys. Rev., 103 (1956), 500-501.

Feher, G. and Gere, E. A. Phys. Rev., 103 (1956), 501-503.



25,
26.
27.
28.
29,
50,
51.

32

55

3l

25.
560

57
38.

39.
Lo,
b1,

Lo,

L3,

hl,
L5,

- 143 —

Bloch, F. Phys. Rev., 70 (1946), Léo.

Feher, G. Phys. Rev., 103 (1956), 83L-835,

Feher, G. Phys. Rev., 105 (1957), 1122,

Feher, G. Phys. Rev., 11k (1959), 1219-12hkL,

Holton, W. C. and Blum, H. Phys. Rev., 125 (1962), 89~103.,

Portis, A. M. Phys. Rev., 91 (1953), 1071-1078.

Cowen, J. A., Schafer, W. R. and Spence, R. D. Phys. Rev. Letters

3 (1959), 13-1k.

Abraham, M., McCausland, M, A. H. and Robinson, F. N. H. Phys. Rev.

Letters 2 (1959), Lho-h51.

Terhune, R. W., Lambe, J., Makhov, G. and Crosg, L. G. Fhys. Rev.
Letters 4 (1960), 234-236,

Lambe, J., Laurence, N., McIrvine, E. C. and Terhune, R. W. Phys.

122 (1961), 1161-1170.
Cole, T, Private Communication.

McConnell, H. M., Heller, C., Cole, T, and Fessenden, R. W.
J. Am. Chem. Soc., 82 (1960), T66-T775.

Heller, C. and McConnell, Ho M. J. Chem. Phys., 32 (1960), 1535.

Chosh, D. K. and Whiffen, D, H, Mol. Phys., 2 (1959), 285.

Miyagowa, I. and Gordy, W. J. Chem. Phys., 30 (1959), 1590-1595.

Pooley, D. and Whiffen, D. H. Mol. Phys., 4 (1961), 81-86.

Horsfield, A., Morton, J. R., Rowlands, J. R., and Whiffen, D. H.
Mol. Phys., 5 (1962), 241-250,

McConnell, H. M. and Robertson, R. E. J. Phys. Chem., 61
(1957), 1618.

McConnell, H, M. Unpublished Lecture Notes available at C.I.T.
Book Store,

Pooley, D. Thesis, University of Birmingham (1961).

Margenau, H. and Murphy, G. M. The Mathematics of Physgics and
Chemistry (D. Van Nostrand, New York, 1956), 301332,

Rev.,



L6,

b7,
48,
b9,

50.

51

52.

55

5k,
55.
56.

58.
59

60.

61.
62.

63.

— 1kl

Horsfield, A., Morton, J. R. and Whiffen, D. H. Mol. Phys., %
(1961), 169-175.

Booth, F. B. Thesis, C.I.T. (1963).

Morrison, J. D. and Robertson, J. M. J. Chem. Soc. (1949), 1001-1008.

Goldstein, H. Classical Mechanics (Addison-Wesley Publishing Company
London, 1959), 93-109.

Griffith, O. H. and McConnell, H. M., Submitted to Proc. Nat., Acad.
Sci. U.S.A.

Moreno, T. Microwave Transmission Design Data (Dover Publications,

1958).

Ginzton, E. L. Microwave Meagurements (McGraw-Hill Book Company,
New York, 1957). :

Terman, F. E. Electronics and Radio Engineering (McGraw-Hill Book
Company, New York, 1955).

Kronig, R. de L. Physica, 6 (1939), 33.

Webb, R. H. Rev. Sci. Instr., 33 (1962), 732-737.

Chester, P. F., et al. Rev. Sci. Instr., 30 (1959), 1127-1128.

Cole, T., Heller, C. and Lambe, J. J. Chem. Phys., 34 (1961),
4L 7-1408,

Seidel, H. and Wolf, H. C. MNaturw., 46 (1959), 597-

Wheatley, J. C., Griffing, D. F., Estle, T. L., Rev. Sci. Instr., 27
(1956), 1070-107T.

Hutchison, C. A. and Mangum, B. W. J. Chem. Phys., 3% (1961),
908-922,

Varian Associates Technical Bulletin #1353.

Croft, A. J. Experimental Cryophysics (Eds. Hoare, F. E., Jackson,
L. C., and Kurti, N.), p. 123. (Butterworths, London, 1961,)

Dushman, S. Scientific Foundationg of Vacuum Technique {John Wiley
and Sons, Inc., New York, 1962).

