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TECHNICAL PROGRESS REPORT

ON

PARAMAGNETIC RESONANCE ABSORPTION

1.        Apparatus.

1.1. All of our magnetic resonance spectromebers have

been reconstructed in greatly improved form in our new

laboratories in the Searle Chemistry Laboratory, 5733 Ellis

Avenue, and have now been used in a wide variety of experi-

ments.

Our high field spectrometers have been reconstructed

in a manner which gives us much greater flexibility than was

previously possible Each magnet, with rotation base and

associated cryogenic equipment, is permanently located at a

fixed station.  The actual microwave spectrometers are mounted

on interchangeable plug-in panels in such a manner that they

may be readily interchanged and used at any permanent magnet.,1

station. For example, we now have a 9GHz electron paramagnetic

resonance (EPR) and electron nuclear double resonance (ENDOR)

superheterodyne spectrometer, 2 23GHz EPR and ENDOR super-

heterodyne spectrometers, a 9GHz EPR, ENDOR, and electron

spin double resonance EEDOR) superheterodyne spectrometer,

and a 35GHz EPR superheterodyne spectrometer, all of which

are quickly interchangeable between the magnet stations.
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All these spectrometers may be used at any «temp-

erature down to 1.7'K.  A wide variety of new.microwave

cavity assemblies, several of' which have the crystal rotation

feature, mentioned in 1.2. of our 1968 November 22 Progress

Report, may be used in any of the cryostats together with any

of the spectrometers in a suitable frequency range.

We now have greatly improved ENDOR equipment, the

main feature of which is a very versatile frequency sweep

generator covering the range from 0.4 to 220 MHz together

with a high power amplifier which makes power levels up to

approximately 200 watts available to us over this range of

frequencies for our experiments with any of our ENDOR spectro-

meters.

Our spectrometer for zero external field electron

paramagnetic resonance ( ZFEPR)   has been reconstructed  in  a

greatly Improved form.  With a set of 3 different traveling

wave tube amplifiers and 3 cavity assemblies we can now cover

the frequency range from 0.5 to 5•0 GHz and can make studies

at any temperature down to approximately 1.7'K.

In addition to the above, our new chemistry lab-

oratory equipped with high vacuum lines for crystal prepara-

tion, zone refining, and a variety of chemical manipulations,

usually employing high vacuum techniques, has been completely
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supplied and equipped. Facilities for low temperature crystal

growth of organic crystals, particularly benzene, have beeh

included. A special feature of this laboratory is the

equipment for preparing single crystal solutions of neptunium

hexafluoride in uranium hexafluoride.

20        Research during the calendar year 1969.

2.1. Rare earth and heavy metal ions in crystals.

2.1,1. 147sm+3 and 149Sm+3 superhyperfine interactions

with Cl- ions in single crystals of LaC13.

A great amount of experimental data on the super-

hyperfine interactions between 147Sm+3 or 149Sm+3 and Cl- ions

in LaC13 single crystals has been obtained by means of one

of the ENDOR 9 GHz spectrometers mentioned in 1. above.

Extensive calculations involving a priori estimates of the

nature and magnitude of such interactions and the fitting 9f

spin hamiltonians to experimental data are now underway.

2.1.2. NpF6'

We have had very great success during the past year

in the preparation of very good single crystals of NpF6 in

UF6 at a concentration of a few mole percent.  We have been

able to mount these crystals in our crystal spectrometer
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mentioned in 1. above, to cool them to the boiling point of

He,   or  in some experiments to approximately  1.7'K, to orient

the crystals so that the external magnetic field is along a

principal axis of the hyperfine interaction tensor, and to

obtain very excellent EPR and ENDOR single crystal spectra

which show, in a very detailed manner, the superhyperfine

interactions between the f electrons of Np and the F nuclei.

The process of accumulating data is, of course, still in

progress, and at the same time we are involved in developing

the theory required for the interpretation of the spectra.

