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Errata

2, 1st column, line 6:

To sentence ending "0(257111:) = 1.2 mi", add "for the froduction of

236py,
2, lst column, last line:

For "I(Iglfb)" read "1(95Nb)".
2, 2nd colum, line k:

For "1(91‘1%) = 122 + 10 barns", read “:[(91‘1%) = 142 + 10 barns.

75, 1st colum, Eq. (8):

—— o

For the numerical constant "0.606" on the right hand side, read "0.303".
75, 1st coluwmn, line 3 from bottom:

For "0.88" read "1.76". |
75, 1lst column, last line:

Delete remminder of parasgraph with sentence beginning "T.h:n.s ‘d.l.screpancy'
isa ..."

108, 1st column, line 17 from bottom:

For "enhanced solubility" read "enhanced insolubility".
110, 2nd column, Eq. {3): \....,‘.’

-Should read.

o mEs) P 4 GEy
A ]?o —_Bxa Kut- It e

""\_: I ' o
‘lll ond colmn, :L:.ne 2 above Eq. (9)

FOI‘ "[ﬁ@(x)]" read. II[A¢(X)]|I
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Introduction

A problem that arises in any report such as this
is how much and in what way it should be orga-
nized. It should be helpful to the reader if similar
work is reported together, but then the question
arises as to what aspect of similarity should be
controlling. Should all spectroscopy appear.
together or all work on the heavy elements,
spectroscopy included? Traditionally, this report
has been organized mostly by subfields of chem-
istry, Radiation Chemistry and Nuclear Chemistry,
for example, but some sections have reflected an
organizational grouping around a common objective,
as exemplified recently in Isotope Chemistry and
earlier in Reactor Chemistry. Research based
on particular techniques, such as optical spectros-
copy, calorimetry, ESR, and others have usually
been collected under Chemical Physics, although
in some cases the motivation has been the con-
trolling factor, and spectroscopy employed to
predict or understand isotopic separation factors’
has been placed with Isotope Chemistry.

No inspiration to resolive this dilemma has
appeared this year, even with a new editor, but
calling attention to it may of itself assist readers
in locating topics of interest. We hope the some-
what fuller use of cross reference in the Table of
Contents will be useful for the same purpose. A
change from last year’s report is the inclusion of
a ninth section for contributions from the now-
flourishing Transuranium Research Laboratory.
These appeared last year under Nuclear Chemistry
and Chemical Physics. This year, they drag with
them some coauthors whose normal place is in
another section.

Some collaborative work with other divisions
and some work supported by agencies other than
AEC are described here either only in outline or
not at all. One can find record of these contribu-
tions by Chemistry Division staff in the list of
publications, and, of course, they ate covered
more fully in other reports. Similacly, review

_ the preparation and analysis of compounds of \;
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articles and other publications based on earlier
work appear only in that list.

The report is not closely edited for unxformty
of style and scope, but we hope that it covers the
work of the Division at a level somewhere between
a collection of abstracts and a collection of journal
aticles. ‘Topics not yet ready for publication are
normally covered somewhat more fully than others.
We know from their suggestions that some readers
would appreciate fuller coverage even of our com-
pleted work in order to get around publishing delays
and the difficulty (for some) of obtaining journals.
This has never been practical, however, and it is
rapidly becoming less so. Particularly in nuclear
physics, but also in many other fields, the rate
of acquisition of useful data has become so great
that every subject investigated results ina
relatively large publication. The series of abstracts
reported under Nuclear Chemistry illustrates this
trend. The availability of fast computers com-
pounds this problem; they make it possible ef-
ficiently to extract much more information from the
same data than was formerly possible. When rapid
acquisition of data and rapid data treatment are
combired, as in nuclear physics or in d1£f:act1on :
the result is almost frightening.

The year being reported is the first one throughout
which the Transuranium Research Laboratory was
in operation. Both the chemical and the nuclear
side of the program have made interesting starts.
For example, an agueous solution of a curium
complex ion (B-diketone) showed fluorescence
that indicated the presence of energy levels
probably suitable for laser action. Preparaticns .
are under way to exploit this if possible. Ang,
on the nuclear side, two new isctopes of nep-
tunium, 22°Np and 23°Np, were discovered and |
partially characterized. In general, facilities for '.\

these elements are adequate, and btudxes of
them by optical spectroscopy and by x-ray, dif-
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e - fraction are well started. Thermochemical meas--
- .. yrements will be started shortly, and equipment
- for magnetic studies is being assembled. The

" high-resolution conversmn-electron spectrometer .

is ready except for a coolant booster pump, and
the magnetic mass separator is contracted for.
‘Although not blessed with such obvious new

- ‘opportunities as the research on transuranium

elements, our other programs continue to broaden
and refine our knowledge of chemistry and some-
times turn up wholly new observations. Thus the

.scattenng of fast potassium ions or atoms by D,

was found to lead to vibrational excitation, dxs—-
sociation, and ionization. In Radiation Chemistry,
a restudy; with modem techniques, of a classic

-research on the radiolysis of aliphatic acids is
producing very detailed results that should improve

our understanding of energy transfer. In the field
of solution chemistry, measurements and computa-
tion.are being applied to solutions of two or more
solutes. Improved systematization of our knowl-
edge, if not improvement of our understanding, is
already apparent. Two programs concerned with
the same old substance, water, are producing data
of exceptional range and quality, and are at the
stage where we shall soon see how far interpreta-
tion can be carried. The measurements are of
x-tay diffraction and of near-infrared absorption
over a wide range of temperature; they include

not only water but other liquids and solutions.
The generality of photolysis (with additives)

_for the production of organic free radicals is
.obvious in the ever-widening range of radicals
“for which ESR spectra are being obtamed and
-interpreted.

i
}
!
|
%
i;
&
5
¢

viii

AS mentioned last year, it seems useful to call
attention here to those items which have some
present or potential applicability to other fields.
We note, therefore, the following: (1) The con-
tinuing development of dynamically formed mem-
branes under the auspices of the Office of Saline
Water. Further work has been done on membrane-

forming materials, on suppotts, and on applications’

to pollution; such membranes have also been used
to test theoretical equations developed earlier to
describe membrane behavior. (2) Both processes
for separation of '*C continue to look promising,
and an old ghost, a liquid-liquid process for
uranium isotope separation, was laid to rest again.
(3) The low-background gamma-ray spectrometer
for study of returned moon samples was completed,
shipped to Houston, and found to be indeed the
world’s lowest-background spectrometer.

To some, at least, of the “‘original’’ members
of the Division, the Laboratory is still a temporary
collection of young physicists, chemists, and
engineers who will disperse some day soon to
the normal world of university and industrial posi-
tions. It is implausible, therefore, that one of us
has now retired, but this is the case. Since Max
Bredig has edited this report for many years, I
should like to take note here of his many services
to the Division, to the Laboratory, and to the
science of chemistry. It is fortunate that his
retirement is only an administrative discontinuity,
for his chemical knowledge, judgment, and ms1ght
are irreplaceable.
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1. Nuclear Chemistry

THE NEUTRON CAPTURE THERMAL
CROSS SECTION AND RESONANCE
INTEGRAL OF 252C¢

J. Halperin C. E. Bemis, Jr.
J. R. Stokely

See p. 22.

THE NEUTRON CAPTURE RESONANCE
INTEGRAL OF THE 6.75.DAY 237y

J. Halperin
C. R. Baldock

J. H. Oliver
R. W. Stoughton

‘Measurements have been made of the resonance
integral of the 6.75-day 727U in irradiations in the
ETR at I1dah~. An integrated resonance flux-time
product of ~7 x 10*? neutrons per unit lethargy
was achieved in a thermal-neutron-filtered irradia-
tion. The resonance flux was measured using thin
foils of dilute cobalt-aluminum alloy and is based
upon I (3°Co) = 75 barns.

A sample of 23°U containing initially 48 ppm of
233(f was irradiated in a 3-mm-thick cadmium
cylinder until spproximately half of the **3Cd in
the filter had been coaverted to 11*Cd. The
uranium product was examined in a two-stage
mass spectrometer. Singly charged uranium metal
ions wete produced by surface ionization from
thenium filaments and measuwred with a I4-stage
electron multiplier. A preliminary value for [
(2370) of 1200 + 200 bams can be reported.

MEASUREMENTS OF THE (n,2a) CROSS
SECTIONS OF 233y, 235y, AND 2%7Np

J. Halperin L. E. Idom
C. R. Baldock J. H. Oliver
' R. H. Rainey!

Two tiradiations have been carried out at the
ETR in Idaho to measure the integral (n,2n) cross

sections of 233y, 2357, and 23"Np. Duec to low
yields and the difficulties introduced by compet-
ing reactions, no ptevious measurements appear

to have been made (at this late date) of these
cross sections to enable the prediction of reaction
rates in fission neutron spectra. The consequence
of production of (n,2n) products for both 223U and
237Np is to increase the problems associated

with the handling of uranium in chemical process-
ing and thermal diffusion plants, The formation
of members of the 4n decay series (*3°Pu or
232Q) ultimately gives rise to 2°%T1 (2.6i-Mov
gamma).

The irradiations were carried out in cylindrical
cadmium containers of 120-mil! wall thickness.
The cadmium, by filtering the thermal neutrons,
served to minimize competing reactions and the
high burnup which would otherwise have taken
place. Since the (n.2a) reactions have a threshold
of approximately 6 Mev, the reaction rates of
interest were unaffected by the presence of the
cadmium.

Following irradiation, the uranium samples
were purified by a TBP extraction procedure.

The 33U samples were electrodeposited on
platinum plates and alpha pulse analyzed to
evaluate the >*?U formed during the irradiation.
The 235U samples were assayed by mass analysis
using a two-stage mass spectrometer. Ths *37Np
samples containing ?*®Pu were assayed using a
TTA {2-thenoyltrifluoroacetone) extraction
procedure so that the low-specific-activity ** ¥ Nf.
could be measured in the presence of the relatively
large amount of 23%Pu. The ?3%Pu was determired
by alpha pulse spectroscopy. The fission neutron
spectrum was monitored by the (n,p) reactions in
46Ti and 5*Fe. The 84-day *SSc and the 303-

day **Mn activities were measured by gamma-ray
spectroscopy. The fission flux spectrum was

l(.‘.lm-n:lic:‘al Technology Division.



evaluated on the basis of a 9.0- and 65-mb cross
section for *5Ti and 5*Fe respectively.? - ,
At the present time preliminary values canbe
reported for the {n,2n) cross sections of 0, 20 N
(3330) = 3.5 mb, o (*35U) = 24 mb, and & _
(*37Np) = 1.2 mb. The neptunium cross section
does not include the partial cross section leading
to the formation of the >5000-year *3°Np, which
is thought to be small.? The estimated un-
certainty in these values is about 25%. 5. Pearl-
stein* has made calculations of the values of a
large number of (n,2n) cross sections using a
statistical model of nuclear reactions.. His . .
estimates, whick may be compared with the above
values, are o (2%3U) =3.3 mb, & 2ﬂ(”slgr) =

n,2n
15 mb, and On. 20 (?*7Np) = 1.3 mb.

THE THERMAL NEUTRON CAPTURE cadss :
SECTIONS AND RESONANCE INTEGRALS
OF 73Nb AND %4Nb

R. E. Druschel J. Halperin

In a continuation of measurements previously
reported,® the values for the thermal cross sec- -
tions and resonance integrals of both ¥3Nb and
94Nb have been refined. Additional irradiations
have been made, and more detailed treatment of
the data has been carried out. The experimental -
procedures have been previously described® and
need not be repeated here. '

The value of the 2200-m/sec cross section

o, C3Nb) = 1.1_ + 0.1 barns has been calculated

f:om the measured thermal cross-section assuming
the usual 1/v dependence upon energy. This-
thermal value is in good agreement with that of
Tattersall et al.,® o, = 1.17 + 0.2 barns, and
Pomerance,” o, = 1.10 # 0.5 barns. The resonance

0
integral was measured as [ (*’Nb) = 9.2, + 0.6

*c. H. Hogg and L. P Weber, “Fast—Neutmn
Dosimetry at the MTR-ETR Site,”” Sympesium on
.E?ag%m)uon Effects and Neutron Dosimetry, P 133

1962

3}. R. Stehn, Noutron Cross Sections, BNL-325, 2d ed.,
Suppl 2, Vol. HI, Z = 88 to 98 (1965).

s Pearistein, Nucl. Sci. Eng. 23, 238 (1065),

R. E. Druschel and J. Halperin, Chom. Div. Arm.
Progr. Rept. May 20, 1967, ORNL-~4164, p. 2.

GR. B. Tattersall, H. Roze, 8. K. Pattendon,.a:nd
D. Jowitt, J. Nucl. Energy Al12, 32 (19650). -

"H. Pomemnce, Phys. Rev. 83, 671 (1951).

barns, which is somewhat larger than that reported

by Schuman,® I = 8.4 barns.

' Similarly the 2200 m/sec value o, (‘-‘"Nb) =
16.8 % 1.5 barns and [ (°*Nb) = 122 + 10 bams
were measured in this experiment. These values
may be compared with values of 5 bams and .
15 i 4 barns reported for the thermal cross sec-

" tion by Schuman® and Douglas,® respectively, and
" a value® of F= 500 & 200 reported for the reso- g
‘nance integral.

" The spplication of ?*Nb and **Nb to the monitor-
ing of neutron irradiations involving relatively

_high burnups is of interest due to the low neutron

cross section of 23Nb. However, the relatively

‘high cross section of **Nb implies a moderate

correction due to its burnup. For irradiations
that are not too long compared with the 35-day -
95Nb, the °*Nb burnup can be determined directly
from the measured ?5Nb, For longer irradiations,

e 9*Nb burnup can be taken into account from
the cross—sechon parameters.

THE REACTOR CROSS SECTION OF 2041}

R. E. Druschel H. A. O'Brien!®
' J. Halperin

The reactor cross section of 2%47T1 has been
measured in an irradiation in the HFIR. Since
2047 jg a pure beta emitter of relatively.long
half-hfe, its production &s a power source is of

_'some interest, and the optimization of its produc-

tion is dependent upon the evaluation of its cross
section. -
A sample of ISotopzcally pure 29371 had been

- prepared earlier in an irradiation of 202hg form-

ing the 47-day *°*Hg, which had been “milked”’
to produce 293T1 containing only 0.1% *°5T1.

‘(Natural thallium is 70% abundant in 2°*TL.)

Thallium-204 is produced upon irradiating 2°37T},

* and the subsequent production of 20571 gives a

direct measure of the cross section of 20471 (see'
expression 1): ' :

3.8 years

295T] (g,y) 24T g _(,.,.y)‘m'rl .- D .

R. P, Schuman., IDO- 16760, p- 13 (1961).

9. L. Dou las, A. C. McWhertex', and R. P, Schuman,
Phys Rev. 92, 369 (1953)

. %sotopes Dw:.s:.on.




Table 1L

CrossSection Measurement of

2041-]

Sample

3-A

1-B © oA 2B

 Initial Sample

Mass analysis, %

1203y " 93.78 £0.05 93.85 £0.02 06.98 £ 0,04 07.83 £0.02  99.900 + 0,002
204pg - " 5.81 £0.04  5.76 £0.02  2.81 £0.03  2.03 #0.02 ,
208y 5 10,310 £0.020 0.393 £0.008 0.134 £0.007 0.100 +0.002

Thermal flux, neutrons cm™ 2 sec™! 11.8x10™  1i.2x10% 566 %10 378 x 10"

T, 331y, bams - 146 15.2 14.7 15.0
T, o CU4TD, barms - 21.4 22,0 ‘21.5

In order to produce sufficient 2°5T1, in this
second-order reaction, so that its determination
would not be masked by the original ?°>T}, two
capsules were irradiated in the HFIR to an in-
tegrated flux-time product of ~4 x 102! and
~1.5 x 10?! neutrons/cm? respectively. Dilute
samples of cobalt-aluminum alloy were used to
monitor the neutron flux. Following the irradia-
tion the thallium was chemicafly purified and
mass analyzed.'! The data are summarized in
Table 1.1.

The effective cross sections for botk 2231 and
2047] measured in the experiment are listed in the
last two rows of the table, The 1atio of thermal
to resonance flux is estimated to be ¢, /¢p_ =13

in this experiment, and the effective cross section '

for 2°T1 was measured as o, (***T) = 21. +2
barns. The fact that the effective cross sections
for both 2°3T1 and 2°*T1 were constant between
the two capsules implies that the ratio of ¢y to ¢,
was also relatively constant in these irradiations.
However, the resonance contribution to the 24Tl
cross section can be estimated to be small, since
the first resonance in 2°*T1 has been reported’?
at 123 ev. .

In support of the'measuremént- of 294T1, a re-

measurement was carried out of the thermal cross

section and resonance integral of 2°*TL This ir-
radiation using cadmium filters was carried out
in the hydraulic tube of the ORR and irradiated to

We are gratcful to R. L. Walker and D. H. Smith
of the Analytical Chemistry Division for these analyses.

2p. P, Schuman, J. R, Bemreth, sand G. E. Stokes,
WASH-1056, p. 94 (March 1965).

an integratgd flux-time product of ~2 x 10%°
neutrons/cm?. Following the irradiation the
thallium*was assayed by mass analys:s.I ! The
value of the 2200-m/sec cross section was de-
termined to be 11.0 + 0.5 bamns, in good agree-
ment with the value 11.4 + 0.9 barns reported by
Pomerance.'® The resonance integral was meas-
ured as 39.5 + 2 barns, which is in good agree-
ment w;th 40 + 5 barns reported by Konks and
Shapiro.**

STUDIES OF MIXING OF COLLECTIVE BANDS

IN “stm AND 13464

L. L. Riedinger'” Noah R: Johnson
J H. Hamlton16 '

One test required of any model which attempts
to describe collective nuclear phenomena is to
find if it can adequately predict the gamma-ray
branching ratios of energy levels resulting from
these collective effects. The simple adisbatic
model of an axially symmetric deformed nucleus
has been found to be grossly inadequate in this -
respect.” Nonadisbatic coupling_ of the intrinsic

”H Pomerance, Phys. Rev. 83, 641 (1951).".

14y, A. Konks and F. L. Shapiro, Soviet Phys. JETP
(Eng!ish Transl.) 20, 531 (1965).

55ak Ridge Graduate Fellow from Vanderbilt
University under appointment from Oak Ridge As-
sociated Universities.

16V’and«:ﬂmlt University, Nashville, Tenn.

"G. Alaga, K. Alder, A. Bobr, and B. R. Mottelson,
Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd. 29,
No, 9{1955). . o
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" and rotational motions of the nucleus causes the

wave functions of the vibrational and rotational
bands of states to mix, which leads to cormections

. in the ﬁ'ré_di_étéd‘ gamma-ray branching ratios.