Sommers Jr., H. S. Rev. Sci. Instr., 25 (1954), 793-798.




- 145 -
PROPOSITION 1

This proposition deals with the radiation damege of small un-
saturated molecules as studied by EMR. In 1960 I proposed that the
effect of room temperature x-—irradiation on such molecules be investi-
gated. Prior to that time several publications (1- %) had appeared
dealing with the free-radicals Tormed in this way in saturated systems.
However, essentially no work had been done on the unsaturated systems.
It was suspected that the radicals formed in the latter case might be
basically different than those formed in the former case. In particular
‘it was hoped that o-radicals might be detected. The term o-radical im-
plies that the unpaired electron resides in a o-orbital.

With thié object in mind the following compounds have been in-
vestigated (in most cases as single crystals) using the EMR technique.

2—furancarboxylic acid (furoic acid)

3-furancarboxylic acid

%, h-diphenyl 2~furancarboxylic acid

3,k-diphenyl 2,5~furandicarboxylic acid

2-thiophenecarboxylic acid (thiophenic acid)

3-thiophenecarboxylic acid

2-pyrrolecarboxylic acild

2~furaldoxime

2-furamide

2-potassium furoate

maleic acid
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maleic anhydride

potassium acid maleate™

fumaric acid

2,3~dihydroxy fumaric acid

potassium acid fumarate

trans—2-methyl 2-butenoic acid (tiglic acid)

cis 2-methyl 2-butenoic acid (angelic acid)

trans 2-butenoic acid (crotonic acid)

cig-methylbutenedioic acid (citraconic acid or methyl maleic acid)
trans-methylbutenedioic acid (mesaconic or methyl furmaric acid)
methylenebutanediocic acid (itaconic or methylene succinic acid)
1,h-butadienecarboxylic acid (trans~trans-muconic acid)
propenedioic acid (glutaconic acid)®™

dipotassium nitroacetatle

diphenyl mercury

X—irradiation of any of Tthe above (except angelic acid) gives a long-

lived free-radical. Many of these show a spectral spread (EMR) of

150 Mc and more and yet essentially none of the parent molecules possess

a potential P-proton {on B-protons see p. L3 of this thesis or reference 2).
It is well known that O-protons give a maximum spectral spread of about

90 Mc (excepting cases where negative spin densities exist)e Therefore

either the radical

*Tndependently investigated by Heller and Cole (k).

**¥Independently investigated by Heller and Cole (5). They have
studied extensively the allyl type radical formed in this system.
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1. may have been formed by adding a H atom®
or else 2. it may be a o-radical.

Although none of the above named systems have been worked out
in detail (Part I of this thesis prevented that) the results of some
preliminary investigations are given in the reprinted article included
at the end of this proposition. There it is indicated that hydrogen
addition, or H-aufbau, is the radical forming process. Although hydrogen
addition had been previously observed at low temperatures ((6)j see also
(7)) this is seemingly the first known case of such a process resulting
in a stable long-lived free-radical at room temperatures.

*% in this laboratory have defini-

More recently, investigations
tely established the initial suggestion that H-aufbau is alsc the damage
mechanism in maleic and fumaric acids. Several of these systems will
shortly be investigated in more detail, particularly diphenyl mercury.

It is quite possible that of the two stable free-radicals formed one may

be the phenyl radical.

*This suggestion is due to H, M. McConnell.

*%0, Hayes Griffith and A, L. Kwiram.
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Reprinted from the Proceedings of the NATIoNAL ACADEMY OF SCIENCES
Vol. 48, No. 4, pp. 499-500. April, 1962.

RADIATION DAMAGE IN ORGANIC CRYSTALS: AUFBAU PROCESSES*

By Avvin L. Kwiram anp Harpen M. McCoNNeLLT
GATES AND CRELLIN LABORATORIES OF CHEMISTRY,I CALIFORNIA INSTITUTE OF TECHNOLOGY

Communicated by John D. Roberts, February 26, 1962

A great variety of long-lived oriented free radicals have been produced in organic
single crystals by high energy radiation.’=® Practically all of the many examples
studied thus far have involved abbau processes; that is, the long-lived oriented free
radical is derived from the parent (undamaged) molecule by loss of a hydrogen
atom, a carboxyl group, etc. The purpose of this note is to point out that in some
systems long-lived oriented free radicals can be formed by aufbau processes, in par-
ticular by H-atom addition. Thus, for example, the spin resonance of X-irradiated
tiglic acid (CH;CH==C(CH;)COOH) suggests a single stable long-lived #-radical

COOH  H H
N L/
a—C, D
/ AN
CH3 CHS

The m-spin density on C; is one half, and the two aliphatic (v) H-atoms
attached to C, are cquivalent with nearly isotropic splittings of ~35 Me.
The protons of the CHj; group attached to C; have similar hyperfine interac-
tions.