2.1.3. Photoexcited states of rare earth ions.

We have recently begun a program closely related to

our previous work on EPR and ENDOR spectra of rare earth

ions in single crystals.  Although the paramagnetic properties

of the ground electron states of rare earth ions in crystals

are extremely well known there is almost no information on

excited states. To the best of our knowledge there are only

2 papers in the literature on EPR spectra of excited states

of rare earth ions. Nevertheless, a study of the voluminous

literature on rare earth ions having to do with their optical

properties, reveals that there are many photoexcitable higher

energy states of such ions with very adequate lifetimes for
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paramagnetic resonance studies which the experimental equip-

ment, mentioned in 1. above, would permit us to perform.

We have therefore undertaken studies of the photoexcited
t.4.3       + 3states ofNd .,Er , and some other Cace earth lons, in

several different crystals. There are many points of very

great interest in connection with these excited states.

One point in which we are particujarly interested concerns

the amount by which the hyperfine interactions between the

f electron and the Care earth nucleus are changed upon

photoexcltation. The crystals, cavity assemblies, and all

related apparatus for these experiments are being constructed,

and being put into use at the present time.

2.1.4. EEDOR spectroscopy of f electron lons.

We have obtained, during the past year, very

interesting results concerning the electron spin electron spin

double resonance experiments, to which we referred in a pre-

liminary way in our 1968 November 22 Progress Report.  By

means of a bimodal cavity we have pumped microwave power

into one of the hyperfine lines of the EPR absorption of

235U+3 in LaC13 while observing the EPR absorption of a

second hyperfine line. Such experiments have been performed

for most of the pairs of lines, both allowed and forbidden,

of the u spectrum. We have quantitatively measured235..+3

the   changes   in the .absorption intensi.tr   e n the observed lines
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produced by the pumping of the other lines.  The effects are

very large and shdw striking variations with temperature.

The data accumulated on this ion is nearly complete and at

the present moment Ve are deeply involved in the theoretical

interpretation of the results.  In the cases of 143Nd+3 and

145Nd+3 in LaC13 we have observed similar effects.  However,
they are quantitatively not nearly so large and as in the

235u+3 case.

2.2. Organic molecules in triplet states.

2.2.1. Electron paramagnetic resonance (EPR) and electron

nuclear double resonance (ENDOR).

2.2.1.1. Anthracene.

During this year we have done our first work on

short lived photoexcited triplet states species in organic

single crystals. We have studied the EPR spectra of photo-

excited anthracene in phenazine single crystals in which

case the lifetime of the photoexcited triplet state is - 5

milliseconds.  We have obtained a very good EPR spectrum

wlth detailed hyperfine patterns and are presently beginning

ENDOR studies. The anthracene molecule has been: •ne .of themost

widely studied of the conjugated aromatic ring molecules and
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there is a very extensive literature on this molecule's

optical, electrical, and other properties. The very short

lifetime of the photoexcited triplet state has deterred us

in the past from attempting EPR and ENDOR studies with the

type of equipment we have available and in the host crystals

whlch we had formerly been using. The phenazine crystal, how-

ever, permits very intensive radiation of the substitutional

guest, anthracene, and permits us to obtain sufficiently high

concentrations of triplet state molecules for our work.

2.2.1.2.      Benzene  .

Our EPR and ENDOR experiments on benzene during

this year have been concerned with higher concentrations

(up to 10 mole per cent) of protobenzene in deuterobenzene

single crystals than was the case in our Progress Report of

1968 November 22.  These studies, which are still in progress,

are concerned with dimer protobenzene species or, more pre-

cisely, with the EPR and ENDOR spectra of pairs of proto-

benzene molecules which are situated adjacently in the host

deuterobenzene crystal structure. During this year, the

ENDOR results on benzene which were reported in our previous

Progress Report, have been greatly extended through skudies
of a large number of external magnetic field orientations in

the benzene molecular axis system:.
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2.2.1.3.  Phenanthrene.

Our studies of the ENDOR spectrum of phenanthrene

photoexcited molecules in diphenyl single crystals has now

been extended considerably beyond the results in our previous

Progress Report and this work ls now completed.  These data

have been analyzed and the spin density distributions and

the multiple molecular orientation angles of the guest mole-

cule in the host crystals have been determined.