. - These corrections: are proportional to spin-inde-
- pendent ratios of matrix elements, which are

" called mixing parametérs. - To avoid invoking a

" detailed theory to predict these matrix elements,

one _usuallyi,ieéts ‘the above treatment by finding
if a consistent set of mixing parameters can be
fitted to the éxperimental branching ratios from
the vibrational bands. ’

We have. studied the radioactive decays of 152gy
(12.4 years) and !5%Eu (16 years) in an attempt to
determine accurately the branching ratics of
members of the 8- and y-vibrational bands in the
deformed daughter nuclei *?Sm and '94Gd. Ex--
tensive gamma-ray singles and gamma-ganma

. coincidénce measurements have been perfornied

using Ge(Li) and Nal detectors and 1600-, 4096-,
and 20,000-channel pulse-height analyzers.' Some

-preliminaty ‘results for these two nuclei wese re-

ported last year at this time.’® However, further.
experiments involving 20- and 35-cm® Ge(Li)
detectors (the preliminary data were taken, with
a 6-cm® detector) have yielded a more detailed
picture of band mixing in these two nuclei.

in both '52Sm and 154Gd, we have observed the
seven possible transitions from the 2%, 3%, and
4* members of the y band to the:0%, 2%, and 4*
members of the ground-state rotational band, The
experimental ratios of reduced E2 transition
probabilities [B(E2) ratios] are calculated from
the gamma-ray intensities. These ratios for the
various levels of the y-vibrational band are shown

_in colums 3 of Table 1.2. Note that single primes

on spins denote members of the y band. From
each expetimental B(EZ) ratio, the mixing param-
eter, Z,y, is determined and listed in column 5.
This parameter describes the amount of mixing of
the wave functions of the ¥ and ground-state
bands which must be involved in order to bring
agreement between the adiabatic-model predic-
tion in column 4 and the particular experimental
B(E?2) ratio. A constant Z,, value for each B(E?)
ratio of a given nucleus would indicate that mix-
ing of the y and ground-state bands is sufficient

18, 1, Riedinger, N. R. Johnson, and J. IH. Hamilton,

- Chem. Div. Ann. Progr. Rept. May 20, 1967, ORNL-

4164, p. 12,

to explain the B(E2) ratios. However, it appears
that there are small fluctuations in the various

Z., values, especially in view of the low value
determined from the (4"~ 2)}/(4"— 4) ratio in
154Gd. Thus, it becomes necessary to include

in the model prediction of B(E2) another correction
term which results from mixing of the wave func-
tions of the B and ¥ bands. The corresponding
mixing partameter, Z By 1S then determined from

. the experimental ratios and given in column 6.
“There is no value for the (3" 4)/(37~ 2) ratio

in each nucleus. Since a S-vibrational band has
no 3% member, there can be no 3-band admixture
into the 3" of the y band. In view of the large
erors on the Z 5., values, one can conclude that

a constant Z 5 has been obtained for each y band.
In other words, including such mixing has enabled
us to legitimately fit the data with a consistent
set of mixing parameters. Previous to these ex-
periments, the observed branching ratios for these
and other deformed nuclei could be fitted to theory
using only the Z,, correction term. The present
work yields one of the first pieces of quantitative
evidence for the existence of mixing between the
wave functions of the 8 and ¥ bands.

Next, let us consider the S-vibrational band.
The six gamma-ray transitions from the 0*, 2*,
and 4* members of the 8 band to the 0%, 27, and
4% members of the ground-state band have been
observed in both 152Sm and !°%Gd. The various
experimental B(E2) ratios are given in column 3
of Tzble 1.3; the double primes indicate members
of the 8 band. The parameter Z 5 which describes
mixing of the 8 and ground-state bands, is de- -

 termined from each ratio and given in column 5.

A very large discrepancy in the values is evident ’
for each nucleus. If the effect of 8-y band mixing
is included by using Z ﬁ‘)l; from Table 1.2, a new
estimate of Z , results for each ratio, as given

in column 6. Tn this case, correction for mixing

. of the 3 and y bands has not brought internal

consistency, as in the y band. This is the first
case in which such widely varying Z 8 values have
been found and has been reported earlier by us®®
and by Liu et al.?® In both *5%Sm and 1°%Gd, the
differing values would be brought into agreement

191, L. Riedinger, Nosh R. Johnson, and J. H.
Hamilton, Phys. Rev. Lotters 19, 1243 (1967).

20yt Liu, O, B. Nielsen, P. Salling, and O. Skil-
breid, Bull. Acad. Sci U.8.5.R., Phys. Ser, (English
Transl.) 31, 69 (1967).
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Taoble 1.2. Experimental oncl Theeretical Ratios of Reduced E2 Transition Pmbnblllhes
from Members of the ¥ Band in’ 152¢ and ls‘Gd

BEZ I~ 1)

-
rar # —= : :
Nucleus _— BEZ I'>1,) Z,yc - z,&)f
) I, o
Experiment Theoryz'
: x10~2 o ;5‘10‘2
4" 4 ‘ L
1535m -— 11.2 1.9 2,92 8.1 £ 0.8 —(0.2 £0.4)
.4 -2 :
3"+ 4 -
- 1.00 £0.05 0.40 - 7.7 £0.5
3742
272 .
10.0 £ 1.4 20.0 6.7 £ 1.8 —(0.4 £0.8)
2°>2 '
2.38 +0.18 1.43 8.8 1.4 —(0.8 £1.0)
270 .
4"= 4 :
15454 6.41 £0.97 2.92 5.1 £0.9 1.2 + 0.4
4" 2 .
3" 4
1.05 & 0.06 0.40 8.2 % 0.5
37w 2
2752 .
: 7.34 £ 0.95 20.0 11.4 £2.3 1.2 £0.8
27 4 -
21—’ 2 .
2,30 £ 0,12 1.43 8.3 £0.9 0£0.8
2°50

ST

Actates with primes are in the ¥-vibrational band and those without primes are in the ground-state rotational band.
Bpredictions from adiabatic symmetric-rotor model. ) . . ,

pmiEe s e

Tt

b
o
¥
2

G S, -

“Calculated assuming thet 57 bard mixing is negligible.

if the E2 intensity of the 2~ — 2 transition were
only about one-half of the observed singles in-
tensity. However, owr gamma-gamma coincidence
rreasurements indicate that all of the singles in-
tensity belongs to the 2”2 transition in each
case. Also, the angular correlation experiments
of Hamilton ef af.?! and of McGowan et al.22
indicate that the 2"~ 2 transition is ‘essentially
pure E2 in character for *°*Gd and *%*Sm respec-
tively.

One thus concludes that the variation in Z ﬂ
values is real and unexplainable by mixing of any
known excitation into the S-vibrational band.
Contrary to the evidence from the y-band B(E2)
ratios, these results for the S band indicate that
the perturbational treatment of an intrinsic-

rotational coupling is probably invalid for 15%Sm
and 154Gd. This may possibly be connected to
the fact that these nuclei are in the transition
region from spherical to highly deformed shapes
and ate not good symmetric rotors to first order,
with the result that these so-called S-vibrational
states cdntain large admixtures of other states
which are at this time unknown. It is obvious
that detailed branching ratios fmﬁ: membess of 3
bands in more strongly deformed nuc1e1 are much
needed at this txme.

21J. H. Hamilton, A. V. Ramayya, L. C. Wlutlocl:
xm.d A. Meulesherg, Phys. Rev. Letters 19, 1484 (1967).

“2p. K. McGowan, R. O. Snycr. and P. H. Ste!son.
to e published.




Table 1.3, Experimental ond Theoretical Ratios of Reduéed E2 Tronsition Probabilities
: from Members of the SBand in 1526, and 15464

g @ B(EZ "+ 1)) 24
: . . 1 L gt -
Nucleus e BEZ I 1) Without With
o2 Experiment Theory” B~ Mixing £—¥ Mixing
x 102 x 1072
152 27 4
Sm T 2.80 % 0.87 - 1.8 1.8 1.4 1.7 £1.4
——r 2 :
2"°—0 ;
—— 0.15 * 0.02 0.7 8.8 £ 0.6 9.1 0.6
27 2 .
2 L 4 ) .
e 18.3 6.0 2.6 5.5 £ 1.0 5.6 £1.0
472 _
ey 0,06 + 0,03 1.1 5.4 0.4 5.7 £0.5
—
154, 27> 4
Gd VI 3.15 £0.30 1.8 2,3 £0.5 2.6 0.5
—_— .
.4 0 .
" 0.12  0.02 0.7 9.7 £ 0.5 9.0 £ 0.6
- 2
2724 4
o 25.2 +3.7 2.6 6.5 % 0.4 6.3 £ 0.4
N
472
0.09 £ 0.06 1.1 5.1 £ 0.6 4.4 £0.7
47— 4

Astates with double primes are in the Svibrational band and those without primes are in the ground-state

rotational band.

bpredictions from adiabatic symmetric-rotor model.

DECAY PROPERTIES OF V38Ev

L. L. Riedinger®® Noah R, Johnson
J. H. Hamilton®*

Our studies of the deformed nuclei %2Sm and
154Gd have shown that the usual theoretical
descriptions of energy levels arising from 8 and
y vibrations of the nucleus are very inadequate
in these two cases.?® It is very important to

2308k Ridge Graduate Fellow from Vanderbilt
Univensity under appointment from Oak Ridge As-
sociated Universities. )

24anderbilt University, Nashville, Tenn.

251, L. Riedinger, Nosh R. Jchnson, and J. H.
Hamilton, preceding contribution in this sectiom

find if these discrepancies still exist for nuclei
that are more strongly deformed, Therefore, we
have undertaken an experimental study of the
levels in *%3Gd (which is more strongly deformed
than 1%4Gd as a result of having four more
neutrons) as populated by radioactive decay of

158 @y (46 min),

Radiocactive souzces were prepared through the
(d,c) reaction involving 14-Mev deuterons and a
target of Gd, 0, enriched in mass 160. Sources
of europium were then chemically separated from
other rare-earth activities by a procedure similar
to that used by Daniels and Hoffman.?® This

26y. R. Daniels and D. C. Hoffman, Phys., Rev. 147,
845 (1566).

(.
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separation is based on the precipitation as
hydroxides of all the other rare earths in the III
oxidation state while europinm is reduced to and
held in the II state. Sources were usually ready
for counting within 50 min aftér the bombardment.
Gamma-ray singles experiments involving 20- and
35.cm® Ge(Li) detectors and 1600-, 4096-, and
20,000-channel pulse-height analyzers have been
performed. Gamma-gamma coincidence experi-
merts are planned for the future.

Due to the short hali-life of the 3®Eu decay
and the time-consuming chemical separation that
is necessary, there has been very little previous
work on this nucleus. In the most recent work,*®
involving a small-volume Ge(Li) and Nal detector,
23 gamma rays were attributed to the decay of
158Ey and some were placed in a level scheme of
1384 throngh Nal-Nal coincidence experiments.
Although the results of our experiments are in a
preliminary form, we are able to assign 41 gamma
rays to the *58Eu decay through half-life con-
siderations. The preliminary energies (kev) of
these gamma rays, with the ones not seen by
Daniels and Hoffman®® marked with asterisks, are:
80, 180, 528.3, 606.5, 699%, 743.2, 770%, 777*, 780%,
816*%, 824*, 853*, 871%, 897.7, 907%, 923, 944.2,
953%, 963, 977.2, 987*, 1005, 1107.7, 1116¥, 1142,
1185, 1187, 1263.8, 1293*, 1312%, 1324%, 1348,
1429, 1885%, 1945, 2025%, 2139, 2247*, 2369*,
2449%, and 2747. In addition, there are seven
others which we can only tentatively assign to
the 193%u decay: 828%, 1034%, 1063*, 1234%,
1301*, 2263*, and 2515*. It is anticipated that
future experiments will help clarify the decay
scheme of this nucleus and in particular will
yield much needed information on the B- and y-
vibrational bands of '°%Gd.

DECAY PROPERTIES OF 66-min '%ln

Nozh R. Johnson H. W. Boyd?’

The decay properties of 66-min '*%In have been
investigated by the use of Nal, Ge(Li), and
anthracene detectors. Sources of the 4-hr parent
dctivity 11°Sn were prepared by ion exchange
techniques following the (c.,4n) reaction on en-
riched *1°Cd. Since the spectra of *1%Sn are

270RAU summer participant, Permanent address:
West Georgia College, Carrollton, Gea.

guite simple, these sources were usually nsed
directly in order to provide a much longer effec-.
tive half-life for.11%In. In some experiments,
however, it was necessary to have-pure **%In
sources; these were prepared by an ion exchange
“milking’’ procedure. . ‘

Previous studies of this nucleus were made’
primatily with Nal spectrometers. In the present
investigation numerous new transitions have héen
observed as a result of using the highly improved
resolution of Ge(Li) detectors and of an Nal three-
crystal pair spectrometer. In addition, many new
subtle features have been revealed in our detailed
coincidence studies with a multiparameter analyzer.
Prominent !1°In gemma rays have been observed
at 655.9, 817.3, 1001.9, 1127.5, 1424.2, 1475.3,
1512.7, 1785, 2128.9, 2210.6, 2256.7, 2316.3,
2418.2, 2650.7, 2810, 2946.7, 3074, 3470, 3600,
and 3780 kev. In addition, thete are indications
of several more transitions of low intensity.

In the beta-ray measurements, care was taken
to eliminate the possibility of summing of the
kine*ic energy of the positrons with annihilation
quanta in the anthracene detector. Two Nal de--
tectors were placed at 180° to the anthracene
crystal while being shielded from the source. A .
gate demanding a triple coincidence between 511-
kev quanta in the Nal detectors and beta rays in
the anthracene detector gave a clean beta-ray
distribution with 2 maximum energy end point at
2.14 Mev. '

At this point we have many new details on the
levels in 11%Cd. However, it is expected that as
soon as the analysis of all our coincidence data .
is completed, the new infomation — in conjunc-
tion with the information on this same nucleus
being obtained at Washington University®® — .
will provide one of the best documented of the
even-even cadmium level schemes, which are
currently of considerable theoretical interest.

DECAY OF 135Pr AND THE NEW ISOTOPE '35Nd

A. R. Brosi B. H. Ketelle

A new radioactive isotope of neodymium has
been produced and identified as 135Nd, It decays

285 collaborative effort on the decay of 1181 49
presently being camied out with Prof. Demetrios
Sarantites of Washington University.
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T by posxtron and gamma-ray emi ssion' to 1:"sPr
- Twe gamina ray$ which decay with 12-min half- .
-lives and energxes of 205 and 442 kev have been

observed. ' The mass and element ass:gnments

of the néw isotope are based on the fact that it

is produced by bombarding '*5Ce with 35-Mev
*He ions. At this energy *He ions can give a
135Ce("‘He 4n) **°Nd reaction.- When an ion ex-
change tare-earth separation was performed on the
target material the new isotope was found in the
neodymium fraction. The mass’ and element as-
signments were. confirmed by the fact that character-
istic gamma rays of ***Pr and '3°Ce grew into
the neodymium fraction. The growth curves of the
83-kev and 296-kev gamma rays emitted in the de-
cay of *3°Pr were consistent W1th a parent half- -
life of 12 min.

Measu:ements with a hthmm-dnfted germanium
detector showed that *3°Pr has a much more com-
plex decay scheme than that ptev:ously published.
About 30 gamma rays were ‘observed, most of

. whmh fxt intoa’ tentatxve energy Ievel scheme for
S350
~Ce. -

In niéasurements made thh Nal gamma detectors
there has been an apparent discrepancy in the way.
in whlch the ~297-kev level in **5Ce'is de-

populated. When it is formed in the ‘decay of the

20:sec *35Ce isomer there is an intense cascade
through an 83-kev level with- very httle crossover.
On the: other ‘hand, when it is formed in the. posx- ‘-
tron decay of 135Pr there is a low-intensity -
cascade’ with a much more mtense crossover i? ;

" transition.’ Measurements made with. a hthmm-

drifted’ germanmm detector now. mchcate that the, -
sum of the: energies ‘of the garnmas in cascade,
213.7 kev plus 83.2kev’ equal to 296.9 kev, is
somewhat greater than 296.4 kev, the energy of
the apparent crossover gamma ray. This evidence
indicates that there are two levels with different
spins which have the same energy within a frac-
tion of a kilovolt. Whereas both levels are popu-
lated by positron decay from the % * ground state

of 135Py, only the upper level ‘is populated by the
isometic transition from the ? 1/ leveI in 135Ce,
Probable spm assignments are * for the upper
level and %7 for the lower level.

N

. anion exchange column with 9 ¥ HCl-2 ¥ HF.

DECAY OF THE %Zr ISOMERS

30

E. L. Robinson?® R. C. Hagenauer
E. Eichler

We have studied the gamma-ray spectra from
78-hr 8982y and 4-min 2™ Zr with 20cm® and .
35-cm® Ge(Li) detectors. The 78-hr species was
prepared by the reaction 89y(p,n). We obtained
the 4-min isomer from the decay of 70-min ®*™Nb,
which was made by *°Zr(p,2n). The 89Nb was
adsorbed on a Dowex 1 anion exchange column,
and samples of #9%Zr were periodically « eluted.
In this way the 4-min half-life was effectively
extended to 70 min. The precisely determined

gamma-ray energies, including three new transi- %
tions, are included in the level scheme of Fig.
1.1, These radiations have recently been reported !
by Hinrichsen.3! We also present, for compausoa, 1
the %Y levels identified by reaction spectroscopy. l’\%
‘ i

DECAY OF 8%Nb AND 39Nb i

l"‘a

i

R. C. Hagenauer®? E. Eichler iz

G. D. O’Relley ré‘

A study of the decay scheme of 3%Nb and 3™ Nb
was made using 20-cm® “and 35-cm® Ge(Li) de-
tectors. We prepared sources.by. irradiating
90Z:0, with 27-Mev protons. Niobium was
separated by dissolving the powder in concen-
trated HF and eluting the zirconium from a Dowex 1

We then counted the part of the column containing
the niobium.

29V:.s:.tmg Scientist from the Department of Physics,
University of Alabama, Birmingham.

205pAY Graduate Fellow from the University of
Tennessee.

31p, ¥, Hinrichsen, Bull. Am. Phys. Soc. 13, 583
(1968)-

32p. F. Hinrichsen, S. M. Shafroth, and D. M. Van
Patter, to be published.

330RAU Predoctoral Fellow from the University of
Tennessee.
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Fig. 1.1. Decay Scheme of 897¢ Isomers. Lovels observed by 89¥(p,p") by Hinrichsen et al.4 are included,

A 7.5 x 7.5 cm Nal crystal was used with a
20-cm® Ge(Li) detector to make gamma-gamma
coincidence measurements. We performed beta-
ray measurements using an anthracene crystal in
coincidence with two Nal detectors to measure
only positron radiation.

We found approximately 60 gamma rays ranging
from 480 kev to 3960 kev associated with 2-hr

89Zr. Forty of these have not been reported in
the literature.®* A half-life 68 + 2 min was found
for a 588-kev and 770-kev gamma. We suspect
these follow the decay of 29™Nb. This half-life

E K. Hyde and J. M. Nitschke, Wucl. Chem Div.
Ann. Rept. 1965, UCRL-16580, p. 88 -
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Fig. 1.2, Tentative Decay Schome of the 39N% 1semers.

is consistent with the 66 * 4 min half-life de-
termined by Fiegenheimer,®® but not with the 42-
min determiniation by Butement and Qaim. 3¢

3SA. Hanser and J. F. Flegenheimer, Radiochim.
Acta 5, 120 (1966). o

36p. D. S. Butement and $. M. Qaim, J. Inorg. Nucl-

' Chem. 26, 1481 (1964).

Initial gamma-gamma coincidence studies along

with energy sum agreements have made possible

a

tentative decay scheme as shown in Wig. 1.2,

Some of these levels correspond to those seen by
Ball and Fulmer.?” '

371, B. Ball and C. B. Fulmer, to be published.
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THE DECAY OF 10.5-hr 245Py
. AND 2.08-hr 245Am

A. H. Wapstra C. E. Benmis, Jr.

See p. 23.

INVESTIGATION OF THE DECAY
"OF 172Hf AND 1721

M. F. Roche R. L. Hahn
K. 8. Toth C. E. Benis, Jr.
T. H. Handley
See p. 26.

THE ALPHA DECAY OF 253Cf AND 254Cf
C. E. Benis, Jr. J. Halperin

See p. 28.

NEW NEPTUNIUM ISOTOPES,
229Np AND 230NP

R. L. Hahn M. F. Roche
K. 8. Toth

See p. 29.

PARTIAL ALPHA HALF-LIVES
OF 242py AND ?44py

J. Halperin C. E. Bemis, Jr.
R. Eby

See p. 31.