A similar H-aufbau is definitely involved in furoic acid where X-irradiation
gives a predominant radical species whose paramagnetic resonance is best ¢nferpretfed
by the structural formula IT with equivalent = hydrogen atoms on Cs and

; . -COOH
H=\ % i)
R

with 7-spin densitics p; on carbon atoms C; of py ~ /s, ps ~ /s, py ~ —1/. The
large spin density on C; can presumably be attributed to the resonance structure,

N
;- COOH

H g H
Evidently the spin transmission through the oxygen linkage is quite efficient.
A detailed analysis of these spectra, as well as similar spectra obtained in the
radiation damage of other unsaturated acids is in progress.

* Qupported by the National Science Foundation.

1 Alfred P. Sloan Fellow.

1 Contribution No. 2821.

1 McConnell, H. M., C. Heller, T. Cole, and R. W. Fessenden, J. Am. Chem. Soc., 82, 766
(1960).

2 Heller, C., and H. M. McConnell, J. Chem. Phys., 32, 1535 (1960).

& Pooley, D., and D. H. Whiffen, Mol. Phys., 4, 81 (1961).

¢ Cole, T., and C. Heller, J. Chem. Phys., 34, 1085 (1961).

s McConnell, H. M., and R. W. Fessenden, J. Chem. Phys., 31, 1638 (1959).

¢ Atherton, N. M., and ID. H. Whiffen, Mol. Phys., 3, 1 (1960).

7 Ghosh, D. K., and D. H. Whiffen, Mol. Phys., 2, 285 (1959).

8 Miyagawa, L., and W. Gordy, J. Chem. Phys., 32, 255 (1960).

9 Kurita, Y., and W. Gordy, J. Chem. Phys., 34, 282 (1961).
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PROPOSITION 2

Most of the efforts to determine the effects of x— and y—irradia-—
tion on biological materials have been concerned with changes induced in
the metabolic processes (8). In spite of the complexity of such systems
much valusble information has been obtained (9).

The EMR technique although not well suited for the investigation
of the processes themselves is valuable in principle whenever a metabolic
process results in a product having an unpaired electron(s)o (It is of
some usge in the study of transient radicals.) It was quickly recognized,
however, that due to the many damage sites in these large molecules and
the resulting line broadening, the amount of information obtainable wasg
quite limited. For this reason most of the EMRAinvestigationé have been
concerned with the damage occurring in simple constituents such as amino
acids (lO) and sugars (11).

Significant advances have recently been made (and are being made)
in understanding the properties of DNA and its role as the "code~carrier"
of genetics (12)s It would therefore be of interest to study the effect
that x- and y-irradiation might have on its replicating functions. Damage
would almost certainly occur in the phosphate and sugar groups which form
the backbone of the DNA molecule. Again, the effects on the DNA molecule
itself are very complex (13), If one were most interested in the direct
genetic effects of radiation on the replicating process then one might
congsider the first order problem to be that of changes induced in the

code words themsgelves,
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With this in mind R. F. Stewart, acting on s suggestion made

by Professor N. Davidson, provided me with l~methyl thymine, a derivative

of one of the DNA code words., (This is a derivative of one of the four

code words in DNA, thymine, adenine, guanine, and cytosine). In DNA

itself the l-methyl group of l-methyl thymine is "replaced" by the DNA

molecule,

CHs

thymine

l-methyl thymine

It is proposed that the long-lived free-radical formed upon x~irradiation

of l-methyl thymine at room temperature is

i
I CH
Ny N S
/ -
of S
CHia

The initially colorless single crystal of thymine after irradia-
tion for about 8 hours has a distinct reddish color. A typical EMR

spectrum exhibits the following hyperfine structure-—-
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The presence of two radicals is immediately suspected
1. because of the asymmetry existing only in the
central region
and 2. because of the relative line shifts in that region

as Eo is varied.
We will consider only the radical giving rise to the outer lines., It is
reasonable to assume then that there are two sets of lines, the lines in
each set having relative intensities of 1:3:%:1 and a splitting of about
45 Mc. The two sets are probably due to a rotating methyl group since
the splittings within each set are identical and essentially isotroplc.