2.2.1.4. Diphenylmethylene.

In the 1968 November 22 Progress Report we discussed

ENDOR work on this molecule. This is the first molecule with

a large deviation from planarity which we had studied by

ENDOR methods. The spin angular momentum distribution

problem for this molecule cannot be handled by the methods

which we have employed in our previous work, e.g., in the

case of fluorenylidene in which the aromatic rings are held

in a coplaner position. It ls of considerable interest that

the intermediate neglect of differential overlap (INDO) cal-

culational methods, developed by Professor Pople and his

coworkers last year, came along just in time to handle our

experimental information on electron spin angular momentum

distributions. With the cooperation of Professor Pople and

Dr. Beverlige of the University of Pittsburgh we have
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completed an INDO calculation which gives remarkable agreement

with our experimental observations.  Because of the non planarity

of this molecule the usual assumptions doncerning the pro-

portionality between isotropic proton hyperfine interaction

and spin density on the adjacent carbon atom does not hold.

This fact, observed in our ENDOR studies, is in excellent

agreement with the results of INDO calculations.

2.2.2. Zero field electron paramagnetic resonance (ZFEPR).

During the past year we have made very good progress
in our theoretical understanding of the magnetic resonance

spectrum of organic molecules in triplet states in exactly

zero external magnetic field.  We have also been able, with

our improved ZFEPR spectrometer, to realize line widths

sufficiently small to make careful studies of line shapes

and partially resolved hyperflne structures of the ZFEPR

spectral lines of the naphthalene molecule in several host

crystals. In close connection with the experimental work we

have completed a theoretical treatment of the proton hyperflne

interactions in triplet state organic molecule at zero
magnetic field and at very low magnetic fields. We have

developed a set of approximations for the treatment of this
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very. difficult and very complicated problem. Moreover, we

have completed an extensive exact computer calculation of

the proton hyperfine patterns at zero external field for

naphthalene.  This is a rigorous solution including all 768

zero field states of this molecule, and is based upon the

spin density distribution which is known from our high field

experiments. The agreement between the rigorous computer

calculations and our ZFEPR spectra is, indeed, very striking.

2.2.3. Triplet state energy transfer.

The first observance, by EPR techniques, of the

transfer of triplet excitation from point to point in an

organic crystal was made in our laboratory. For the case of

phenanthrene and naphthalene in a diphenyl host crystal we

removed by filtration all of the optical frequencies avail-

able from our light source which are required for the photo-

excitation of the naphthalene and the diphenyl molecules in

this system. Only the frequencies required for photoexcita-

tion of phenanthrene were available. A relatively intense,

naphthalene EPR spectrum was still observable. This proved

the occurrence of triplet energy transfer.  Although this

observation stimulated our very extensive past work in the
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field of energy transfer, none of this work was directly

connected with the mechanism of the processes involved.in

this flrst early experiment.  Our subsequent work became

entirely involved in a.study of thermally activated transfer

processes.  This first early observation does not involve a

thermally activ-ated "process. and occurs  all  the  way  down  to

approximately 1.8°K.  We had never'dade any quantitative

studies relative to this early obsebvation.  During.the past

year we have construct6d the apparatus required for such 7.

quantitative investigations.  One of the theories of the

mechanism of this transfer involves the postulation of a

subsequent triplet triplet absorption (by molecules of

phenanthrene already in the ground triplet state) which

brings their energy up to a value which permits transmission

through the triplet exciton  band  of  the host crysta 1'. With

our new apparatus we have performed experiments which

apparently eliminate this possibility, because by appropriate

light filtration we have removed all frequencies required

for the trlplet triplet absorption and the transfer still

occurs.  We are proceeding with preparation of crystals and

equipment required for further investigation of this type of

energy transfer in a variety of organic crystal systems.
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reactions of diphenylmethylene molecules dilutely  and  sub-

2.2.4. Reaction kinetics.

The EPR studies of the kinetics of the chemical

stitutionally dispersed in a host diphenylethyJene- single

crystal, which we mentioned in our 1968 November 22 Progress

Report, have been extended. These extensive results have

been analyzed and models of the kinetic processes have been

discussed. Moreover an x-ray determination of the detailed

structure of the host crystals, mentioned in the previous

report, has  been completed during this year.