SEARCH FOR 88Mo AND 3%9Mo

R. C. Hagenaner®# E. Eichler
G. D. O’Kelley

We have carried out a search for the neutron-
deficient nuclei ®*Mo and ¥°Mo. This program
was begun when we failed to find the 20- and 7-

min periods reported by Eutement and Qaim®® for

it o st b= ¢ e e L e 1 o e PR T AR ATRED LA ST < A et e e 0% A0 ne e
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88Mo and 8?Mo respectively.. We have used the’
following reactions: ?ZMo(p,p3n), ?3Nb(p,5n),
and *°Z1(*He,4n) to make %Mo and the analogous
" reactions with .an additional emitted neutron for
8%Mo. We have utilized rapid chemical separg-
tions for molybdenum, including remote operation
procedures, enabling us to begin chemistry in the
cyclotron target room immediately after the end
of Bombardment. In all cases we have failed to
see the 20- or 7-min period.*®
In addition, there was no evidence of new
activities that could be ascribed to 2%Mo or #3Mo.
This failure could be in part due to abnommally
small reaction cross sections, although estimates
based on a statistical-model Monte Carlo calcula-
tion*® do not support this supposition.

SEARCH FOR THE NEW NUCLIDE 247py
C. E. Bemis, Jr. J. Halperin

See p. 31.

LEVELS IN Nb AND Tc NUCLEI FROM THE
(p,ny) REACTION

E, Eichler J. K. Dickens*?
R. A. Kuebbing*?

Cur utilization of in-beam gamma-ray spectros-
copy in conjunction with the (p,n) reaction has
.. borne new fruit this year. The nuclei ®*Nb, **Nb,
| 94Te, 95T¢, 95Tc, 27 Tc, and ?%Tc have been
. ‘studied. In addition to the basic excitation func-
. tion technique, we have studied gamma-gamma
coincidence spectra to aid the level assignments.
'I‘he pulsed beams of the tandem and 6-Mev Van
de*Graaff accelerators have enabled us to measure
the half-lives of several delayed states in these
nuciei.
As an example of typical (p,ny) results, we show
in Fig‘; 1.3 a series of gamma-ray spectra from -

“ORAU Graduate Fellow from the University of
Tennessee,: "

Y. p. 5. Butcmcnt and $. M. Qaim, J. Inorg. Nucl.
Chem. 26 1491 (1964).

401 Dostrov ky. Z. Fracnkel, and G. Fnedlnnder.
Phys. Rev. 114, 683 (1959).

*1eutron Phyd:.cs Division.

420RAU Graduate Fellow from Case Wcstem Reserve
« Univergity. i ,
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Fig. 1.3. Gommo-Ray Spectra from 92Zr(p,mr)’lero at

.E.‘p = 3,10 to 3.58.--

92 Zx(p,ny)® *Nb taken at successively higher pro-
ton energies. The level scheme constructed from

such data is given in Fig. 1.4 along with levei
spectra inferred from earlier (p,d) and (d,t} and
recent (*He,d) measurements. We also present

several theoretical predictions of the ®*Nb levels.

The low-lying 2 level seen in *ZNb (and other
odd-odd nuclei in this region) is probably duc to

the configuration (77p, /2) (vd, /2). Since

decay to a member of the (7g s /2) (vd

it must
) family,

5/2
the E1 transition should be strongly 'ﬁ-f/orbidden.
In confirmation, we have evidence that the life-

time is approximately 10 psec,

12

SEARCH FOR EO RADIATION IN THE DECAY
OF THE TWO-PHONON 0* STATE IN 8°Kr

R. A. Kuebbing*® K. J. Casper®*

- E. Eichler

The isomers 4.5-hr 3°"By and 18-min ®°Br decay
by beta emission to the excited states of 3°Kr
and %%Se. We have measured the electron spectrym,
using an 5i(Li} detector, in coincidence with the
beta rays, attempting to find the ED radiation in
the decay of the first excited 0 state to the
ground state in 3°Kr. The sources were prepared
by thermal neutron capture on enriched NH Br.
The interference of #2Br produced by !Br(n,¥)
has been shown to be negligible. We are presently
working on reducing interdetector scatfering.

NUCLEAR REACTION SPECTROSCOPY
WITH THE TRANSURANIUM ELEMENTS

R. L. Hahn K. S. Toth
E. Newman M. F. Roche
See p. 33.

ANGULAR DISTRIBUTION OF 64Cu NUCLEI
FROM THE %5Cu{3*He,o) REACTION

N. T. Porile 1. .Fujiwara
R. L. Hahn

See p. 33.

FRAGMENT ENERGY CORRELATION
MEASUREMENTS IN THE FISSION OF
233y 235y, AND 238y BY 7- TO
13-Mev PROTONS

R. L. Ferguson Frances Pleasonton*®
S. C. Burnett*s F. Plasil*®
H. W. Schmitt?$

Fission fragment mass and kinetic energy dis-
tributions and mass-vs-energy cortelations have

#30RAY Graduate fellow from Case Western Reserve
University.

*4Cleveland State University.

45<Z)ak Ridge Graduate Fellow from the University of

Tennessee under appointment from the Oak Ridpge As-
socirted Universities.

46 Physics Division.
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F‘%.g. 1.4, Comparizson of Experimental and Theoretica! 9246 Lavel Schames.

recently been thoroughly studied at this lab-
oratory for thermal-neutron-induced fission of
several fissile nuclides and for spontaneous fis-
sion of 252(.'2f 4749 por moderate excitation

Ty w. Schmxti, 1. H. Neiler, and F. J. Walter, Phys.
Rev. 141, 1146 (1966),

J. H. Neiler, F. _}'. Walter, and H. W. Schmitt,
.Phys. Rev. 149, 894 (1566).

g, Plenaonton, Phys., Div. Ann. Progr. Rept, Dec.
31, 1957, 0RNL-4230 B 88,

energies, however, too few data are available to
develop completely the systematics of mass and
energy distributions and their correlations as
functions of compound nucleus excitation enetiy.
In order to obtain information for such a develop-
ment, the kinetic epergies of correlated Yission
fragments were measured, using silicon surface
barrier detectors, for proton-induced fission of
uranium isotopes. Initial results of the experi-
ments are summarized here in terms of fragment
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mass and kinetic energy distributions. These
properties are presented as functions of target
isotope and proton bombarding energy.

The ORNL tandem accelerator was used to
bombard thin targets of 233U, 22%Q, and 232U
with a proton beam, the energy of which was
varied from 7 to 13 Mev in 1- or 1.5-Mev steps.
The apparatus used was essentially identical
to that shown in Fig. 1 of ref. 49.

A summary of the various detector configurations
is given in Table 1.4, Bombardment data are .
summarized in Table 1.5, which lists beam charac-
teristics and total numbers of fission events ob-
served for all targets and projectile energies.
Beam currents were limited to <150 na to re-
duce accidental coincidences between scattered
protons and fission fragments to less than 5% of
the fragment count rate, except in the 7-, g-, and
9-Mev 235U experiments. In these latter runs,
pileup may have been zs high as 40%. However,
the scattered protons deposit an average of only
~1 Mev of energy in the fragment detectors.
Therefote, the average perturbation on the frag-
ment energies is small. The effect on fragment

" Table 1.4. Summary of bptédor Cohfigu'rotion's

Detector 2

Deteétor T~
: -_Tsrg;t Active  Distance Actri_vé‘_ " Distance N
S Area to Target Area to Target = .
(em®) (cm) (cmz) {cmY¥
283y 2.0 9.7 3.0 6.2
285y . a8 10.0 5.0 10.0.. -
| 238y 2.0 9.7 5.0 . 5.8

mass distributions should be even less imporiant
since-pileup occurs approximately equally in both

. detectors and would tend to cancel in the equation:

p._-;.._ﬂE-TK_z.
it CEp  +Eg, '

. Where A is the compound nucleus mass, f, is
the provisional fragment mass, and the E,’s are

fragment kinetic energ:es. Analyszs of the data

Table 1.5. Svmmary of Bombardment Deta

Beam -

Proton ) Beam ~ Total
Target Eunergy Diameter * . Cun-ent Fission
(Mev) {cm) . - - {na) : 'Eveq!:s
233y 7.0 0.5 150 . . 12,071
8.5 0.5 © 150 | 67,842
10.0 .5 125 . . 64,653
11.5 0.5 150" 68,600
13.0 0.5 50 73,641,
o : "
238y 7.0 1.0 ) 1800 11,442
8.0 1.0 £ 1500 24,280
9.0 1.0 825 44,941
10.0 - 1.0 © 160 58,657 .
11.0 1.0 95, £ 73,970 -
12.0 1.0 - . 100 70,300
13.0 1.0 - < 53 71,963 -
238y 8.0 0.5 150 38,717 -
9.0 05 150 49,071 -
10.0 0.5 150 48,310 - -~
11.0 0.5 .50 48,151
12.0 0.5 "33 47,373
13.0 " 20 . ag,s62

0.5

o )mwmamﬁﬁiiw

R

AR AR RS




TR B TR

R IT

K - o
“kinetic energy distribulion (top panel). The open’

" circles in these plots indicate the results of cor-

59, ¢. Bumett, R. L. Ferguson, F. Plasil, and -' o rectmg for neutron emission as mentioned above
W. Schmitt, Phys. Div. Ann. Progr. Rept. Doc. 31 233 )
196? ORNL 4230, . 85, pt . Ths;same functions are shown for 233U(p,, M“_,f)

. S. C. Burnett, R. L. Ferguson, F. Plasil, and
H. W. Schmitt; private communication. . port:ons tespectweiy. T

" ORNL-DWG.68-6140 ~{

NUMBER OF EVENTS

FRAGMENT MASS

Fig. 1.5. Fragment Mus; Ylold N(,J,) (boﬂom panels), Average Totol Kinetic Energy E (p.) (middl. poncls), and
rms Width of the Kinetic En.rgy Dlsfribuhon Og (p.) {top ponels} for 8.5-Mev Praton Fisnon of 233y in ﬂu Llﬂ-Hulld

Portions, 13-Mev Proton Fizsion of 233” in the Ccnfor Portion, and 12-Mev Proton Fission of 238U in, thc nght-Hund

Poﬂ:ons. The opon cm:los indicate results of applying a correction for neutron emission. -

and, 238U( Py sy, f) in the center and nght-hand e

80 100 120 140 16080 100 {120 140 16080 400 420 . 140" 160 . -

' followed the method described in ref. 47, except ~  energy and target isotope. _Fui’th__énnore, since
 that the processing was carried only far enough * details of the neutron emission are not known for -
to obtam the distribution of events in p and E " all fission systems ‘described here, the provisional
the total fragment kinetic energy — that is, the . mass functions are taken to be adequate approxi- o
N, E ) array and the functions mmedxately : matmns of the true functxons for purposes of com- IR
: denvahle from it. Correctxons for the emission of parison. . L
- ‘neutrons from the fragments will, of cousse, affect Figure 1.5 shows examples of the dlstnbuuons -
 these functions. The effects of neutron emission obtained from these experiments. In the left-hand
. :are indicated in Fig. 1.5 for three systems for ‘ portion, for #33U(p, . . ,D), are given the frag- |
. which the neutron emission functions are known.’%:*1 ment mass yield N(z) (bottom panel), average
" These effects are seen to be small and are ex- total kinetic energy E, (¢) (middle panel), and the '
pected to change only slowly with bombarding root mean square width o, () of the total '
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Fig. 1.6. Composite Curvas Shb\i“rmg'Frugmen.f Mass Yield N(p) (bottom ponals), Average Total Kinetic Energy
x(ﬂ) {middle panals), and rms Width of the Kinetic Energy Dlstribuhona"E (it} {top paneis) for Proton-Induced Fission

of 2331 i the Lofi-Hand Portions, of 235U in the Canter Portions, and of 233!] in the Right-Hand Porhans. Curves . i
are labeled with the energy (in Mev) of the protons inducing fission. S
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. A summary of all the results is presented in Fig, ‘Finally, Fig. 1.7 recapitulates the variations in

1.6. To obtain the data shown here, the observed - the mass distributions with excitation epergy. The
values at complementary masses were averaged ratio of yield at the peaks of the distiibution to
by reflecting the points through g = A/2 and by that in the valley is plotted vs excitation energy
~ drawing smooth curves through the resulting ‘ '
points. Mass distributions are normalized to 200% ORKL-DWE. 684268

L] I [ I ] 1 1 1] 1
. e By

20— a 0y -

.. By '

yield. The format of this figure is the same as
“'fpr"_F'ig. 1.5, with the results for 233U in the left-
" hand portion, 22*U in the center portion, and
. 2380 in the right-hand portion.
_Salient features of the results are:

1 the double-peaked mass distributions, with the
- filling in of the valley as the bombardmg
L;energy increases;
L2 the dip in E for symmetuc thass division
' '.and the decrease of the maximum E . with in-
. - creasing bombardmg energy; o
3 : the:near. congrmty (within measuremeﬂt ua- Fig. L.7. Fmgﬁeﬁf Mass ‘Yléld Péﬁk-tb;Vulloy Ratios
-"certmnt"es) Of the 0‘ () functions for all. for Proton-Induced Fission of 2:“3U 235y, and: 238y) 4y

_"':".'""rotm bombardmg energ:es, for each target a Function of Compound Nuclous Exclruhon Enorgy
: -motope. SR .
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above the fission barrier for all three target
isotopes. Values of the excitation energy were
calculated from 's_eniiempiri'cal masses’? and
estimated fission bamiers,”® neglecting the ef-
fects of any prefission neutron emission. It can
be seen that the values of this ratio and the .
steepness of its variation ‘with excltahon energy
are inversely related to the fissility parameters
of the target 1§otopes. -

FRAGMENT ENERGY CORRELATION
“MEASUREMENTS IN 30-Mev PROTON-
“INDUCED FISSION OF 232Th

F. Plasil®*
R. L. Ferguson

H. W. Schmitt®*
Frances Pleasonton®*

In a continuing study of the characteristics of
medium-excitation fission, we have determined
the fragment mass and kinetic energy correlations
for the fission of several heavy elements bombarded
by medinm-energy protons from ORIC. Reported
here are preliminary results for 30-Mev proton-
induced fission of 232Th. This system has proven
to be particularly interesting since it exhibits the
three-peaked structure which has been observed
only in a rather restricted range of excitation
energies and fissioning nuclei.®® Such distribu-
tions can be readily decomposed into two com-
ponents, one reptesentative of symmetric fission
and one representative of asymmetric fission.

One can then determine the properties of these
components and possibly study the fission
processes giving rise to them.

The expetimental method and procedures of
analysis used were essentially identical to those
summarized in the previous paper. In Fig. 1.8
we present a contour plot of the correlations be-
tween fragment mass p and total kinetic energy
E_. The data were smoothed by summing events
over 5 Mev x 5 amu boxes and were symmetrized
by reflecting points across the y = 116.5 symmetry

* plane. -

Szv. E. Viola and G. T. Seaborg, J. Inorg. NucI.
Chem. 28, 697 (1966).

53y, E. Viola and B. D. W:lluns. Nucl. Phys. 82
65 (1966) :

Physxcs Dzv:smn.

See. for example, E. K Hyde, Nuclaar Prope:ues
of the Heavy Eloments, vol. III, Fission Phenomena,
pp--289-ff, Prent:ce-!-lall Englewood Cliffs, New
Jersey, 1964 A"
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Fig. 1.8. - Fragment Muss and Kinetic Energy Correla-
‘tions for 30-Mev Proton-Induced Fission of 232qy,

The two peaks corresponding to asymmetric fis-
sion occur at p = 94.5, E, = 165 and at p = 138.5,

E = 165; the peak cotrespondmg to symmetnc
fission occurs at p = 116.5, £,
it can be seen that at the !ughest kmetm energies
(E, % 185 Mev) the predominant mass division re-
sults in the formation of fragments with £ = =132
and their complements with u = 101. However, at
lower energies the. most probable division shifts -
toward more asymmetric masses. - The greatest
probability for symmetric mass splits occurs-at
an energy ~ 6 Mev lower than that at wluch the :
asymmetric peaks-are found. . - ;

In an attempt to elucidate the systemauc be—
havior of such features as these, we have begun .

" GRNL-OWG.68-6440
'-\ COUNTS »-‘\ 232Th{p fj
CL AT T . . _wm- T

=159. In addition;

detailed investigations of several fission systems, o

including further study of 2%*Th bombarded with =
protons of other energies.
results of these experiments, in the context of an

appropriate model, should provide useful m.forma— - -:i:_' o

tion on many of the long-standmg problems of -
ﬁssmn :

NUCLEAR CHARGE DISTRIBUTION
IN FISSION: INDEPENDENT YIELD OF !
FROM SPONTANEOUS FISSION OF mt:f

- D.E. Troutaer

v

See p. 34

Interpretation of the - - . -




FROM SPONTANEDUS FISSION OF 252Cf
R M Harbout R D E Troutner

s ';See p- 35 ' ‘ o

e A SEARCH FOR Spve

R M. Harbour D. E. Troutner

-‘;:Se_e p. 36.

feo . GAS-JET SYSTEM FOR RAPID
q (COLLECTION OF RECOIL NUCLE

R. L. Hahn

. Seep.37.

THE 7/2 DOUBLE-FOCUSING
ELECTRON SPECTROMETER

C. E. Bemis, Jr."

7 See938

THE TRANSURANIUM RESEARCH
LABORATORY ISOTOPE SEPARATOR
L D. Hunt c. E..Benus, J=.

N See p.. 40.

. LOW-LEVEL GAMMA-RAY SPECTROMETER
r , . FOR LUNAR SAMPLES®¢

| " . G.D.OKelley V. A. McKay®®
P P. R. Bell®’ R. T. Roseberry®?®
J. S. Eldridge®® R. E. Wintenberg®®
o Intro'du;:ﬁoh .

- The development of a hxgh-sensntw:ty, low-
background gamma-ray spectrometer for assay of
lunar saiples continued along the general lines

AR

""" MASS YIELDS OF 19TMo AND 1925 '~

- "‘FROM THERMAL-NEUTRON FISSION OF 23=‘u :

18

described in the previous repoit.’® The proto-

type spectrometer was completed at ORNL, and

- valuable preliminary data were obtained. Recently,

a very similar system was installed at the Lunar
Receiving Laboratory (LRL) in Houston, Texas,
and initial performance data were determined.

. A simplified diagram of the physical arrange-

ment of the detectors is shown in Fig. 1.9. This
final design evolved through a series of detector
and anticoincidence mantle studies carried out in
connection with the prototype System, and it is
generaily similar to the conceptual-design pre-
viously shown.5?

Detectors

Two Nal(T1) scintillation detectors were ob-
tained®? for evaluation. One detector was a
cylindrical rod of Nal{Tl) 9 in. in diameter x 5
in. long attached to four phototubes of low radio-
activity (RCA developmental type C70145, now
assigned type number 4521). The other detector
used a Nal( T1) crystal of identical size, but with
a 4-in. thickness of pure Nal as a gamma-absorbing

* light guide interposed between the scintillator

and the photomultiplier tubes (see Fig, 1.9} A
comparison between data obtained with the two
detectors demonstrated conclusively that, al-
though the detector with the light guide had

" poorer resolution (full width at half maximum

counting rate) by about 1% at 662 kev, the reduc-
tion in photomultiplier-induced background
justified the use of 2 pure Nal light guide.

Studies using the complete ORNL prototype
also showed that a significant part of the back-
ground spectrum was due to radioactive contamina-
tion in the materials used to enclose the detector
crystals. New detectors for the LRL counting
facility are under construction using only ma-
terials selected for low radicactive contamination.

58 Spousored by the National Aeronautics and
Space Administration through interagency agreements
wx.th the U.S. Atomic Energy Commission.

Thermonuclear Division; present address: NASA
Manned Spacecraft Center, Houston, Tex.

58 gnalyticel Chemistry Division.
sghstmmenwtion and Controls Division.
5% cpoin. Div. Ann, Progr. Rept. May 20, 1967, ORNL-

-, 4164, p. 20,

5lparshaw Chemical Co., Cleveland, Ohio.
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Fig. 1.9. Simplified Drawing of the Final Desugn for the Low-Buckground Gammﬂ-Rny Spectromofers. Bo‘l‘l’l 'the .

ORNL. prototype ond the Lunar Receiving Laberatory spectrometers were operamd us shown, except ‘the Iowur prmc:- . |

pal detector has no 4«in. pure Nal light pipe.