The large splitting which separates the two 1:3:3:1 sets indicates
an interaction with a single nucleus of spin I = %. This eliminates the
nitrogen nucleus (NlS:I = 1) from the picture. The fact that this split-
ting is large and quite isotropic suggests a B-proton interaction.

If one assumes that a hydrogen atom has added across the double
bond (1) (as shown above) and that an appreciable twist exists 1o the
molecule then one can satisfy the above conditions. If one of the two
resulting protons (bonded to the 6-position) approximately “eclipses”
the unpaired electron distribution (in a p orbital, say, centered on the

5wposition) then the other proton can be approximately in the nodal plane
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of the p orbital. Therefore, the interaction of the former will be large-—
of the latter émallo That the above assumptions are reasonable is further
borne out by the fact that over a very limited range of orientations each
of the lines dn the 1:3:3:1 sets are split again by about 5 Mc.

If the above interpretation 1s correct then one ig faced wifh
two minor questions:

l. Why the methyl group interaction is not larger

{one would expect it to be about 70 Mc),
and 2. Why the large twist of the B-protons exists.

Although l-methyl thymine undergoes a reversible pholochemical
dimerization (15) across the double bond it is unlikely that the radical
arises from such a system.

Tt would be interesting to try to substitute a damaged l-methyl
thymine molecule on the DNA chain to determine what effect it might have
on the replicating process. Other DNA constituents should alsc be in-
vestigated in an effort to understand the damage products that might
occur in DNA itself.

The word Q}ggz_should be emphasized. A single crystal of 1:1
hydrogen bonded complex of l-methyl thymine with O9-methyl adenine gives
essentially no damage. The hydrogen bonding scheme in this complex is

not the same as that in DNA.
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PROPOSTTION 3%

A low temperature EMR system has been described in Part IT.
We propose
1. A rather novel modification of that system which retains
all of its important features bul has the advantage
that large samples can be used

snd 2. A highly flexible ENDOR system based thereon.

The sample gize requirement in the low temperature system discussed in
Part IT arises from the limitation on the size of the {end) arms on the
éavity° However, if the entire cavity were evacuated, then the gquartz
vacuum Jacket and (to a point) the nitrogen shield could be eliminated.
Thus the helium finger could be enlarged essentlially to the size of the
arms, if desired.

The major obstacle to cavity evacuation® is the coupling hole
through which the microwaves are introduced into the cavity. However,
we have demonstrated that coupling into the cavity through a thin section
of dielectric has no deleterious effect on cavity Q or (S/N).

Therefore, taking a silvered quartz cylinder one can remove the
silver at the point of coupling so as to form the equivalent of a di-
electric-filled coupling hole. The cavity walls then function also
as the vacuum jacket. This system now allows much greater flexibility
for purposes of sample and/or coil ingertion for either rf introduction

or for temperature control.

*0ne can, of course, use an o-ring system,
J J
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Ags stated repeatedly in Part I of this thesis one of the major
problems in the ENDOR experiment is the introduction of a high rf field
ingide the cavity. If the rf coil could form the inductance of the tank
circult of a signal generator then, for example, the high power oscil-
lator of Part II could be used and relatively high fields obtained.

This could be done if the silver in the TEpy; cavity could be appropri-
ately cut so as to essentlally form a coil.

The field components for the TEqjy cavity are (16) as follows:

HZ R'Jo(kr)sin{k‘z)

H, ~ J1 (kr)cos(k'z)

B, ~ J1(kr)sin(k'z)

HQ = EZ = Er = 0

where (r,0,z) are the cylindrical coordinates, Jn the nth order Bessel
function and the k's are constants. Since He = 0 and since the current

through any surface is given Dby

I:j{m&
C

there can be no z component for the current in the cavity walls. Further-
more, there need be no current path between the end plates and the cylin-
der walls. This would allow one to use the center cylindrical section
as a coll if the silver were cut sppropriately.

One might argue that cutting the silver in a helical manner es-—
sentially leaves the current paths unaltered in first order. However,
the most important AC consideration is that of capacitive coupling.