Anticoincidence Mantles -

Both the prototype and the final LRI systems
use an inner anticoincidence mantle of NE-102
plastic scintillator 34 in. OD by 10 in. ID and 50
in, high. Such a mantle is used both to suppress
background events in the two principal detectors
and fo improve the Nal(T1) detector response by -
suppressing events in the principal detectors
for which some energy was lost through Tompton
scattering. The inner mantle sensitivity was ad-
justed so photons of energy greater than 40 kev
would initiate an anticoincidence signal. Ex-
perience with the prototype suggested that an

even lower threshold energy would be desxrable
however, routine operatmn below 40 kev £
cluded due to phototube noise.
The outer ant:.commdence mantle should on
be sensxtxve to mesons ana s!muld have nly
minimal gamma-ray sensitivity. Meaisnirem nt
carried out with a single 2-1n.-d:am photonultxplxer
tube mounted on 18-in. squares of NE-102- plast:c :
scmtxllator of several thxcknesses showed that @
thickness. of 0.25 in. was adequate- for méson de—
tection. Accordmgly, ‘the. passive detector shield
is covered on five sides with a melson-sensitive -
mantle of 0.25-in.-thick.NE-102 viewed by. 69
photomultnpher tubes located approxxmately 18 in.
apart. . :
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ectlon effrcrency for mesons ‘was' evaluated
nstructmg a “meson telescope, consisting -
tvo, coincident’ NaI(’I‘l) detectors located on
osrte sides‘of a typrcal mantle section. When
& ‘antle was operated in antxcomcrdence 1t was
found to-reject every comcrdent event seen by the

The ‘passive shield for the ORNL prototype

L spectrometer was constricted as outlined pre-

" viously.5® The “lead concrete,” 'composed of
-_"Chemtree-82 (a commercial lead cement®?), mixed
"’ lead shot, LiF, and water, was poured info the
- ‘.basm mechanical shield st-ucture, which was
fremforced with wooden forms.. Pouring of. the
shield was completed in late -June-1967; however, h
© .. release of water was slower than expected and

’ the mixture was slow to- harden. . Asa precautron,

I,

*actors'were not installed in the prototype sys- .
tem until. two months had elapsed and some tem-

"porary bracing had been instalied to prevent
" . -the innet liner of the shield from buckling.

'After our experience with the prototype, the

' ‘ LRL shield was constructed with better provision
* for draining. The LRL shield was poured in

S December 1967 and was put into service in March
- 1968 ' : R

B System Perforrnunc'e

As noted [n:evrovusl_v,v,""J an elaborate electronic

" gystem is required to identify and record either
‘noticoincident (“singles’”) events or gamma-gamma

- coincidence events.  In addition, recording of

" events in: either principal detector must be in-
‘hibited any time that a signal is received from

" “gither the inner or outer mantle amplifiers, or at

" any time these amplifiers may be overloaded to

" the extent that they cannot report the occusrence
of a s:gnal. When the outer mantle alone registers

an event, the logic crrcu:.tty should disable record-

g _‘ 'mg of signals from the prmcrpal detectors only

“82Chemtree Corp., Central Valley, N.Y.

'meson telescope even when' the telescope geometry ;
. viewed ‘mantle areas most remote from the photo-
S 'multxpller tubes. Thus, the outer rnantle desxgn
L ‘appears completely satrsfactory
R ‘ o - 'uses a combination of commeércial modules and

- been excellent.

TR——
SARN Y

for the time required for absorption of meson-

induced neutrons in the lithium-loaded lead shield
(<100 pgsec). If, on the other hand, both inner

and outer manties register simultaneously, then

the inhibit time should be made much greater,

' since such an event is characteristic of a meson-
induced neutron, which may produce 2.2-Mev gamma
' rays ‘from the "H(n,y) reaction after a long slow-

' “ing-down time. A logic system to meet all of the

.- above requirements has been constructed, which

special-puipose logic units designed and fab-
ricated at ORNL. Relisbility of the system has

Some representatwe data recorded with the
" ORNL- prototype system are shown in Fig. 1.10.
The upper NaI(T1) detector used a pure Nal light -
guide to reduce photomultrplrer-mduced back- -

ORNL- OWG,
P oz 6B-6444

—— = |NNER AN"I'IGOINNDENCE-MANTLE ONLY ]
’ F - ALL ANTICOINCIDENCE MANTLES USED

10’ Uﬁ‘ 0 '

X 1,46 MeV ke
% (h % -
A '~ .
w LY 1 il
> el JT 5
= A ‘Hinr)EH ,'S
z 5 223 Mev i
o 10 : i1 1
1l v ]
- X —The” ﬂ!:
® ;
23 S—-1-2.62 Mey |
g WG
A . 20 .. !
ot z : Y
16 &
B V:E
£ Ay s, i
TS ]
AL % ]
R
R
2
10
O 50 100 150 200

_CHANNEL NUMBER

Fig. 1.10. Buckground Data Obtained with the ORNL
Prototype System Arranged as in Fig. 1.9 and Located
Inside & Room with Concrate Walls 24 in, thick in Build-
ing 4500N, ORNL. Background spectra shown are for
‘two 9% 5 in. Nal{T)) prmcnpul detectors with their out-
puts summed {active detector volume ™ 10,400 cc).
Dashed curve shows the affact of the outer anticoinci-
dence mantle on suPPr-ssson of the 2.2-Mev gamma ray
from capture of meson-induced neutrons in the hydrogen

of the inner mantle scintillator.
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ground, but the lower detector had no light guide.
Since both detector contributions were summed
together, the principal contamination lines at
1.46 Mev (*°K) and 2.62 Mev (Th C”") wete con-
tributed predominantly by the lower detector. The
structure above 3.2 Mev may be due to alpha-
particle groups from uranium and thorium con-
tamination in the Nal(TI) crystals or in material
close to them. The background in the energy
interval 100 to 2000 kev — a useful criterion be-
cause it is independent of the 2.2-Mev peak
intensity — is about 350 counts/min for the two
detectors {an active Nal(T1) volame of 10,400 ccl.
With pure Nal light guides to shield both detectors

. and carefully chosen cladding materials, it should

be possible to reduce the above background by
another 30 to 40 counts/min. The most notable
result of such improvements should be the reduc-
tion of the *°K peak at 1.46 Mev, which is of
paramount unportance since the determmatmn of ,

21

small amounts of *°K will be a very 1mportant
use of this equipment. :

The role of the outer antxcommdence mantle in
reducing the neutron capture peak at 2.2_Mev_41‘s L

also illustrated in Fig. 1.10. It is apparent )
that the capture peak was greatly reduced when
the outer mantle was employed. -

The two detectors used in the protétype studxes -
have been temporarily installed in the’ LR_L sys- -

tem, which is located 60 ft underground with a
40-ft overburden of earth to reduce the cosmic
ray flux. Preliminary background measurements
in the interval 100 to 2000 kev yielded. about 340
counts/min; however, the area of the neutron -
captute peak with all anticoincidence mantles
operative was only about 0.4 count/min, com- - .
pared with 1.5 counts/min for the best conditions
so far obtained on the ORNL prototype, located
about 840 ft sbove mean sea level,
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THE NEUTRON CAPTURE THERMAL CROSS
- SECTIQN AND RESONANCE INTEGRAL
o OF%E -

J Halpenn S C.E. Bemis, Jr.
J R. Stokely

The optimization of the production of 252Cf in

' the HFIR has prompted an interest in the measure-
" ment of the neutron cross section of 252Cf. The
" rate of formation of the hxgher einsteinium isotopes

and their optimization are s;m:.lariy affected by

“this value.

' The 2.65-year 252¢¢ captures neutrons to form:
- _the 17.6-day 2°3Cf, which beta decays to the
© 20.5:day alpha-decaymg 25“°‘Es as shown in ex-
T 'pressmn 1:

" 205 day's

' ollowmg 1rrad1atxon the 253Es alphas were

'measured to evaluate the formation of the 253 mass
wL cham The alpha assay.proved t6 be more ac-
' curate than = mass analysis that was also made.
_The mass analysis suffered from the disadvantages
" of the small samples and low 253 mass content.

Two samples containing ~50 ng each of 2*2Cf
were deposited upon aluminum foil and irradiated
in the hydraulic tube of the ORR using a cadmiom

“filter technique. A cadmium cylinder of 40-mil

wall thickness, 10 mmin diameter and 10 mm high,
was used as a neutron filter. Thin foils of a
cobalt-aluminum alloy containing 0.151% cobalt

were irradiated with the samples to provide 2

P I ey Sy

1ana lytical Chemistry Division.

" neutron flux of 1.57 x 10'* neutrons em™? sec™

2 ChemistryandPhysms of Transuranium Elements

measure of the neutron flux.? The californium
was irradiated for 60 hr in a constant thérmal
1
in a position where the ratio of the thermal flux
to the resonance flux per unit lethargy was 8.31.
Following irradiation, the califofnium samples
were dissolved in an HCI medium to which was
‘added lanthanum carrier. 'Sodium hydroxide pre-
cipitation of La(OH) separated the actinides
from the aluminum present and LaF, precxpxta—
tion then separated the product f:om most other
non-rare-earth contaminants. The sample in a 20%
ethanol--saturated HCI medium was passed -

'_ through a cation exchanger which separated the
'"actinides from lanthanide contaminants. Finally

- 17. 5o
252Cf(n )"-“Cf adays 253pg
: Y a _
314 g :
24931‘..._.%__?&?_} (1)

a ““But” column separation (a Dowesx 50 column
with an a-hydroxyisobutyric acid eluent) was
carried out to remove the californium fraction from
other actinides. The californium fraction was
then electrodeposited upon a platinum plate.

The growth of the ***Es 6,64-Mev alphas com-
pared with the 6.12-Mev alphas of 252Cf was
measured in an alpha-ray spectrometer using a

- silicon detector with ~15 kev resolution. Equa-

tion 2 describes the growth of 2**Es from the
séparated samplé of 253Cfr

As' t -, Lt
AQ Ao Ag 3(& ) —e 93 ) (2)
—23 0 .
A Asz &E)e Ay gt .

The subscript denotes the nuclide. The first -
digit indicates the last digit of the atomic number,
and the second digit indicates the last digit of
the atomic mass. (Thus the subscript 83 specifies
2*-’:"Cf ) A indicates the activity, A the radicactive

2We are indebted to R. E. Druschel for his help in

‘preparing the capsule for irrad.mt:;lon and evaluating the
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neutron monitors
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decay constznt, £ the time after the californium-
einsteinium seéparation and the superseript 0.
refers to the time ¢.=0.: . : -

_The formation of ***Cf during the time of the

- irradiation T and the decay period T following
may be written to an adequate approximation as

in Eq. 3 .

: : AT ~A T
__A;u=')_\§ra_¢0'82(1_e 3 )e % _ @)
A5, Ay A,.e g2¢*D -

Here A = A+ ¢o, the removal rate constant while
in the reactor, T is the irradiation time (at constant
power level), and 7 is the time following removal
from the reactor-(or until the chemical separation
of californium and.einsteinium is effected), De-
pending upon whether the described experiment is
cadmium filtered or not, the parameters ¢ and o
are to be interpreted as ¢, the resonance flux

per unit lethargy, and [, the resonance integral,

- or as @, , the thermal neutron flux, and o, ¢, the

effective reactor cross section, tespectively. The
resonance integral I = fo dE/E is taken with 2
lower limit characterized by the neutron filter,
which is 0.54 ev in the current experiment. The
thermal flux ¢, is equated to the Maxwellian com-
ponent of the thermal flux spectrum. The sub-
cadminm reaction rate is given by the product
$,Oyp s Where Oy, can be evalu ated from the
measured o through the expression Oy = T g =~
(¢ /). On the assumption of a 1/v enetgy
dependence of the cross section in the thermal
region, the value of o, the 2200 m/sec cross
section, can be deduced from o,y using the ex-
pression oy =0, /(1 + k¢ /b, ), where k is a
constant dependent upon the neutron temperature
of the flux distribution and was taken to be k =
0.42 in the cumrent experiment.? Y

L

The results of the experiment are summarized in
Table 2.1. The resonance integral is 42., + 4
barns.  The value of o, the 2200 m/sec cross
section, is 19., + 3 barns. However, there is
evidence that 253Cf has a substantial fission
cross section.® ' In this experiment the effect is

_ minor but not negligible. For example, = fission

cross section of 3000 barns would increase the
reported value to oy (*%7Cf) = 21., barns.

- The value of the thermal cross section reported
here can be contrasted to values of the capture-
cross section of 252Cf ranging from 7 to 60 bamns
previously reported.*® The resonance integral
of 43 barns measured here may be compared with
the value of 42 barns reported by Smith® et al.
and <80 bams by Gordon and Weinstock.”

THE DECAY OF 10.5-he 245Pu AND 2.08-hr
245Am

A. H. ‘.V::l}_:stra\a C. E. Bemis, Jr.

Sources of 10.5-hr 2*5Pu have been prepared by
short neutron irradiations in the Osk Ridge Re-

3g. w. Stoughton and J. Haiperin. Nucl. Sci. Eng. 6,
100 (1959). L

4]. E. Bigelow; personal communication.

5J. A. Smith, C. J. Baaick, R. L. Folger, H. P.
Holcomb, and L B. Richter, Reacto r-C ross Sections
for Pu-242-Cf-252, E. I. du Pont de Nemours and Co.,
Aiken, 5.C., Savannsh River Lab., DP-M 5-67-111 (Feb.
28, 1968).

6R. L. Folger, J. A. Smith, L. C. Brown, R. F.
Overman, and H. P. Holcomb, Foil Measurements on
Integral Cross Sections of Higher Mass Actinides,

E. L. du Pont de Nemours and Co., Aiken, 5.C., DP-
MS-67-112 (March 1, 1968).

7 M. Gordon and E. V. Weinstock, paper 77, ACS
Meeting, San Francisco, April 1, 1968.

8IE‘x-esent address, Instituut voor Kernphysisch
Onderzoek, Amsterdam, Netherlands.

Table 2:1.. The Cross Section of 252¢¢

Lo 4 Naa/st at .
Sample 93/ A5z 9t Discharge I Tott Tn %
Separation (barns) (barns) (barns) {barns)
_ (ppm)
Cd filtered . 0.00891 - 162t5 2., 14 _
Unfiltered ~ 0.0461 " 837 £20° 26.o 3 20.4 £3 19., 3

"Calculated on the basis of negligible burnout of 253f due to fis sion; that is, Tp (253Cf) <500 bams. -

B4 mass sdsay gave 750 I 150 ppm.

B } A

n
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“search Reactor of electromagnetically enriched

samples of 8.28 x 107-year 24*Pu (75% 24*Pu,
25% 2*2Pu). Equilibrium sources of 24%Pu and
the daughter product, 2*5Am, were used in an
investigation of the decay of these species. A
35.cm® Ge(Li) detector system coupled to a 4096-
channel analyzer was used to measure the gamma-
ray spectrum.  The résolution of the spectrometer
system under the condition of these measurements
was 2.48 kev (FWHM) for 1.332-Mev gamma rays.
Using calibrated sources, the absolute and rela-

24

tive full-energy peék efficiency curve was meas--
ured for the energy range of interest. Mean full-
energy peak channel numbess were converted to -

_energies using standard gamma-ray sources to-
gether with an integral linearity curve detéuﬁined'
for the spectrometer system. The nonlinearity -
correction for the system, determined both from
gamma-ray standards and using a precision pulser,
was never more than *0.5 channel for channel
numbers between 100 and 4095,

Table 2.2. Gomma-Ray Enorgies (E},) and Relative Intensitics (Iy) Observed in the Decay of 245p,. 2455

Previous Work™?®

Present Work Present Work Previous Wérk"f'"
E,fkev) I, Eqfkev) L, Efkev) L, E,(kev) 1,
240.84 £0.07 1.0 £ 0.2¢ 240 56111 530.6 £0.3 0201
252.72 £0.07 33 £3° 252.3 100 549.2£0.6  D.2%0.1 .
277.0 £ 0.5  0.10 £0.05 560,03 £0.04 323 560.1 £0.5 302
280,20 £0.07 7.6 +0.8 280.2 £0.5 61 501.6 + 0.3 1.0 £02 591.8£0.5 1.1%0.3
293.2 0.5  0.10 £ 0.05 593.7 0.6 0.2°%0.1
295.60 £ 0.15 0.45 £0.1° 296 3.6 £1.1 598.8 * 0.3 0.7 £0.2 600 £ 1 0.4 0.2
299,8 + 0.7 0.1  0.05 624.4 + 0.4 1.3 £0.2 624 =1 1.3 £0.3
308,11 £0.07 20%3 308.0 0.5 23%2 630.04 £0.07 16 +3 620.9 = 0.5 E
327,31 £0.07 150 15  327.2 £ 0.5 100 642 <0.2 ° 642 1 0.6 0.3
333.1303° 0.2%0.1 657.2 £ 0.7 0.8 £ 0.4
341.00 £0.15 0.6 £ 0.1 341 %1 0.8 +0.1 660,2 £0.10 5.0 0.7 7 660.2 0.5 41
348.73 £ 0.07 5.7 £ 0.6 349 £ 1 5.0%1 662.2 £ 0.7 0502 :
357.90 + 0.20 * 0.37 £0.10 669,28 £ 0,10 2.0 £0.3 '569.5 0.5 L7203
376.58 £0.07 19%2 376.5+0.5 20%2 687.6 £ 0.8 0.2+01  ~ 687 2 0.6 £.0.3
381.9 £0.3 0.25 £0.19 691 <0.2 691 &2 0.5 0.3
387.88 £ 0.106 1.7 0.4 388 £1° 0.8 £0.3 696.8 0.4 052015 697 £1 0.7 £ 0.2
392.7 t 0.4 0.4 £0.3 701.7 * 0.3 0.420.15 703 %2 0.5 % 0.2
395.87 £0.15 0.6 £0.2 707.98 £ 0.20 1.6 £0.25 708 £2 1.8 £0,2
411.74 £ 0,10 2.9 £0.3 412 41 321 712 <0.2 715 +2 0.3 £ 0.1
423.2 £ 0.3 <0.2 423 £1 0.3 £0.1 [|730.40£0,20 1.1£0.15 73012 1.0 £ 0.3
428.51 £0.10 3.1 £0.3 428 £ 0.5 2.5 +0.5 || 7335104  0.5%0.2 ;
439.0 £ 1.0 0.2 £0,1 : 737.96 £0.20 1.3 £0.3 738 %2 1.7 + 0.3
445.34 £ 0.10 1.8 £0.3 445.220.5 1.6 £0.4 740.2 £ 0.7 0:8 £ 0.3
450.0£1.0 0.2 0.1 743.70 £0.20 0.9 £ 0.2
475.1 £ 0.6  0.35 £ 0.15 750.1 £1.0 0.1 £0.1 749 £2 0.3 £0.1
479.8 £1.00  0.12 £ 0.06 758.2 £0.8 0.2 0.1 .
481.9+1.0 0.08 £ 0.04 762,73 +0.10 4.2 0.4 763 £ 1 3+1
486.3 0.6 0,210.1 766.59 0,15 2.1 £0.3 767 £1 « LT 0.5
491.50 £0.07 16 1.5 492 £ 1 152 776.66 £ 0.20 1.2 0.2 776 £ 2 1.4 £ 0.4
511.5 1.0  0.240.1 781.55 £0.30 0.4 0,15
514.6 £ 0.2 1.0 £ 0.2 786.54 £ 0.15 2.2 £ 0.3 787 £1 1.7 £ 0.2
518.2 £ 0.5 0.3 20,1 515(complex) 1.2 0.3 796.37 £ 0,17 1.5 £ 0.4 796 2 21
525.08 +0.15 1.6 £ 0.2 525 £1 1.2 +0.3 || 799.87 t0.10 9.3 1.0 800 1 10£2
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Table 2.2 (Continued)
. - Present Work Previous Work™® Present Work Previcus Work™®
- 'Ey(k.ékv)‘r iy E,fkev) I, E,fkev) I, E,fkev) y
317.04 £0.10  5.0£0.5 81732 4005 [| 9726205 05202
. §21,9£0.7 0.5%0.15 821 %2 0.5 + 0.2 975 =1 1.5 2 L.O 977 £2 3.0 £0.5
U 824 <0.2 §24 £2 0.7 £0.3 977.2 £ 0.2 2.3 1.0
'833.14 £0.10 3.1 £0.3 833 2 3.0:05 || 982.4 07 0502
840.56 +0.10 - 7.6 £ 0.8 841 £ 2 6.0 0.5 || 987.60 £0.10 7.2 £ 0.8 988 £ 2 6.5 2 1.0
850,53 £0.15. 3.0 10.3 860 + 2 2.7 £0.3 996.0 £ 0.3 1.2 102 996 £ 2 0.8 20.2
368.8 0.4 0.7 £0.2 870 £ 2 0.7 £0.2 {| 1001.0 1.0 0.15 £ 0.10
8705 £0.5 0.4 :0.2 1005.1 0.3 1.6 +0.6 1005 23 1.2 0.3
" 874.16 $0.20 0.8 £0.2 874 +2 0.7 £3. [[1007.31 £0.15 2.4 £0.6 1008 =3 7.5 2 0.5
" §79.6 £0.4 0.3 %0.1 879 2 0.402 ||1013.203 0.6 %02
887.14 30,15 4.2 £0.5 887 2 3.0 :0.5 |ho18.33 t0.15 6.1 %08 101922 $:1
899.3 £1.0 - 0.2 %0.1 899 +3 0.4 £0.2 |lo23.32 2020 32:06 102422 2.0 20,5
© 9019308  0.3%0.15 1028.2 £ 1.0 0.10 £ 0.04
1910.46 £ 0.07 8.2 0.8 911 2 7 £1 1036.2 + 0.8  0.05 £0.02
9170405  0.5%0.15 917 %3 0.5 0.2 || 1040.2 £1.2 0.04 £0.02
923.0 £0.6 0.3 0.1 1042.4 £ 0.8 0.09 £0.03 1042 43 030 = 0.08
025.4 +1.0 0,10 £0.05 926 %3  0.10 £0.05 || 1051.3 £0.08 0.03 * 0.0
6303 0.6  0.3+0.15 931%3  0.10:0.05(] 10791 1.0  0.03 20.01
. .938.4%0.2 6.0 %10 1083.9 £ 0.5 0.20 £0.04 1084 *3  0.10 2 0.05
9410 £1.0  1.5%1.0 938 £ 2 731 1093.7 £0.7  0.08 & 0,03
© 945.2 0.5 0.3 %0.1 946 £3  0.10 £0.05 || 1097.0 0.7  0.10 £ 0.03
. 953 ¥1.5 0.10 £0.05 11119 0.5 0.32 £ 0.04 1112 3 0.3 :0.1
| .957.59 £0.15 5.8 £ 0.6 958 £2 5.040.5 || 1138.5 20.5 0.25:0.04 113843 0.2 £ 0.1
' 964.0 £0.7 0.25%0.1 1166.3 £0.5 0.30 £0.04 1166 3 0.3 £ 0.1
968.5 £0.7  0.2%0.1

" ay. R. paniels, D. C. Hoffman, F. O. Lawrence, and C. J. Orth, Nucl. Phys. A107. 569 (1968).

bM E. Bunker, D. C. Hoffman, C. J. Orth, and J. W. Stamer, Nucl. Phys. A97, 593 (1967).

°2‘5Am decay.
d243Pu decay.

The gamma—ray energies and intensities together
wzt]x the results of previous workers®:!® are listed
in, Table 2.2. Approximately 66 of the observed
105 transitions in the decay of 10.5-hr 24*Pu have
been placed in a level scheme for 245 Am. Three
distinct totational bands base'd on the Nilsson
single-particle states, the % +[642‘! the %~ :5231,
and 7 +[6331 have been observed with band head

‘w. R. Dostiels, D. C. Hoffman, . O. Lawrence,
and C. J. Orth, Nucl. Phys. A107, 569 (19638).

10y, E. Bunker, D. C. Hoffman, C. J. Orth, and J. W.

Starner, Nucl. Phys A97, 593 (1967).

energies at 0, 27.90, and 327.31 kev respectively.

Moments of inertia, &

%2/2], have been calculated

from the energies of the rotational states and sre
3.4, 6.0, and 7.3 ke for the orbitals 7[6421,
%(523), and 16331 respectively. E‘our ot more
rotatmnal memhers were observed in each of the

three bands.

Energy levels and assignments ace listed in
Teble 2.3. Coincidence experiments together
with high resolution conversion efectron measure-
ments using the ORNL 35-cm iron-free electron
spectrometer are planned to further investigate
the decay scheme.



y radxoactw:ty :emammg in'the: hafmu frae-
tion was due to the decay of '7?Hf. Tn this manner,
. by waiting a few months; a source of 17200 (6.7
-days), in equxhbnum with'its hafmum parent be-

‘ame avdilable for decay - istudies. s

chIc 2.3. Encrqy an-ls end Asslgnrn-nu
Obnrvoc! i Ihc Dacaiy of 24Py

- Eneﬁré& A:ngnment
(k_ev) e e (In'n')

_' ‘Under these conditions, the resolution was 2.4 kev
~ -full width at half méaximum for the 1002, S-kev )
‘gamma ray in the spectn:m The resultant’ gamma-

A72yh, covering the' energy range from 90 to 2266

* ~high counting rate of the. sample (’“ 10. p!C) and'-
~ high. resolution of the spechometer made possxble
- the identificatipn of- many new gamma rays in the

~ decayof }"3Lu. - oy

¥ 2 o _
il 327.31 A [633] Bandfiead - . The measured photon mtens1txes were combmed :
% i 395.77 % + : w:th published conversion-efectron data'®toiob- . - ‘
3 47554 i % b i .ftam K-shell internal conversion coeff1c1ents R
v d A REIRERR T AR (ratm of K-shell oenversmn—electron 1nten51ty to
' cose2s Rt ‘gamma-ray ‘intensity). The resulting values are’
“ sara '("c'/ ) - plotted in Flg, 2.2 and compared with the cal- o
- ' TR e T culated conversxon ‘coefficients of Sliv- and Band 14
ga1:0 S T ks see thiat most of the expenmental values
957.5 L .(9/2'-")_ L R R - are consistent mth pred:.cted vali T 1
687.5 LR e . e -"E2 transitions, as is expected 16 states in.de-
S S " formed even-even nuclei.  Howevet; some of! the. .
1024, L e ‘transitions appear to be E1 in character, conﬁrm- i
1065 2 T " ing the presence of negatwe-panty levels R
S v n'sz 15,16 i B
1070. o e ; .
T : S ' Because naturally occumng ”‘Hf has been ob—
b 211856 SR ' setved to undergo alpha decay with a half—hfe of -

n 17?Hf was also undertaken " A'limit ‘of >1012.
years for this’ decay mode was determmed
A level scherie mco:poratmg the new mforma—
'txor. zom this work and that from preyiously.s
_ pmposed decay. schemes is currently bemchon-
' . structed fo: the decay ‘”Lu » I”Yb

INVESTIGATION OF THE DECA
2u¢ AND 172|_u

- "

. 'f‘ H Handley

133. Harmatz, T- H Handley, and J W chhelxch,
Phys ‘Rev, 123 1758 (1961) )

I41... A. Sliv and I. M Band. Gamma Rays, Acad. ;

Long hved "n}lf ('\'5 years) was pxoduced by

. bombarding lutetium’ oxide with protons accelerated
“-in the Osk Ridge Isochronous’ Cyclotton. After 2.
_year the hafnium fraction was: chemically sersarated * Alpha-, Beta~ and Gamma-Ray Spectroscopy, vol. 2,

" from the irradiated lutetuu'n At that tu'ne the e K§6351esbnhn (ed.), North-Hol!aad Publ. Co., Amstexdam.

15] G. Prather. unpubl:.shed theszs. Utah Sm.e
University, 1967.

Y T : D P '
' :nElectronuclenr Di-vxsioq. o ol %00 A, Otteson and R G- Helmer, Phys Rov 164,
Analytical Chemistry Division.. - S 1485 (1967)

S e i e AL PR ST

g

;T‘he gamma rays from this. source were counted S
for ten days with a 35.¢m? Ge(Lx) crystal spec- -
» trometer connected to a 4096—channe1 analyzer. R

“ray spectrum from the decay chain 172HE L 172 s

‘kev, is shown in Fig. 2.1. The combination of S

S e e

" 2% 101% years;"a search for ‘possible alpha: decay -

.Sci. USSR, Moscow-Leningrad (1961);-also.p. 1639 in
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- After agplymg a Small correctmn, ~0.01%, to the

" number of fiksion events due to **?Cf which was . .

. present in the-sample, the resulting, alpha/fxss;on R
- . ratio for 254Cf.is (3.10 +0.16) x 10=%, - The * :

" partial alpha halflife for 254Cf correspondmg to-
'_-thxs rat1015534+27years PO
" Using the alpha-partxcle energies for e "

groups of 25205 (6.119 Mev) 2-‘(_“Es (6 -4 Mev);:

* ‘and *%3Es (6.640 Mev), which, ‘were also present
' in the sample; as calibration points, the meas

" alpha decay energy:for 234Cf to the‘—ground stat

" of *5%Cm is'5.834 £ 0, 003 Mev,

I order to aveid the two-stage 1sotope separa

" tion. process 1 that would. be; iavolved in producin

259Cm via the double neutron cepture route tising

oL , rde- - e 248Cn as the' target ‘a more; prof:table method may

i tectors at an enex_-g “4501‘“191‘1',05"’ 10 kev (FWHM) " be the irradiation of 25201: to produice 2

‘ o T - would then be allowed tc decay.. Q'Ihelnuc de 5%

* is produced via alpha décay of 25"Cf._ The; y:.elds

‘ of the.two methods are quite comparable- cons:der
17%e are :.ndeh ted to E. K. Hulet and R. J. Dupzyk '

of Lawfence Radiation Laboratory, Lwermore, for per= R ._ 1ng the eff:c:encxes Of the. ls°t°pe sepa:at
forming thi.- zsotope sepnunon . ‘ p:ocesses. . .

i
y
|

% lie

“Th' ‘alpha.b
25 ’_'Cf‘has been oi:served _w:t

: . . L ; . e
i : . . " L
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The alpha decay of 2*3Cf has also been observed  used to transfer the_rc';tléher foil froln behind the

in these measurements. From the collector posi- target to a position in front of an Si}(Au) detector:
tion corresponding to mass 253, alpha particles Alpha spectra were stored ina'l -channel
. with an energy of 5.979 £ 0.005 Mev were ob- analyzer whose memory was utilized in an 8-by .
served. This energy corresponds to an alpha '200-channel mode. Data could then be takea st
transition to the 7 * [613] stete in **°Cm, as eight different times after bombardment and half-
. previously reported.’® No other alpha transi- lives determined for all the observe’d alpha peaks.
: tions with an intensity greater than 5% of the An initial survey of nuclides p_xoduced in proton
~ 5.979-Mev transition were ocbserved that could be bombardments from 24 to 56 Mev established that
ascribed to ?3Cf decay. This result is also in " two new alpha groups had indeed been cbserved. . o
accord with the previous result.*® The optimum bombarding energies, 32 and 42 Mev, - !

‘ were then selected for the production of **°Np
: : 2129 5n) tions:
229 2130 and 22?Np by means of (p,4n) and (p, 5n) reactions;
NEW NEPTUNIUM ISOTOPES, Np AND Np Because of the large probability for fission, whxch
R. L. Hahn M. F. Roche!® competes with neutron evaporation from the com-
K. S. Toth? pound nucleus, lowcounting ratés were encountered.
: To compensate for the low oountmg statr.st:.cs,

1

The study and correlation of the decay properties

of isotopes of the heavy elements is of great inter- " ORNL-DWG. e ] |
est since these elements are of almost unique im- oy s
- . Np . B 1) ]
portance for the investigation of the phenomena of 200 b cas r _ RER-L] I iy
" fission, spontaneous fission decay, and alpha de- MeV | 725 e am Lo
cay. A program was recently begun to synthesize "k M:: - gt 96‘:‘ .
_new neutron-deficient transuranium isotopes by il 765 ™M¥ My
bombarding enriched heavy-element targets with 150 A 4

- - projectiles accelerated in the Oak Ridge Isochronous - o : ’?F'} o
Cyclotron (ORIC). Detection of the alpha particles " lvae)
emitted in the decay of these new nuclear species.
~ was selected as the means of identification be- o
cause: (1) an alpha-partxcle energy combmed
with a particular decay half-life is an extremely
spec:.fxc mode of 1dentxf1catmn, (2) background

S nuclex, recoiling out’ of the th.m target; v?
" lected on a beryllmm catcber foil placed behmd
. the target. -To facilitate the: detectxon of short—
- lived radmnuchdes and at the same t1me guatan ee ‘

_ e ments were performed onv-hne at’ ORIC. After o
. . 1rrad1at10n, a remotely cont:olled arrangement was.

8 Combined Rnd:ochenustry Group, Phys. Rov. 143
1192 {1966). i

Electronuclea r Dwxuon R doscendunfs

it 2] A b e e




- ALPHA-ACTIVITY, cpm' ™,
- |
8

30

[

multiple bombardments. were made at each of the achieved rapidly after the two parents are produced

two énergies, and the data fmm successive ir- because the half-lives of the descendants are
radiations were summed. ‘ much shorter than those of the parents. However,
The two sections of Fig. 2.3 show the spectra the half-life of 22°Pa (the alpha-decay daughter
observed at 32 and 42 Mev. In addition to the of 23%9Np) is 1.8 min, so that by propet choice of
230Np (6.66-Mev) and ???Np (6.89-Mev) peaks, irradiation and counting intervals, it is possible
the alpha-de cay daughters present in the two to observe the 1.8-min growth followed by the 4.6-
decay chains are also seen and identified. The min de cay of each of the daughter nuclides in the
low-intensity peak at-7.42 Mev in part b of the 230Np chain, as is shown in Fig. 2.4. Part a
“figure is tentatively assigned to the alpha decay presents curves for the parent 23°Np and for a
from 2?1A¢ to an excited state in 2!7Fr. composite of the data for all its daughters, while
The half-lives of 23°Np and 22?Np were found part b shows points for each daughter separately.
to be 4.6 £ 0.3 and 4.0 £ 0.2 min respectively. Table 2.4 summarizes the new information
Transient equilibrium in the decay chains is gathered in this study and compares it with

previously known data. The alpha-particle
energies for 23°Np, 22°Np, and 2?%Pa are new.
Energies calculated from the Q(c) values obtained

20y, E. Viola, Ir., ond G. T. Seaborg, J. Inorg. Nucl.

" Chem. 28, 697, 741 (1966). by Viola and Seaborg?? in their study of decay

ORNL-DWG. 68-716

1000 1000

3 i | 1 | [ | | T T3
- (a) 3 E (b)
: HALF~LIFE = 4.6 £ 0.3 min, ]
230y 1 |

Np{6.66 MeV) .
100 — ;100 "3
3 +2%5c (6,66 MeV) E 3
" o +3Bi(6.62Mev) ] = .
A NP~ ' i 226pg(6.84 Mev) -
O =~————ee a8 ~ 100 =
3 223+ Mg; S 3 3

222Ac(7.00 Mev)
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L |1|||u,I
s
.. Q

[

7

28c,(7.85 MeV)
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Fig. 2. 4. Leasf-Squares Fits to the Decay Data Taken at 32 Mev. The growth of the 1.8-min 226Pu decuy chain
following the decay of 4,6-min 2:'"“Np iz clearly demonstrated. Unlabeled peaks arize from other ducuy chains.
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Table 2.4, Summary of New Alpha-Decay Information

T Bt P A

Alpha-Particle Energies (Mev)

Nuclide Present Study

(£0,02) Calculated® Litera tux;e"

230 6.66 6.65

2299p 6.89 6.98

225py 7.25 7.20

2pe 7.63 (~70%) 7.6 :

- 7.42 (™ 30%)
gy ) .31 5.3
213, 9.06 9.2

°V. E. Viola, Jr., and G- T. Seaberg, J. Inorgd. Nucl. Chem. 28, 697, 741 (1966).
be M. Lederer, J. M. Hollander, and 1. Perlman, Table of Isotopes, Wiley, New York, 1967.

systematics are in agreement with the experi-
mental ones. Furthermore, the eatlier alpha-
particle energies?! of the products following
229Np were reported only to within 0.1 Mev, so
that the energies reported herein to £0.02 Mev
represent a significant improvement in precision.

PARTIAL ALPHA HALF-LIVES OF
242py AND 244py

J. Halperin C. E. Bemis, Jr.

R. Eby22

A refinement in the analys1s of the **%Py and
" 244Py halflife experxments23 has been made.
For the ?*?Pu slpha half-life measuremen ts,
mixed samples of 23%Py and 242Pu’ were prepared:
- for mass analysis and for alpha spectral analysxs.
“Using a value of 24,401.5%- 21 2 years for the
229Py alpha half-life, the resulting values for ©
the'partial alpha half-life of **?Pu are giver in
- Table 2.5. The adopted value for the 2*?Pu alpha
half-life is (3.869.% 0.016) 3¢ 10° years..
Samples of plutonium, highly enriched in 244py
(~75%) were mass analyzed and the raho ‘of 24Py

. C. M. Lederer, J. M. Hollunder, and L Perlman,
Tab!e of Isotopes, Wiley, New York, 1967, ;
Analytzcal Chemistry D;v:.sxon ,

23¢. E. Bemis and J. Halper.m Chem. Div. Aon .
‘Progr. Ropt. May 20, 1967, 0R.NL-4164 p- 3

- petformed.

“was irradiated in the High Flux. Isotope Reactplj»‘ .
for a total flux-time product of 7 1.3 x 10%%

alpha events to 244Pu alpha events measured using
the system previously reported.?® The results of
two determinations using two samples of different
244py concentration are presented in Table 2.6.
Using the adopted value of (3.869 +0.016) x 10%
years for the 242Py alpha half-life, a value of :
(8.28 +0.10) x 107 years was determined for the i
244Py partial alpha half-life. The result for *44Py
is in substantial agreement with prev1ous determi- : ]
nations by other workers.24 o
. Results of these experiments are hemg pre- .

'pared for pubhcatmn. : e i

SEARCH FOR THE NEW NUCLIDE 247Pu R

C. E. Bem1s, I _]' Halperm

A series of expenments desxgned to produce: and
identify the- unknown nuclide 247Pu have been

Approximately 500 pg. of plutomum, 1sot0p1cally
entiched in ***Pu (76.94% #4*Pu, 22.88% 242Pu). .

neutrons/cm? (69.7 x 100 de) Following the d
irradiation, the plutonium product was chem1ca11y .
recovered by -an La(OH)a precipitation, an LaF,
precipitation, and an ion exchange separatxon on

24P, R. Fields ot al.; Nature 212, 131 (1966). .~ -~ " ..

¢ et e AR 3



"Teble 2.5. Summary of Results for

32

242Pu

" Activity Ratio,?

Mass Ratio,* 242py Half-Life

5
| Sample A.242/A239 N239/N242 (years)
% 10°
A 0.74747 + 0.00111 0.08417 + 0.00076 3.879 £0.035
B 0.26232 * 0,00063 0.23637 + 0.00194 3.936 £ 0.034
o] 2.1758 *0.00395 0.02905 % 0.00025 3.861 £ 0.033
D 0.15226 £ 0.00050 0.41683 % 0.00242

Weighted averageb

3.845 £ 0.026

3.869 + 0.016

“*The errors assigned represent the standard deviation.

Bhe avetage value was determined by weighting the individual values according to their standard deviation

(statistical weights).