The capacitive reactance goes like

1
‘/:_:LXC:JJ—C—D
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X-band frequencies are ~ lOlO cps and as a result the capacitance be-
tween "turns" of our helix will effectively function as a short for
the microwaves.

An important factor that must be taken into account is that of
the currents induced in the end plates of the cavity by the rf current
flowing in the helix. In order to reduce this effect to negligible size
one must use a silver plated dielectric for the end plates. The skin

depth © 1s given by

g . L [he
T 2xmy¥ 30u

where A is the wavelength of the rf, p is the conductivity of the metal
and p is its permeability. The skin depth is a measure of the penetra-
tion of a magnetic field into a metal; the field drops by é in a dis—
tance &. At x-band for a fairly good silver coating & = lO“LL cm, and
for 100 Mc & = lO~5 cm. Therefore, 1f the plating 1s about 10~5 cm
thick the eddy currents for most of the rf frequencies we will use
can be neglected.
The major advantages of this system which are pertinent to the
ENDOR experiment can now be suwmarized.
1. The microwave cavity and the coupling adjustment (for
microwaves ) are at room temperature.
2, The cavity can be designed to fit into a two inch magnet
gap. (This could help reduce ENDOR line widths.)
%, Samples can be easily inserted and rotated.

i, The rf coil (the helix) does not add to the micro-

phonic noise of the system.
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Straightforward adaptation to high-power rf
circuitry is possible.

A second rf coill can be introduced into the helium
cold finger to be used either as a secondary »rf
excitation fredquency source or as a receiver coil
for NMR experiments.

In situ irradiation (primarily u.v.) can be carried out.
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PROPOSITION L

In this proposal a design for doing Overhauser experiments is
described. In the typical Overhauser experiment with which the organic
chemist is concerned three main considerations are involved (17);

1. A parsmagnetic specles is dntroduced into a sgolvent

along with the compound one desires to investigate by

NMR.

2. Sufficient microwave power is applied to saturate the
electronic transition of the paramagnetic species.
and 3. The NMR transitions of interest are observed.

From the NMR standpoint it is desirable to keep the field fixed. As a
result the microwave frequency must be varied in order to find the elec-
tronic transition. Since the band pass of resonant cavities is usually
extremely narrow one can use a broad band device such as the slow-wave
structures (17) (helices) employed in travelling wave tubes. AL x-band
frequencies (= lOlO cps) the helix structure is still useable but at
higher frequencies 1t becomes inconveniently small (< Zwm i.d. if one
wants to avoid higher order modes). In the system proposed here this
limitation on the frequency is removed.

If the cavity-helix system described in proposition 3 is used
the helix on the cavity walls can function as the NMR transmitter coil.
If it is also to function ag the receiver coill then the diameter of
the cavity should be reduced as much as possible in order 1o increase
the filling factor. However, there is a lower limit on the diameter

for a given Trequency. A plot of the radius, a, of a TEg; cavity as
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a function of its length, 2z, for a given wavelength %O; has an asymptote

for 2a = 36 mm at x—band. (These quantities are related through the

equation
7\ — —'—)JE—
- 4
0 J/ 2u 2
1 mn.
- e )
0

where u'mn is the nth root of the first derivative of the mth order
Bessel function.) This then is the minimum diameter Tor the TEqy cavity
at x-band. At higher microwave frequencies this diameter is conveniently
reduced.

As far as the EMR part of the Overhauser system is concerned one
one is left with three requirements;

1) The microwave cavity must be tunable

2) The microwave source must be simultaneously tunable

and have a high output power
and %) There must be a simple EMR detection system.

The first requirement is easily fulfilled. The TEgyi cavity is the
standard wave-meter cavity. (In practice it may be more convenient to
use = metallic insertion tuning technigque.)

The second requirement has in the past been difficult to fulfill.
Most high power microwave sources operated at x-band or below in fre-—
gquency and had very limited tuning ranges. However, very recently (1962)
a high power backward wave oscillator (BWO) has become commercially
available.® The BWO is one of the products of the recent developments

in microwave tube design. Its dmportant features for our purposes are

*Watkins-Johnson Company, Palo Alto, Califormia.
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its wide electronic tuning range and its high-power output. The unit

of interest to us can be electronically tuned over the range from 1h-

20 Gc with an average CW ocutput of 100 W This BWO could he locked

to the tuneable cavity using standard circuits and would then track

the cavity over the desired range.