Table 2.6, Summary of Results for 244p,,

Activity Ratio,®

Mass Ratio,® 244py Half-Life

Sample 2“/4 242 N244/N242 (years)
x 187
1 0.01344  0.00024 2.926 * 0,030 840 £ 0.18
2 0.01582 # 0.00018 3.363 +0.027 8.22 0.12
Weighted average” 8.28 £0.10

“The errors assigned represehl: the standard deviation.

bThe average value was determined by Wexghtmg the individual values according to their standard deviation

(statzst:.cal wexghts)

I
"

: Dowex 1 in an HC1 medium. A mass’ analysn-, 25

of the punfxed product (10.6%. 242Pu, 89% 244py,
108 ppm 246Pu at reactor discharge) toge ther with
the -measured plutonium chemical yield indicated

* that. approxnnately 0.05 g of - "’“Pu was re-

covered. .. o
Small samples of the recovered plutomum con-"

- taining 3.5 ng of 246Py were madxated at a flux

of ~5 x 1013 peutrons.cm™? sec™! for t1mes
ranging from 2 to 10 min in the pneu_matxc_tube

facility in the Oak Ridge Research Reactor. The

We are mdebted to' R. Eby for performmg these :

. measux‘ements.

irradiated plutonium was carried through an LaF,
precipitation cycle to remove fission preducts and

_ loaded;:on a Dowex 1 anion exchange column in 10 ¥
" HCI which was positioned in front of a 35-cc

Ge(Li) detector. The resolution of the spectrom-
eter system was measured to be 2.5 kev (FWHM)
for 1.33-Mev gamma rays. The 2*5Am and 24Am
daughter products were continually eluted off the
column during the course of the expenment, which
consisted in taking a series of short successive
gamma-ray spectra in order to identify new transi-

tions which mght be ascribed to the beta decay

of 247Pu
From systematics; %47 Pu is e:r.pecte_d to have a
ground-state configuration of % * [620] in the -

bl
i
¢

j
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Nilsson model and to have a total beta-decay
energy of about 2.1 Mev. Predictions from
systematics ‘and information on the decay?® of
24-min ?*7 Am indicate a ground -state configura-
tion for 247 Am of either %,'[642] or %,7(623]. The
beta decay of 247Pu may be expected to populate
the / ~[521] and the / —[521] proton states in
247 g0 at energies of about 100 and 900 kev,
respectively, which would lead to a predicted
half-life for 247Pu in the range of a few minutes.
We have searched for unidentified gamma rays
in the range 200 to 100 kev in our experimental
spectra without success. If we assume irradiation
to near saturztion for 247 Pu, an upper limit to the
(n,y) cross section for 24°Pu of 250 mb may be
set from the absence of gamma rays in our spectra,
or conversely, if the (n,y) cross section is as high
as 1 barn, the 247Pu half-life is less than ~1 min.
A very low (n,y) cross section for ?*®Pu is ex-
pected in analogy with other closed-shell or semi-
magic nuclei, These experiments will be continued
after the installation of an isotope separator, which
would increase the sensitivity of our expenments
by a factor of 100.

NUCLEAR REACTION SPECTROSCOPY
WITH THE TRANSURANIUM ELEMENTS

R. L. Hahn K. 8. Toth??
E. Newman?’ M. F. Roche?”

Nuclear reaction spectoscopy mvolves ‘the -
measurement of the energies and angular distribu-
tions of the light particles emitted during a nu-
clear reaction. It is a powerful experimental -
techmique that has contributed’ significantly to
our knowledge in areas such as nuclear reaction
mechanisms, nuclear structure, opt1cal—mode1
parame ters, and nuclear radii and defonnatxons.

To test the feasibility of applying this tech-
nique to the study of the- transuranides, ‘4 pre-
liminary study was recently begun of the 233U(*He,
d)*39Np reaction at the Oak Ridge Isochronous
Cyclotron. The 3He kinetic energy was 50.Mev.
Because of the high resolut:on required to separate
the closely spaced energy levels in the actinide
elements (~ few tens of kxlo-elect:on volts), the

26¢ J. Orth, W. R. Daniels, B. H. Erkkila, F. O.
Y.awrence, and D. C. Hoifmnn, Phys. Rev. Letters
19 128 (1967).

27 1ectronuclear Division.
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broad-range magnetic spectrograph at ORIC, with
a typical energy resolution of ~0.05%, was used
in the expetiment. The deuterons emitted from
the thin uranium target at 15° to the incident beam
were magnetically analyzed in the spectrograph
and focused onto plates coated with photographic
emulsion. Total bombardment time was 10 hr,

at an average beam intensity of ~0.05 pa.

A very preliminary scan of the developed plates
indicates that a large number of deuteron tracks
were recorded during the irradiation. Detailed
teading of the plates to obtain energy spectra of
the deuterons (in tnitz of number of tracks per
0.5 mm along the plate) is currently being per-
formed, Future analysis of the data will have as
its main purpose the characterization of proton
single-particle levels in the deformed nuclei of
the transuranium elements.

ANGULAR DISTRIBUTION OF 64Cu NUCLEI
EROM THE %5Cu(*He,) REACTION

N. T. Porile?® 1. Fojiwara?®
R.L. Hahn

Measurement of the average projected ranges of °
the recoil products formed in a nuclear reaction
yields information about the linear momentum
transferred in the reaction that can be compared

with the predictions of various models of nuclear . . .

interactions. A recent study®® of this type of the 7
reactions of 3He particles with °5Cu indicated
that the 3Ca(*He,2n) reaction proceeds pre-
dominantly by compound nucleus formation, but,
that more than one mechanisin apparently con=
tributes to the 5% Cu(*He,a) reaction. e
To obtain more detailed information about the
55 Cu(*He, cx.)“Cu reaction, the angular distribu--
tions of the 4Cu recoil product were measured-at
energies from 12 to 32 Mev. The xrradzatmns were
performed with the external 3He beam of the M
Argonne National Laboratery 60-in. cyclotton. R
The ®*Cu nuclei that recoiled out of the thin"

" target were collected in aluminum foils placed at :

known angles with tespect to the 1nc1dent beam.

Chem:tstry Department, Purdue Umvers:.ly. Lafayette.

%s. B. Seha and N. T. Porile, Ph}'s Rev. _151 907
(1966) ) .
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. Standard radiochemical separations followed by

assay of the 5*Cu nuclei with beta proportional
counters were employed to obtain values of the
differential cross section for formation of ®*Cu

" as a function of laboratory angle ¢. Such an

angular distribution, measured at 16.7 Mev, is
shown in Fig. 2.5, where the open gircles represent
the expetimental points. .

To aid in interpreting these data, calcul ated
angular distributions for **Cu were generated by -
using either of two distinctly different models for
the nuclear reaction %% Cu(*He,@)**Cu. In the
direct-interaction model, the (3He,a) reaction
proceeds via the pickup by the incident 3He of a
55Cy neutron, leaving the resulting ®*Cu nucleus
in its ground state. If instead the *He particle
and 55Cn nucleus amalgamate to form an excited
68Ga componnd aucleus, $4Cu can be formed by the
evapotation of an alpha particle or of two neutrons
and two protons. The angular distributions for 54Cu
calculated with direct-reaction theory® ® and com-
pound-nucleus theory®! are shown in Fig. 2.5 as

B, (degrees)

Fig. 2.5. Comparison of Theory with the Exporimental
Angular Distribution {(open circles) of 84¢y Recoil Nuclei
from the Reaction 65C|.|(3He,cr.')64Cu Meazured at 16.7
Mev. The solid curve is the sum of-the Lalculated direct
neutron pickup (da_she_d‘ curve) qu comp_ound-r:ucleus

(dot-dashed curve) conﬂ"i_butions to the reaction.

;
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the dashed and dot-dashed curves respectively. It
is quite clear from the figure that neither reaction
mechanism taken alone can account for the experi-
mental results. Indeed, the direct pickup mode.
appears to be most important at angles where the
compound nuclear contribution is small, and vice
versa. Inclusion of both reaction mechanisms, as is
shown by the sum curve (solid line) in Fig. 2.5, is
required to fit the observed data.

NUCLEAR CHARGE DISTRIBUTION IN FISSION:
INDEP ENDENT YIELD OF 341 FROM
SPONTANEOUS FISSION OF 252Cf

D. E. Troutner®?

The most probable nuclear charge (Z_) produced
as a function of mass in the fission of 2>*Cf can
be measured using the characteristic K x rays of
the fission fragments.®3~ 3% Since x-ray yields
are known to be a function of 2,3 the derived
Z  can be erroneous. Uncertainties are also
introduced by lowmass resolution. Ideally, in
radiochemical egperiments, howevet, the Z of
each fission product is identified chemically, and
the masses are identified by radioactivity measure-
ments. In this wotk radiochemical techniques
were uced to measure the independent (i.e., formed
directly by fission) yield of ***I in the fission of
252 Cf. . ;

This is patt of a series of experiments which
has been initisted to measure independent yields
of several products of 2°2Cf fission. From a
knowledge of these yields, it should be possible

'to compare nuclear charge distribution from 252cf

fission with that from 233U, 235U, and -2*°Pu fis-
sion and to compare Z’s for 252¢:f fission de-

30p, H. Bassel, R. M. Drisko, and G. R. Satchler,
ORNL-3240 (1966); R. L. Hahn, Nucl, Phys. A101, 545
(1967). . -

31y T. Porile and G. B. Ssha, Phys. Rev. 158, 1027
(1967). _

3247 siting Scientist from Department of Chemistry,
University of Missouri, Columbia. - .

331 E. Glendenin and J. P. Unik, Phys. Rev. 140,

‘B1301 (1965).

L“S." $. Kapoor, H. R. Bowman, and $. G. Thompson,
Phys. Rev. 140, B1310 (15965).

35g . Dolce, W. M. Gibson, and T. D. Thomas,
Buli. Am. Phys. Soc. 11, 335 (1966). ...

36p 1. Watzon, H. R. Bowman, and 5. G. Thompson,
Phys. Rev. 102, 1169 (1967).
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termined by radiochemical methods with those
determined by x-ray methods.

A l-mil aluminum catcher foil was suspended
~0.02 in. above 2 252Cf source from which frag-
ments from ~ 1 x 107 fissions/min were collected.
After exposure the foil was dissolved in HCI
containing I™ carrier and the iodine separated
from other fission products by H_0O, oxidation to

22
I,, which was extracted into CCL,. The I, was

reduced to I, putified, and collected as Agl.
The Agl sample was counted on an Nal crystal.
Decay curves were resolved graphically into
components due to 53-min 1341 and 6.7-hr *35L.
Corrections were made for small backgrounds due

to 2.3-hs #321 and 20.8-hr 1331,

Todine-134, in addition to being produced di-
rectly by the fission process, is also produced by
the beta decay of ***Te. In order to correct for
the '34] produced by beta decay, runs were made
of varying exposure and separation times. Five
such nms were made with exposure times, T, of
10 to 40 min. The time interval, ¢, between end
of exposure and time of separation ranged from
4 to 9 min. Following each of these was a second
run of the same T but with a somewhat longer (52
to 103 min) time interval, ¢, between exposure
and separation.

From a knowledge of T, t t’, and the **?I radio-

activity in the two samples, the independent
yield of *3*Y was calculated. -Since the precursors
of 1351 have very short half-lives, its radioactivity
was used as an intemal fission monitor to correct
all samples to the same number o’ fissions. .

The results of a preliminary analysis of the data

are shown in Table 2.7. The uncertainties shown

- Table 2.7. Independenf Y:elds of 3"l Frorn '
Spontancous Fizsion of © 2Cf.

Run Independeni Yields of 134y
1. ' 0.29
28 0.28 -
2B 0.27
3 ‘ _ 0.25
0.26
Average value 0.27 £ 0.01

Selected value 0.27 * 0.03

35 o

for the selected value include estimates of the
systematic emors due to uncertainties of £1 min
in the half-lives of 42-min ¥4 Te and 53-min
1341 ag well as the standard deviation of the
average value of the calculated yields. .

Assuming that nuclear charge distribution can
be represented satisfactorily by a Gaussian with
a width parameter ¢ of 0.59 0.06,%7 Zp is
estimated to be 52.15 £ 0.10.

This value for Z_ is somewhat lower than the
value 52.7 & 1.0 reported for A = 133.8 by
Glendenin®? from the results of x-ray measure-
ments. It is in better agreement with the value
of ~52.0 estimated using the method of Wahl
et al.,*® suggesting that the empirical z,
function developed by those workers for

' 235 may be applicable to fission of ***Cf.

MASS YIELDS OF 191Mo AND 192Mo FROM
SPONTANEOUS FISSION OF 252Cf

R. M. Harbour®® D. E. Troutner*®

Aluminum catcher foils were suspended above a
25ICf source in a manner described previously.*?
After exposures ranging from 15 to 35 min the
foils were dissolved in HCL contajning Mo(VI)
cartier, and molybdenum was separated and purified.
The radioactivities of ?%Mo, *%*Mo, and *®*Mo
were determined by beta counting., The same
radioactivities were determined in samples of

' molybdenum- purified from solutions of #*°U - .
which had been irtadiated with thermal neutrons. e
‘The results of a prehmmary analysus o:E the data S

* are shown in Table 2.8,

Taking the yields of %Mo, 1‘”Mo ‘and 1"""Mo _
from 235U fission*? to be 6.1%, 5.0%, ‘and 4.1%,
respectively, and the yield of 995 from 252Cf -

o I

37 A. R.*Norris and A. C. Wahl, Phys Rev. 146 925

(1966). a o

384 'C. 'Wahl, R. L. Ferguson, D. R. Ne thawa D.E..
Troutner, and K. Wolfsberg, Phys. Rev, 126, 1112 (1962).

3%pepartment of Che:mstxy, Umversxty of Mmsoun, e
Columbm

sta.tmg Scientist from Department of Chemstxy,
University of M:l.ssoun, Colum‘ina L

41y, E.-Troutner, “Nuclear Charge D1str1bnuon in 7
Fission: Independent Yield of 1341 from Spontaneous
Fxssmn of 252Cf ** this report.

+2g. p. Steinberg and L. E. Glendenin, Proc. U’.N.
Intern. Conf. Peaceful Uses At. Energy 7, 3 (1956).
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Toble 2.8. Relative Rates of Formation of mTMo and szo with Respect fo Mo from the Sponfuneous

Fission of 252 Cf and from !he Thermal Neutren Fission of 255U

[N

Rate of Formation 1% Mo

Rate of Formation Mo
(arbitrary units)

Rate of Formation 102p16

Rate of Formation %0
(arbitrary units)

’ 235, 2szfcf 235y 253n¢
30.0 : T 330 14.7 29.8
30.5 51.8 15.0 30.0
o 30.4 50.2 14.4 30.1
Average 30.3 0.1 51.92 £ 0.8 14.7 £0.2 30.0 £0.1

fission*? to be 2.57%, the yields of '°'Mo and
10230 from 252Cf are calculated to be 3.6 + 0.1%
and 3.5 # 0.1% respectively. The ermors shown
include only the standard deviations of the meas-
urements of ratios of radioactivities and do not
include any uncertainties in the previously re-
ported yields listed above as standards. These
preliminary values suggest there may be a small
fine-structure peak near mass 101 in 22Cf fis-
sion similar to the one near mass 100 in ?3*U
fission. Experiments are in progress to measure
yields of other mass chains for w}uch no results

" have been xeported

¢+ " KSEARCH FOR’ TOINL FROM-
THERMAL NEUTRON FISSION OF 235u

R M. I*{m'l:n:o_ur‘M D. E. Ttoutne_r‘s

As part of a series of experiments to measure

fission yields of short-lived isotopes of niocbium

and molybdenum, attempts were made to measure
the cumulative fission yield of '°*Nb. Orth and
Smith*® report the hali- lee of tlus ruchde to be

‘ 1""02mm. .

i

“3w E. Nervik, Phys. Rev. 119, 1685 (1960).

Department of Chemistry, Umversity of Mlssoun,
Columbia.

45V:.sxt:.ng Scientist frorn Department of Chemxstry.
University of Missouri, Columbia.

46, J. Orth and R. K. Smith, 1.’ Inorg. Nucl. Chem.

© 15, 4(1960).

Samples of 23°U evaporated on magnesium foil
were irradiated for a few seconds in the pneumatic
tube facility of the ORR and the foils dissolved
in HCI containing Fe(Ill) and Mo(VI) carriers.
Fe(OH), was precipitated from each solution by
the add1t1on of NH, and quickly filtered. Previous
work*? has shown that niobium and zirconium
radioactivities are carried by the Fe(OH),. The
Fe(OH) precipitates were dissolved in HC] con-
taining Zx(IV) and Mo(VI) carriers, zirconium and .
molybdenum purified by standard radiochemical
procedures, and the radicactivities of ®°Mo and
1014101 T¢ resulting from the decay of any
99Nb or *°*Nb in the precipitate detemmined by
beta counting. The radioactivity of °7Zr in each
sample was used as a fission monitor to correct
all samples to the same number of fissions.

- From a knowledge of the *°*Mo-*%1T¢ radio-

activities in these samples and that in a sample
in which'all 1Mo precursors were allowed to
decay before separating and purifying molybdenum,
it is possible to calculate the fraction of the mass:
101 chain found in each Fe(OH)3 precipitate.

Three pairs of runs were made. ; In one-run of
each pair Fe(OH), was separated as quickly as
possible. In the second run, Fe(OH), was
separated at 10 min after irradiation, so that any .
101193 T¢ radivactivity in that precipitate was
a measure of the incompleteness of the niobium-.
molybdenum separation. The first pair of runs _

4‘;'D. E. Troutner, R. L. Ferguscn, and G. D. O'Kelley,

- Phys. Rev. 130, 1466 (1963).
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Table 2.9.. Fractions of Mass 101 and Mass 99 Chains Present as Niobium Found in Quickly Scporoted
Fractions from the Slow Neutron Fission of 235y

R"'m Separation ManjsmI:::nCl:iin Fraction of Mass 99 Chain Found in Fe{OH),
© Time (min) Found in Fe(OH)3 Obaerved Calculstion from ref. 47
3 2.0 0.0015 % 0.0005 0.170 0.189
4 10.0 0.0010 £ 0.0003 0.023 0.021
5 2.0 0.6012 * 0.0004 0.230 0.189
6 10.0 0.0030  0.001L0 0.028 0.021

i B

P -

indicated that ~ 3% of the chain was carmied down
as '?!Mo by the Fe(OH),. Accordingly, in the
next two pairs of mias the Fe(OH), was dis-
solved and then reprecipitated. A much better
separation resulted. Since a ~60-min activity
was present as an impurity in the molybdenum
samples, additional purification of the molybdenum
was performed in the third pair of rups. The ~60-
min activity was reduced from a level equivalent
to 0.3% of the chain to a level equivalent to 0.01%
of the chain.

In the second and third pairs of ruas, the frac-
tion ofithe mass 99 chain found in the Fe(OH),
was also measured. The results of a preliminary

_ analysis of the data are summarized in Table 2.9.

It appears that if the half-life of '°*Nb is 1 min,
its fission yield must be quite small. Using the

" average value of runs 3 and 5 and the half-life

of 1°INb as 1+ 0.2 min, the estimated yield is
0.007 % 0.004 of the mass 101 chain. However,
the 19" Mo radioactivity observed in runs 3 and 5
is approximately the same as that observed in
runs 4 and 6, which indicates that the *°'Mo in
runs 3 and 5 may be nothing more thay the resuit
of an incomplete niobium-molybdenum separation.
Agreement of the fraction of the mass 99 chain
found in each precipitate with the calculated
feaction is évidence that niobium was indeed -

carried by the Fe(OH),. These experiments show,

within the experimental uncertainty in the ef-
ficiency of the niobium-molybdenum separation,
that a (1 £ 0.2)}-min ***Nb is not a product of
fission of 235U ’

GAS-JET SYSTEM FOR RAPID COLLECTION
OF RECOIL NUCLEI

R. L. Haha

The remotely cantrolled system previously used
to collect nuclei that recoil out of an irradiated
target*® suffers from two main disadvantages:

(1) the cyclotron beam not only passes through
the target, but through the beryllium catcher foil
as well, producing undesirable background radio-
activity; (2) the recoil nuclei are not slowed down
before impinging upon the catcher foil and in some
instances bury themselves in the catcher. Both
of these effects serve to worsen the resolution

of the alpha-particle spectrometer used to identify
new alpha-emitting transuranium nuclides. In
addition, the system is slow, requiring ~10 sec

to convey the activity to the detector.