The third requirement involves only the straightforward adapta-—

tion of any standard detection system. The Varian 100kc unit would serve

very nicely as the basic element in such a system.

The main advantages embodied in this design are

1)

2)

High power and wide range tuneability are provided in a
simple, reliable manner——electronically speaking. This
should be compared with high power pulsed magnetron circuitry
and with matching problems involved in the slow wave sbruc—
tures.

Operation over s wide range of frequencies, and especially

in the k-band region is permitted., This is particularly
important from the standpoint of the increased chemical

shifts obtaining in higher fields.

"atkins—Johnson model number WJ—-205,
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PROPOSITION 5
Several ENDOR experiments are proposed.

1.
An effort should be made to observe ENDOR in x-irradiated sodium
formate. The EMR of the resulting COs radical ion reveals the spectrum

(18) shown below

l

ClS ClE Cls
(Relative intensities not to scale)

The intense middle component split into four lines represents the un-
paired electron on G205 interacting with the Na®® nucleus. Similarly
the outer palr of lines represent the interaction between €305 and
Na23, An obvious reason for the measurement of ENDOR frequencies in
this system would be to obtain more accurate values for the various
coupling constants. It might also be possible to measure the guadrupole
interaction due to Naf3., The measurement of the €13 splittings would
certainly be of theoretical interest. However, of greater interest
would be the investigation of the ENDOR mechanism in this system.

There is essentially only one atom of each of the three magnetic nucledi
w223, ¢*2 and B in the molecule and furthermore C+3 is already in a

dilute form (natural abundance is 1%). As a result a considerable

. L. . P . *
amount of dnformation could in principle be obtained:

*Some preliminary work we have already done (actually we pro—
posed in 1959 that this x-irradiated compound be investigated by EMR)
indicates that NaHCOz crystals do not shatter at low temperature!

Recently T. Cole has indicated that he is also planning to look Tfor
the ENDOR transitions in this system.
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4. Observation of distant ENDOR lines for HY, €15,
and 1\Ta25
b. ENDCR line widths
c. ENDOR line decay time
d. Rate and nature of spectral diffusion.
On the last point in particular it is of interest to determine the
nature of spectral diffusion under conditions in which either the
ClZOZ_ or the 01302— resonances are saturated.

A slightly more complex but related system would be the

-CH(S0s)s and <N(SOs)s radical ions (19).

2o

Again, an effort should be made to observe ENDOR in x-irradi-
ated malonic acid. Thig is in a sense the "clagsic" solid state free
radical and theories of the interactions of the unpaired electron with
the proton——i.e., the CoCH fragment--—are usually based on malonic acid
as a model. Not only is this experiment important from the standpoint
of understanding the mechanism for ENDOR in These systems but more im-
portant the data obtained would be valuable in the refinement of the
theoretical calculations.,

This is particularly true for the ¢t interactions in these
systems. To date no extensive EMR measurements have been made on the
€3 coupling tensors in solid state freemradicalse* The ENDOR measure-
ments could provide accurate data for configuration Interaction calcula-~

tions and for the anistropic contribution to the coupling constant.

*See however the work of (€. Giuliano on ¢12 in malonic acid in
references 20 and 21,
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Furthermore, the coupling of the 0~C'3 atoms with the

C’// \\\C
(o4 04
unpaired electron could be accurately measured. To date there is no
reliable data on this interaction. Since such an interaction would be
small 1t is unlikely that it is measurable by EMR. However, its value
is of importance in the calculation of the hyperfine interaction of the
unpaired electron with the €3 nucleus on which that electron is
centered (22).

If ENDOR cannot be observed in malonic acid then these experi-
ments should be performed on a comparable system. Similar measurements
on <CHa would be of significance. Using the ENDOR technique it might