To overcome the se difficulties, a new system
based upon one first reported by Macfarlane and
Griffioen*® and used by others®? has been de-
signed and fabricated. The fundamental idea
inherent in the design, as illustrated in Fig. 2.6,
is that the recoil nuclei ejected {rom the target
are stopped in an atmosphere of helium gas,
which then carries the nuclides through a very

. %8500 “New Neptunium Isotopes, zngp and 2"ml\h:,"
this report. ‘

492 D. Macfarlane and R. D. Grifficen, Nucl, Instr.
Methods 24, 461 (1963).

5‘:'IE’L-'wate. communications from A. Ghiorso, K. Valli,
and M., Nurmia. :
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Fig. 2.6. Schematic Drawing of the Gas-Jet System. The entire assembly will be housed in a glove box main-

tained ot less thon atmospheric pressure.

small orifice and deposits them on a surface for
assay. Thus the recoil catcher is not exposed

to the cyclotron beam, nor do the recoils have suf-
ficient kinetic energy to be buried in the catcher.

_ Because radiocactive targets of the transuranium
é‘tqments will be irradiated in this assembly,
several containment features have been incor-

" _porated into the system. The entire assembly

will be mounted in a glove box maintained at less
than atmospheric pressure. High-efficiency filters
will be installed in the vacuum lines. A dural
foil will serve to isolate the system from the
vacuum of the cyclotron; also a series of baffles

" and a high-speed pneumatically driven valve will

protect the cyclotron in the rare event that some
contamination might enter the beam pipe from
the gas-jet system. Moreover, the radioactive
targets will be housed in special holders to pre-
vent contamination of the glove box or system.

In the present design, a rapidly driven wheel
will convey the collected radioactivity to a series
of detectors. It is expected that half-lives of the
order of a few hundred milliseconds will be meas-
ured with this new system.

THE /2 DOUBL E-FOCUSING ELECTRON
SPECTROMETER

C. E. Bemis, Jr.

The construction of the 35-cm iton-free double-
focusing spectrometer, as previously described,®?

is essentially complete. The instrument has been
installed in the spectrometer building, and pre-
liminaty measurements of the focusing properties
have been performed.

Calculations of the vector potential and magnetic
field expansion coefficients have been made to -
determine the usefulness of the instrument at
high momentum resolutiors. Using the radial coil |
dimensions determined from x-ray radiographs of .,
the individual coil layers, a set of optimum half
separation distances for each of the three coil
pairs has been determined. The achieved mean
half separation distances from the plane of sym-
metry are given in Table 2.10 together with the
mean coil radii and other coil data. The vector
potential and magnetic field expansion coef-
ficients for the completed assembly are given in
Table 2.11 together with the theoretical values
for perfect double focusing (sixth-order calcula-
tion) and the allowed deviations from theoretical
which would cause an increase of about one-
guarter line width at a resoltuion of 0.01%. The
magretic field expansion coefficients, a,, cor-
respond to the coefficients in the Taylor expan-
sion of the axial field strength, B, a function of
radius, r, in the symmetry plane as follows:

B () =B, s a, (t/ry, = 1),
n=>0

Sle g, Bemis, Chem. Div, Ann. Progr. Rept. May 20,
1967, ORNL~4164, p. 4.
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Table 2.10, Coil Dimensions for the ORNL 35-cm Iron-Free Electron Spectrometer

Large Coils Medium Coils Small Coils
Number of Iayers per coil 4 3 2
Number of turns per layer 22 12 —10°
Mean radius of all layers, em 63.7246 33.R604 15.7693
Difference between mean radii of top and 0.0003 0.0010 0.0007
bottom coils, ¢m

Mean half-separation of coils, cm 23.1676 27.2790 4.3481
Resistance per coil, ohins 0.1224 0.0249 0.0064

*The minus sign indicates that the current flows in the opposite sense to currents flowing in large and medium

coils.
Taoble 2.11. Values of the Vector Potential (km) and Magnetic Field (an) Expansion Cocfficients
Akm,
morn 2, Optimum km' Optimum km' Fresent Allowed Deviation
Field Form Field Form . Coil Assembly from Optimum
1 —0.5000 1.0000 1.0000
2 +0.3750 4 0.5000 +0.4999 +0.0013
3 —0.2986 - 0.2500 —0.2497 - - 0.0033
4 +0.2400 - 0.5417 - (.5469 +0.15
5 - 0.2017 +0.927 +1.332 —-2.2
& +0.1768 +3.56 +224.39 +97
7 -15.4 ~121.2 —3500

where B, is the axial comp onent of the field on
the optic circle, r =r,,.

The excellent agreement between the achieved
and theoretical v alues indicates that the spectrom-
eter will indeed be useful at electron momentum
resolution of 0,01% with transmission values ap-
proaching 0.1%.

The computer control system for the spectrom-
eter is currently being installed. The computer,
a Digital Equipment Corporation PDP-8, operates
an 18-byte relay-operated voltage divider under
program control which determines the current out-
put to the spectrometer. The current is passed
through one of four current-measuring resistors

which are immersed in a constant-témperature oil
bath. The voltage drop across the measuring
resistor is determined using a manual six-dial
poteatiometer before each experiment commences.
The current stability of the power supply and the
stability of the current-measuring system have
been measured as 3 to 4 ppm over a 4-hr period.
The vacuum and cooling systems have also been
installed. The vacuum system performs satis-
factorily, with a vacuum of 3 x 107 mm Hg being
achieved in the spectrometer tank. At afocused
electron energy of about 600 kev, the cooling
system is able to maintain a temperature differ-
ential between the inlet and outlet of a large coil

L e
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layer to less than 1°C. A temperature differ-
ential of 1°C would correspond to a 2 ppm change
in the spectrometer calibration constant (gauss

cm amp™ ') due to thermal expansion effects in the
coils.

An electron gun is currently being used te
investigate any possible aberrations in the mag-
netic field and to determine optimal dimensions
for regolution-defining baffles.

THE TRANSURANIUM RESEARCH LABORATORY
ISOTOPE SEPARATOR

‘L. D, Hunt C. E. Bemis, Jr. _

_ An electromagoetic isotope separator of the 90°

~ homogenecus magnetic field sector type with a
150-cm mean radius is currently being constmcted
to our specifications by Danfysik A/S in Denmark.
The useful mass range of the instrument is 1 to
265 atomic mass units for singly charged ions
with an approximate mass range of 15% being in
focus on the collector at any one time.

The mass resolution of the instrument, m/Am
(FWHM), is expected to be greater than 2000 at
total ion currents on the collector of approxi-

. mately 50 pa. For total collector ion currents
less than ~ 50 ga, as isusually the case in
practice, the mass resolution is expected to be
somewhat better than 2000, '

As the acceleration potential will be in excess
of 80 kv for certain separations, equipment is
being installed in the isotope separator laboratory
that will maintain 2 relative humidity of less than

L 25%. - ,

Particular care in the design of the separmator

."has been given to vacuum problems. To ensure
high isotopic enhancement factors, which may be
related to the quality of the vacuum, all vacuum
components have beea fabricated from stainless
steel and polished. Differential pumping at the
jon source together with two 6-in. oil diffusion
pumps with water-cooled baffles followed by
liquid-nitrogen-cooled baffles is expected to pro-
vide a vacuum in the collection region of 2 to 8 x
1077 mm Hg.

Devices for the collection of tetarded ion beams
will be included. Although the primary use of the
instrument is expected to be for reactor- and
cyclotron-produced transuranium element activities,
isotopic enrichment and target preparation of all
elements in the periodic table are planned.
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INTRAMOLECULAR ENERGY TRANSFER IN
ACTINIDE B-DIKETONES. EXCHANGE
OF LANTHANIDE AND ACTINIDE IONS
IN A CONVENIENT METHOD OF
SCANNING ACTINIDE COMPLEXES
FOR APPLICATION TO LIQUID
LASERS

L. J. Nugent R. D. Baybarz®?
J. R. Tarcant G. K. Wemer>?
J- L. Burnett 0. L. Keller, Ir

Intramolecular energy transfer has been demon-
strated for the first time in actinide ion (A%")
B-diketone complexes. The compounds are
formed instantaneously in ethanol or acetonitrile
solutions by exchange of A3" with Th®" in CsTb
(HFA),, where (HFA)™ is the hexafluorcacetyl-
acetonate anion. Before the introduction of the
A3* the 10~2 M CSTb(HFA), solution exhibits

. the well-known sensitized fluorescence character-

istic of various Tb? * B-diketone complexes;
namely, incident ultraviolet energy is strongly
absorbed by the ligand, subsequently is trans-
ferred to the Tb3" ion, and finally is emitted in
two narrow, strong TH® © emission lines, one at
4381 A and the other at 5436 A. After the intro-
duction of as little as 0.1 ng of 2**CmCl,-xH,0 in
5 ) of ethanol, for example, to 5 A of the CsTb
(HFA), solution, the Th®* emission lines are
observed to diminish in intensity, and a new

line, identified as the Cm®** J =% » J = 7, (ground
state) transition, appears at 6051 A. Both the
Tb3* and the Cm®* emission have essentially
identical excitation spectra, so intramolecular
energy transfer is clearly established for a
cutium-hexafluoroacetylacetonate complex. The
measured decay time, quantum efficiency, and line
width of the curium emission line suggest that
this system will lase.

CHARGE-TRANSFER SPECTRA OF LANTHANIDE
AND ACTINIDE TRIHALIDES IN SOLUTION

J. L. Buznett R. D. Baybarz®*
- E. J. Nugent

Charge-transfer absorption spectra are observed
in the near-ultraviolet region for the lanthanide

32Chemical Technology Divisiom.
5:';Plu‘r:r.ics Division.

54Chemical Technology Division.
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halides SmCl,, SmBrs, EuCl,, EuBrs, TmBr,,
¥YbCl,, and YbBr,, each in anhydrous ethanol solu-
tion. The energy associated with the longest-
wavelength absorption band in each case cor-
telates closely with the sum of the known oxidation
energy of the free halide fon (X~ + X + €7} and the
known reduction energy of the aqueous lanthanide
ion [Ln**(ag) + e (ag) » Ln®*(ag)l. Charge-
transfer bands for the other lanthanides are not
observed; on the basis of the above correlation
they are expected to be too far in the ultraviolet

for measurement in these experiments. Similar
experiments were performed on the actinide

(An®") halides 243AmCl,, 243 AmBr 2“CmCl
244CmBr,, 249CEC1,, 2439(:33: 249’Bkc1
24913](31’ If it is consxdered feas:ble, the same
measuren ents will be done on ?*3EsCl; and
2531‘2531.'3.

In the case of americium and curium the spectra
were due to f » d transitions and absorpticv by
radiolysis products — no charge transfer bands
were seen. The berkelium spectra showed only a
large uv absorption, while the californium spectra
showed several peaks which are not interpreted
as being due to radiolysis products, The assign-
ments for these peaks have not yet been made.

SELF-ACTIVATED THERMOLUMINESCENCE IN
SEVERAL LANTHANIDE- AND ACTINIDE-
DOPED THORIUM DIOXIDE CRYSTALS

C. B. Finch®®
L. J. Nugent

G. K. Wemer®®
M. M. Abraham®’

Thermoluminescence in the temperatare range
125 to 180°C has been found for ThO, crystals
doped with Eu®*, Ga**, Dy ¥, Er*, 'rm3+ Y,
and 244Cm3*, In each case the thermeluminescence
emission spectrum is characteristic of the rare-
earth tripositive jon and is identical to the spec-
trum obtained by ultraviolet excitation. It can
be shown in the lanthanide cases that the energy
released in the thermoluminescence process atrises
from the 4-Mev' (1.39 x 10'° year half-life) alpha-
particle emission from the 100% abundant naturally
occurring 232Th in the ThO,. In the 244cp* case
the thermoluminescence energy arises primarily

sMetals and Ceramics Division.
5GPI-ufsi.ce& Division.
7Solid State Division;
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from the more intense 6-Mev (18.1-year half-life)
alpha-particle emission from 244Cm*®*. The alpha
energy is primarily absorbed in the crystal (at
room temperature), where it creates storage sites
capable of releasing energy to excite the rare-
earth ion at the elevated temperatures. The
storage sites can also be created by 2537-A
radiation, and they are slowly removed by visible
light. Paramagnel:xc resonance measurements on
the Tm? -doped crystals confirm that neither
Tm?* nor Tm** jons are present in the activated
samples, indicating that the dipositive or tetra-
positive ions are it general not involved in.the
energy transfer or storage process, The mechanism
by which the energy is transferred is under study.

PREPARATION AND CRYSTAL STRUCTURE
OF C{OF

J. H. Burns J. R. Peterson

Californium oxyfluoride was prepared (by J. R. P.)
at the Lawrence Radiation Laboratory, Berkeley,
as part of 2 study of compounds of californium.,
Elsewhere, there has been extensive work in the
preparation and x-ray study of lanthanide oxy-
fluorides as well as AcOF znd PuOF.%%®
In several of these compounds both a fluorite-type
cubic structure and a thombohedral distortion of
it have been reported. OQur crystal-structure de-
termination was catried out both to establish the
ideatity of the compound and to cbtain accurate
crystal paramelers.

The isotope 24°Cf, stored on a resin bead, was
used as starting material. Air ignition to Cf,0,
was followed by treatment with HF gas-at about
700°C to form CfF, and the (accidental) admission
of H,0, which hydwlyzed the CfF, to CfOF. A
single transparent, light-green crystal of about
30 i diameter was formed. Th is sample was used
for x-ray analysis. ‘

Precession x-ray photographs and d:ffractometer o
measurements readily indicated that this crystal o
was face-centered cubic; the obvious choice of

* structure was the fluorite type, (wlu h was con- -

firmed by the ultimate agreement réached betwee:;
observed and calculated structure factors. All

530 forms (to sin 9/A = 0.69) of the face-centered
cubic reflections were measured by diffractometer

S8y u. Zachariase;l. Acta Cryst. 4, 231 (1951). ‘

’
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using Mo Ka radiation. Equivalent forms were
averaged for a given reflection, tending to average
out absorption effects due to nonregular shape but
not accounting for dependence of absorption on

29 angle. An approximate correction for the

latter was applied but is limited in accuracy by
lack of data on the linear absorption coefficient
of californium. Seventeen independent structure
factors were derived. '

In the fluorite structure atomic positions are
fixed by symmetry: californinm is at the cation
site and oxygen and fluorine are randomly dis-
tributed ‘over the anion sites. Thus the only
variable parameters are the unit cell dimension
and isotropic temperature factors Tor the cation
and average anion. The unit cell parameter was
refined by least squares to fit seven measured 20
angles near 57° (Mo Ka = 0.70926 A). This gave

2

an g, = 5.561 A with a standard error, ¢, of 0.004 A.

Temperature factors were adjusted by the method
of least squares to fit the 17 observed stucture
factors. Values obtained were B(Cf) = 2.6 (o=
0.2) A? and B(O, F) = 3.4 (c=0.3) A%. The
agreement index, based on fluorine, was 0.012.

From the unit cell dimension, the Cf-(0, F)
distance is calculated to be 2.408 A, lying be-
tween the metal-(0, ¥} distances predicted for
SmOF and EuOF.%® A similar observation, that
the Cf** radius is comparable with that of Eu®”,
has been reported®® for the correspond ing cubic
sesquioxides.

CRYSTAL AND MOLECULAR STRUCTURE OF
CESIUM TETRAKISHEXAFLUOROACETYL-
ACETONATOEUROPATE(I1) AND
-AMERICATE(H)

J. H. Bumns M. D. Danford
The two compounds desigrated CsEu(HFA),

and CsAm(HFA),, where HFA = hexafluoroacetyl-
acetone, were found to crystallize with the same

- orthorhombic structure. Their unit cell dimen-
sions, obtained by a least-squares fit to single-
crystal me asurements on a diffractometer, are as
follows:

5%y, A. Eick and D. B. Shinn, Nucl. Sci. Abstr. 21,
4483 (1967).

60]’. R..Peterson and B. B. Cunningham, Inorg. Nuci.
Chem. Letters 3, 327 (1967).

CsEu(HFA)d CsAm(HFA)4

a = 8.660 £ 0.005 A a=8.62 £0.02 4

bh=21.75 £ .02 b =21.93 £0.06

¢ =17.43 £ 0.01 ¢ =17.45 + 0.05
The space group is Phen, and the number of
molecules per unit cell is 4.

Intensity data for use in determination of the
structure were obtained with the computer-con-
trolled x-ray diffractometer of the Transuranium
Research Leboratory, About 1900 independent
reflections were measured for CsEu(HFA) , and
some 1050 for CsAm(HFA),. The latter crystal
showed a continual degradation of intensity and
crystallinity during the course of a week of data
collection. Whether this damage is due to alpha
radiation from the **34Am or is the effect of x ir-
radiation is not known, since similar degradation
has been observed in CsNd(HFA) o H 0 yet
was not found in CsEu(HFA) .

The solution of the crystal stmcture was at-
tained with the CsEu(HFA) 4 data by use ofa’
Patterson map to locate the Cs, Eu, and O atoms
and a succession of difference Fourier maps to
elucidate the remainder of the structure. The
heavy atoms are on a twofold axis in 4(c) posi-
tions, and the 26 other independent atoms are in
general 8(d) sites of space gronp Pbcn. Hydrogen
atoms were not located.

Refinement of the positional parameters of the
28 atoms of the structure and anisotropic thermal
paramete s for each was carried out by the method
of least squares. After convergence of this itera-

" tive method the discrepancy index R =X |1F0] -

\F_I|/Z(F,) was 0.06. In the case of CsAm(HFA),,

refinement was limited to use of isotropic thermal
parameters, since the data were judged to be in-
sufficiently precise (due to the nature of the
sample) to justify more elaborate treatment. The
corresponding R index was 0.12.

The structure [to be discussed in terms of
CsEuw(HFA),, since CsAm(HFA), is isomorphous]

- consists of an anicnic species, Eu(HFA) 4 » and

Cs* ions interleaved at equal intervals along the
a axis in a slightly zigzag chain. There are only
F~F contacts between chains, no doubt account-
ing for the volatility of the compound. The
europium atom is coordinated by eight O atoms

at an average distance of 2.37 A in a dodecahedral
array. The chelate rings span the dodecahedral

P S

ety s



IO A . R Y SR L O et 1 4 o bk P

[ Y ST

A T

e L TAPEI T b AT A T T 5 T e TR G T g e e e e

43

ORNL-DWG. 68-6965

Fig. 2.7. A Stereographic Pair Shewing One Cs¥ lon and Itz Twe Neighboring [EU(HFA)4]_ lons.

ORNL-DWG. 68-8956

Fig. 2.8. A Sterecgraphic Pair Which [llustrates the Packing of Molecules in One Unit Cell of CsEu(H.FA)‘._

edges in a manner which produces an overall
idealized D, symmetry for the anion. The six-
membered chelate rings are essentially planar but
folded along the 0—0 line by about 10°. Each
Cs” jon has six contacts with O and six with F
at average distances of 3.40 and 3.24 A respec-
tively; these are equally distributed between two
anions which the Cs” ion binds together.

Figure 2.7 shows the details of two Eu(HFA),~
anions including the themal motion represented
by ellipsoids. Figure 2.8 shows one complete
unit cell to illustrate the packing of molecules.
The large thermal motions executed by the terminal
fluorine atoms suggest that either hindered rota-
tion of the CF, groups or a static disorder in
their positions may exist.




e £ T e A AT el

B DEARIEES ST s e ok Pt ks o e e o

PREPARATION AND PROPERTIES OF SOME
RARE-EARTH AND AMERICIUM CHELATES

M. D. Danford J. H. Burns

Recent reports that yttrium forms a volatile
anionic complex with hexafluoroacetylacetone
(HFA)®! and that rare earths form volatile chelates
with 2,2,6,6-tetramethyl-3,5-heptanedione (THD)*?
have prompted us to investigate similar com-
plexes with rare-earth elements and americium.
Using essentially the published¢? -$% methods of

®:3. J. Lippard, J. Am. Chem. Soc. 88, 4300 (1966).