be possible to detect an isotope effect on the hyperfine interaction

(21).
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ADDITIONAL RESEARCH PROPOSALS
As indicated in the text of this thesis, measurements definitely
need to be made of the electronic relaxation times in solid
state free-radicals.
Recent development in semiconducting parametric amplifiers have
made it possible to operate several of such diodes (gallium
arsenide, for example) at low temperatures. As a means of in-
creasing EMR spectrometer sensitivity, a detection system employ-
ing a parametric amplifier should be designed and built.
It could be of some benefit to use two adjacent crystal harmonics
of the Hewlett Packard Phase-Locking Synchronizer in the control
of the source and local oscillator klystrons in superheterodyne
spectrometers. The fundamental frequency would be used as the
frequency of the if strip.
In 1960 I proposed that direct verification be made of the nature
of the Kolbe synthesis using the EMR technique. Subsequently some
preliminary work done with C. D. Russell definitely revealed the
steady state presence of an unpaired spin with a lifetime of
less than 1 minute. The paramagnetic species was not identified.
In 1961 T proposed that the cyclopentadienyl free—radical could
probably be formed by x-irradiation of CgHsTl at reduced tempera-

tures.
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GLOSSARY

a isotropic hyperfine coupling constant, see A
Loy

a,b see A

CaS i a W] L)

(a,b,c) crystallographic unit cell triple

oF unit vector chosen g0 that a.c¥ = becX = 0 and cso® = 0
db decibel
e d — > >

e. unit vector related to (i,j,k)

+ -> - — - - —

ey =1, ez =J, ez =k

r farad

g = go % + g’ where g is the electron g~factor tensor
&y nuclear g-factor
h henry

h = 6.62517 x 10—27 erg sec  Planck's constant

it intermediate frequency
— > >
(i,3,k) orthogonal cartesian triple

16 o1 , ﬂ
k = 1.3804k x 10 erg °K Boltzmann's constant
k~band approximately 15-35 Gc

m., =8 m. =1

S 4 I Z
n, number of nuclei having I = i-%
N ~12
D (prefix) pica (10 = )
rT radioc frequency
t time
d. t. a ___-—> g
irection cosine U, = Ugcel

unit vector in external field direction

L

UeVe ultra—violet

x-band 8.2-12.4 Ge
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i . .
A 1s the hyperfine coupling tensor for nucleus i
A=ag+b=2al+b a =+ trace A =1 tr A
AC alternating current
DC direct current

—

E,(E) energy or electric field (vector)
G gauss
G (prefix) gilga (109)

H;(ﬁ) magnetic field (vector)

ﬁo external (DC) field vector

I current or nuclear spin quantum number

o

Il spin angular momentum vector for nucleus 1

Ig refers to component of fl in J direction

L inductance
N+ number of electrons having SZ = i<%
Q_ quality factor for a resonant circuit
qQ = 1 energy stored
27 energy lost (per cycle)
R resistance
g spin angular momentum vector for the electron

Si refers to component of g in i direction
S electron spin quantum number

(S/N) signal to noisge ratio

ITl nuclear spin-lattice relaxation time

STl electronic spin-lattic relaxation time

TElmn refers to microwave cavities (see reference 51)
T temperature in degrees Kelvin

v volts



W watts
W transition probability for forbidden electronic transitions

(AmS =+1, Amp =+ 1) also W(+=) - (-+) etc.

WO allowed electronic transition probability (A]ﬁs =+ 1, ﬁme
XC capacitive reactance

M admittance Y = 1/%

Z impedance

measured (EMR) g-values

5
?J7 measured (EMR) splittings
gjﬂ{gigj) designates plane in which_ﬁjajs measured
CE% spin Hamiltonian
a attenuation; for rf propagating in a tube beyond cubt-off,
& = %0db for every length equal to diameter
O ,B—, s sw-proton see p. 43 of thesis

[B] = 0.9273 x 10720 erg ¢ Bohr magneton

B. = 0,5050k x lOwgB erg ¢t quclear magneton

N
’s T H 1T H
o] 0
g p ~
o = —EE%%E.E e ° is the nuclear Boltzmann Tactor
3 = ]v+—vml
- . —>
He = - lBlS°§ electron megnetic moment
By = gNBNI magnetic moment of ith nucleus
_ .1
v | =n""g [BlH,
v. =h g B
p &y NHO
v, EWDOR frequencies for S = + &
B =vu, % Su. A
Ve S Vg T E PR
Wg = 2ﬂ]vel Wy = 27 Vo
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A =g |BlH /KT ¢ is the electronic Boltzmann factor
o o

O form=n

Amn =
1l form # n

£ ohms

(+-) designates the value of SZ and IZ respectively~——
i.e. sz=+% I,=~3%

flip-flop a transition in which the electron and nuclear spins
go from (+-) - (—+) or from (—+) = (+=)
fHp-flip g transition in which the electron and nuclear spins

go from (—) = (++) or from (++) - (-=)