62K. J. Eisentraut and R. E. Sievers, J. Am. Chem.
Soc. 87, 5256 (1965).
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synthesis we have prepared a variety of chelates
and performed measurements on them, which have
included chemical analyses, volatility studies,
and x~ray diffraction examination. Chemical
analyses employed were Karl Fischer titrations
for water, carbon and hydrogen analyses,®® and
spectrographic determination of the metals. A
list of the compounds which have been character-
ized is given in Table 2.12 along with the crystal-
lographic data obtained from single-crystal
studies of each, Of these, the anhydrous com-
pounds CsEu(HFA), and CsAm(HFA), were
selected for crystal-structure determination as

837, R. Stokely, Analytical Chemistry Division.

Table 2.12. Crystallogrephic Data for Seme Cheletes of Rare Earths and Americium

Crystal Space . . . "
Formula System Group Unit Cell Dimensions (A)
CsLa(HFA), Triclinic P1 or FT a=9.81 b =10.81 ¢ =17.06
a.=91%47° B =105%2" y = 114°57°
CsLa(HFA), *H,0 Monoclinic P2 /c a=12.13 b =20.84 ¢ =17.53
8 =129°30"
CsPr(PIFA)4-H20 Monoclinic P21/c 5 =23.71 b =18.76 ¢ =16.31
B = 111°50"
CsPr(HFA), - xH,0 Monoclinic P2 /c a=12.56 b=21.87 c= 1774
B =127°537
CsNAHFA), Orthorhombic Phen a =861 b= 21.87 c=17.32
CsNd(HFA) ,-H,0 Monoclinic B2, /c a=23.62 b= 18-7;8 ) ¢ =16.31
4’2 B=111%2
hY
CsNA(HFA), « xH,0 Monoclinic P2 /c e =12.51 b=21.84 ¢ =17.72
B =127%3"
CsEu(HFA), Orthorhombic Pben a =8.66 b=21.65 c=17.43
Cs'Th(HFA), Orthorhombic Pben a = 8.67 B =21.65 c=17.48
CsAm(HF A), Orthorhombic Pben a=8.62 b =21.93 ¢ =17.45
CsAm(HF'A)4 -H,0 Monoclinic P2,/c a =23.15 b=18.78 c= 16.29
B = 109507
L]
Eu(THD)3 from DMF? Orthorhombic Pbca a = 24.88 b=2271 c=17.37
NA(THD), from Monoclinic P2,/c a = 12.40 b =28.20 ¢ =22.38
ether® B=106%35"
Am(THD) 3 Monoclinic?

“DMF = dimecthyformamide. Different crystalforms were obtained from two solvents; hence the formula is in

doubt.

bPowder diagram showeu iscmorphism with N&(THD),.




discussed in the preceding paper. The number of
water molecules per molecule of metal-organic
compound is somewhat uncertain, as indicated in
Table 2.12. The percentages of water, determined
by Karl Fischer titrations, do not correspond to
exactly one or two water molecules except for the

compounds containing lanthanum and praseodymium.

For CsNd(HFA), - H,0 and the two isomorphous
compounds containing praseodymium and americiur
the water of hydration will be ascertained by a
crystal-structure analysis now under way. Sub-

45

limation of the compounds CsLn(HFA),, where
Ln is one of the lanthanides of Table 2.12, was
achieved at about 150° and a system pressure
~10™2 mm with very little decomposition, but
CsAm(HFA), decomposed without subliming and
formed &. -nF at about 135°C. Both Eu(THD),
and Am(THD) sublimed at about 105°C, system
pressure 4 x fo-5 mm, with apparently little de-
composition. The preparation of this volatile
compound of americitm is regarded as potentially
of considerable practical importance.
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3. Isotope Chemistry

SOLVENT EXTRACTION OF LITHIUM

D. A. Lee W. L. Taylor!
W. J. McDowell?

Further studies on the extraction of lithium jons
using dibenzoylmethane (HDEM) and trioctyl-
phosphine oxide (TOPO) in synergistic combination
were completed. The distribution coefficient of
lithium, D, | = fLil /[Li],, was determined as a
function of equilibrium pH, chelating agent (HDBM)
concentration, and adduct (TOPO) concentration.
Variations of these relationships in the presence
of competing alkali cations (including NH *) were
noted. Continuous variation studies also cotrob-
orated these results. From these data, melecular
formulas for the extracted lithium species were
proposed. A paper describing this work has been
accepted for publication in the Joumal of Inorganic
and Nuclear Chemistry.

Formation of a 1:1 complex between the reagents
HDBM and TOPO was indicated by dielectric con-

stant measurements of various ratios of HDEM/TOPO

in dodecane. A plot of dielectric constant vs mole
fraction TOPO indicated a maximum deviation of

the dielectric constant from ideality at approximately

0.5 mole fraction TOPO. MNuclear magnetic
resonance measurements indicated that this com-
plex was very weak. We estimated the value of
the formation constant for this complex as 0.14,
using the method described by Scruggs et al.®
The determination of the loading isotherms. for
lithium was made in the presence of various other
alkali metal cations and ammonium ion. For sys-

1omAU Summer Farticipant 1966 from Mt. Vemon
Nazarene College, Mt. Vemon, Ohio.

2Chemical Technology Division.

3. L. Scruggs, T. Kim, and N. C. Li, J. Pkys. Chem.
67, 2194 (1963).
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tems supported with Na* and NH 4+ the slope of

the loading isotherm was 1, that is, the degree of
association of the lithium species in the organic
phase was the same as that in the agueous phase.
However, in systems supported by K* Rb?, and
Cs*, the slope of the plots log [Li}; vs log [Lil,
were very nearly 2; thus, in these systems the
extracted species were dimeric, and primed symbols
indicate that a correction has been applied to take
into account this association.

The dependence of the extraction coefficient on
pH at constant HDBM, TOPO, Li, and supperting
cation concentrations is shown in Fig. 3.1. The
slope of 1 indicates first-power hydrogen ion
dependence in all systems studied. The neutraliza-
tion seaction which occurzed at extraction thus
involved one HDBM molecule and one lithinm ion.

To determine the effect of HDEM concentration
on the extraction coefficient, lithium concentration,
pH, and TOPO concentration were held constant.
For extraction systems in which sodium chloride
was used as the supporting electrolyte, the slope
of log D vs log HDBM was 1, as shown in Fig,
3.2, Thus, since HDBM is known to be monomeric
in these solutions,?~7 there was one HDBM
molecule included in the extracted species for
each lithium atom. This result suggests a com-
pound of stoichiometry LiDBM-xTOPO. S3imilar
behavior was obsetved in systems supported by
ammonium chlotide. For systems supported by
heavier alkali metal salts (K, Rb, and Cs), log
D} vslog [HDBM] plots had slopes of ~2, thus

“R. S. Rasmussen, D. D. Tuanicliff, and R. R.
Brattain, J. 4m. Chem. Soc. 71, 1068 (1949).

5G. A. Hammond, W. G. Borduin, and G. A. Guter,
J. Am. Chem. Soc. 81, 4682 (1959).

6
J. L. Burdett and M. T. Rogers, J. 4m. Chem. Soc.
86,2105 (1964). gers, J. A e 506

7D. E. Williams, Acta Cryst. 21, 340 (1966).



ORNL - DWG. 67-10221

| 7 T T

100 |— —]

= =1 .

s 0.014 Licl ]

10— —

D R ]

KOH
10— )
04 —
o
0.01/ 1 | ] 1

7.0 8.0 9.0 10.0 1.0 12.0

EQUILIBRIUM pH OF AQUEOUS PHASE

Fig. 3.1. Dependence of Extraction Coefficient on pH.

indicating two HDBM molecules per mole of

lithium in the extracted species (Fig. 3.3). Since
organic-phase lithium exists as a dimer in -systems.
supported by the heavier alkali metal ions, the
extracted lithium species contained four HDBM
Ligands., These results suggest a complex of
stoichiometry Li ,DBM 2-2HDBM-XT0PO.

The effect of TOPO concentration on the extrac-
tion coefficient is shown in Fig. 3.4. Again, for
systems supported by K, Rb", and Cs*, the slopes
of the plots of log D vs log [TOPO] were 2, indi-
cating the consumption of two moles nf TOPO per
mole of extracted lithium. ‘TOPO depemdence with
sodium as the supporting jon only approached the
slope of 2, as given in Fig. 3.5. The deviation of
the slope from 2 was probably due to competition
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Fig. 3.2. Dependence of Extraction Cocfficient an
HDBM Concentration,

for TOPO by sodium ions. Although the selec-
tivity coefficient favors lithjum 1000 to 1, the
sodium concentration present was 1000 times
greater than that of lithium, Thus the amount of
sodium extracted was significant, and the con-
centration of TOPQ available for extraction of
lithium was somewhat less than that plotted in
Fig. 3.5.

The foregoing results suggest that for sodium-
and ammonium-supported systems the extracted
species is a compound of stoichiometry LiDEM-
2TOPO, and for systems sapported by heavier
alkali metals the extracted species is a compound
of stoichiometry Li ,PBM,-2HDBM-4TOPO.

To aid further in the identification of the
extracted lithium species, the method of continnous
variations was applied. Extractions were made
from systems in which the ratios of the concentra-
tions of the reagents HDBM and TOPO were varied
while the sum of their concentrations was held
constant. In systems supported by K, Rb, and Cs
ions, the maximum extraction coefficient for lithium
occurred at 0.5 mole fraction TOPO. In systems
supported by sodium ions, the maximum extraction
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Fig. 3.3. Dependenco of Extraction Coefficient on
HDBM Concentration,

coefficient was rouch less definitive; however, an
estimate of the peak near 0.66 mole fraction TOPO
indicated two moles of TOPO per mole of HDBM
in the extracted species. The results from the
continuous variations studies are in agreement
with the HDBM and TOPO reagent dependencies,
both for the heavy alkali metal supporting salts
and for the systems supported with sodium ions.

SEPARATION OF BORON ISOTOPES
A. A. Palko

The ANCO process? for separating boron isotopes
is based on the chemical exchange reaction

ORNL - DWG, 67-10230
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Fig. 3.4. Dependence of Extraction Coefficient on
TOPC Concentration,

C,H,OCH,-' 'BF ,(1) + '°BF ,(¢) =

10 i
C HOCH,-'°BF () + “'BF ,(g) .

This process is economically superior to other

. methods for the separation of substantial quantities

of high-purity boron isotopes.? However, this
process could be improved further by substituting
for anisole a donor which would yield a larger

®a. A. Palko, Ind. Eng. Chem. 51, 121 (1959).

% etter, C. E. Larson to S. R. Sapirie; U.S. At.
Energy Rept. KA-720 (Nov. 1, 1966).
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Fig. 3.5. Dependence of Extraction Coefficient on
TOPO Concentration.

equilibrium constant for the isotopic exchange
reaction and which would have even greater
resistance to imeversible decomposition than
aniscle. According to a recently developed
theory concerning the mechanism of the isotopic
exchange reaction, '? pentaflucroanisole!! (PFA)
should yield a larger equilibrium constant than
anisole. Furthermore, PFA should be more
resistant to attack by BF ; than its unfluorinated
analog. For these reasons we examined the
technical feasibility of substxtutmg PFA for
anisole in the above isotopic exchange reaction.

At 800 torrs, 0.298, 0.156, and 0.009 mole of
BF _ per mole of PFA dissolved at —28.5, =21.0,
and + 24°C respectively. ‘The freezing point of
the solution was —30°C. Values for the isotopic
equilibrium constant were 1.0365 and 1.0356 at
—28.5 and —21°C.

Thus it appeared that PFA could be sausfactonly
substituted for anisole from the standpoint of chem-
ical stability and isotopic equilibrium constant.
However, such a substitution was unacceptable -
with respect to the quantity of BF , which couid
be dissolved in PFA. In view of this handicap,
it did not appear profitable to pursne the investiga-
tion further.

1. A. Palko and J. $. Drury, J. Chem. Phys. 47,
2561 (1967).
IQL;C): G. Jones, U.S. At. Energy Rept. K~1689 (April
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FRACTIONATION OF CARBON ISOTOPES
IN THE CUPROUS CHLORIDE-AMMONIUM
CHLORIDE-CARBON MONGXIDE SYSTEM

A, A, Palko

Studies of the fractionation of catbon isotopes in
the cuprous chloride—ammonium chloride—carbon
monoxide system (COCO) have continued, *?
Several runs were made in the automatic bench-
scale pilot plant, shown in Fig. 3.6, to measure
isotopic fractionation as a function of time, flow
rate, exchange column diameter, exchange column
packing, and pH of the process solution. Reagent
stabilities, refluxer efficiencies, and corrosion
rates of various materials of construction were
also investigated. Typical enrichment curves
are shown in Fig. 3.7. Refluxer efficiencies were
high; only 5 to 10 .ppm of CO remained in the barren
effluent from the product-end refluxer. The con-
centration of Cu,Cl, and the pH of the solution
remained essentially constant through each run,

125, A. Palks, Chem. Div. Ann. Progr. Rept. Moy
20, 1967, ORNL~4164, p. 27.
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No oxidation of CO to CO, was observed. Attain-
ment of isctopic equilibrium was rapid at all flow
rates studied. Stage heights of less than 1}
colunn diameters were readily attained. Except
for some additional corrosion studies the laboratory
examination of this system is complete. The
process appears to be more attractive for the
enrichment of multigram quantities of high-purity
13C than previously described processes, aithough
it is now threatened by the cyanide-cyanohydrin
process described in the next report. The prepara-
tion of cost estimates for production plants of

-various sizes appears to be justified and will be

undertaken when time permits.

A LIQUID-LIQUID SYSTEM
FOP ENRICHMENT OF 13C

L. L. Brown

As previously reported,'® the chemical exchange
reaction

13, L. Brown, Chem. Div. Ann. Progr. Rept..May
20, 1967, ORNL~4164, p. 28.

50 60 0 80 20 100 i

TIME (hr} : i

R,C(OH) **CN(org) + '*CN~(aq) =

R,C(OH) *CN(org) + '*CN"(aq), (D)

where R represents H, an alkyl group, or an alkenyl
group, results in an unusuvally large concentration
of 13C in the cyanchydrin species. Our studies "
of reaction (1) during this report period were devoted i
largely to obtaining a broader understanding of the i
factors involved in the exchange mechanism and I
in methods of refluxing each chemical species. 5
The information obtained will aid in the design of
a process for producing high-puarity *3C.

One major finding was that a portion of a ketone
solvent may be converted to its cyanohydrin to
serve as the exchange species. A variety of
compounds having different side-chain structures
were examined to see which yielded the largest
isotopic separation factor. The isotopic separation
factor is defined as

'(13C/120)
Otm — T

ore

(13c/120)aé1




and equals the equilibrium constant for reaction
(1). Except for mesityl oxide, which has ant un-
saturated side chain, the factors did not differ
for the series of compounds examined. The
separation factors at 25°C for these ketones
were: methyl isopropyl, 1.040,; methyl isobutyl
(MIBK), 1.039,,; methyl amyl, 1.040 ¢ dibutyl,
1.039; and mesityl oxide, 1.029,.

The exchange rate for reaction (1) must be rapid
if the reaction is to be useful. We measured the
rate of exchange of CN between normal acetone
cyanohydrin in MIBK and Na **CN in water, The
half-time of exchange was ~ 8 sec. This rate is
adequate for any type of contactor which might be
used in a commercial plant.

In order to establish an isotopic gradient in a
chemical exchange column, it is necessary to
reflux the chemical species in which the desired
isotope concentrates. If an economical process
is to result, it is usually necessary to reflux the
other chemical species as well. In chemical
exchange systems, reflux consists in converting
the chemical species present in one phase to that
form which is present in the opposite phase; that
is, refluxing the product species in reaction (1)
consists in converting R, C(CH)CN in methyl
isobutyl ketone to CN™ in an aqueous solution.
Thousands of moles of cyanchydrin must be
refluxed for each mole of product obtained if
high isotopic purities are achieved. It is thus
mandatory that the reflux be accomplished by
a simple, inexpensive reaction. Ideally, it is
desirable to effect the reflux of each species by
the simple addition or removal of heat. We have .
established the feagibiiity of refluxing the organic
phase of reaction (1) by means of the teaction

R,C(OH) CN{org) + Na,CO (aq) =
R,CO(org) + NaCN(aq) + NaHCO (aq) . )

Reaction (2) was displaced quantitatively to the

right by passing the organic phase through a packed

column countercurrent to the agqueous solution of
Na,CO,, which had been heated to ~60°C.

Reflux of the waste stream requires the formation
of cyanohydrin from an agueous CN™ solution.
From prelimipary studies, it appeared that this
could be accompliched by the following reaction:

NaCN(aq) + NaHCO 3(aq) + R,CO(org) =

51

R ,C(OH)CN(org) + Na,CO (aq) . 3

Reaction (3) can be displaced to the right by pass-
ing the organic phase through a packed column
countercurrent to a cooled agueous solution of
NaCN and NaHCO,. The conditions required for
the quantitative conversion of CN™ to the cyano-
hydrin are currently under study. When optimum
conditions are established, it should be possible
to integrate the exchange and reflux reactions so
that the bamren effluent generated in the refluxing

.of each isotopic species will serve as the reactant

in the reflux reaction of the alternate species.
Thus, there will be no net consumption of chem-
icals; only the addition or removal of heat will be
required to reflux each stream. This system is
indicated schematically in Fig. 3.8.

The cyanide-cyanohydrin exchange system
{Cyanex system) continues to appear very attractive
as a means of producing multigram quantities of
high-purity 3C at low unit cost.

VAPOR PRESSURE OF THE SYSTEM
DIMETHYL.AMINE-CARBON DIOXIDE

L. Landau C. R. Wilson!# -
Previous studies of the fractionation of carbon
isotopes between CO » £as and alkylamine carbamaie

indicated 2 compositional anomaly for the di-
methylamine carbamate. Analyses of this com-
pound suggested & 1.8 mole ratio of amine to CO 2
Most other alkyl amines react with CO,, to form a
2:1 complex. The exchange of carbon between
dimethylamine carbamate and gaseous CO, also
resulted in an unexpectedly low value for the
isotopic fractionation factor. These observations
suggested that the molecular species resulting
from the addition of CO, to dimethylamine might
be different from the spec:es obtained with higher
amines. To examine this possibility, we perf\ormed
a detailed study of the vapor pressure of the sys-
tem dimethylamine—carbon dioxide. Figure 3.9
shows the molar composition plotted against
reciprocal temperature for several different vapor
pressures.

These curves all show a maximum temperature
for a composition of 64.2 mole % dimethylamine

ORAU Summer Student Trainee from St. Mary s
College of California.
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; . ORNL-DWG, 685953
400 R L R This composition is equivalent to 1.8 moles of
3901 o amine to 1 mole of CO, and indicates that the
dimethylamine-CO , system is mote complex than
3.801 " 2
the other amine carbamate systems. Further
3701 investigation will be required to determine the i
320 nature of this complexity. [
£
350} . S,
8 5.0 OXYGEN-17 FACILITY i
3.30 : D. Zucker &
320} : -
. Extensive changes were made in the Oxygen-17
3101 . Facility during this report period. After 6.5 years
3.00 . of continuous operation a reboiler in the distilla-
- tion cascade had to be replaced. The change was
290 1 - L
L IR S T I E— : made necessary by the rapidly diminishing heat !
€0 70 ) 30 66 : . e
MOLE PER GENT AMINE transfer capacity of the reboiler. In addition, the i
distillation column associated with the reboiler
Fig. 3.9. The Vapor Prassure and Composition of Di- was repacked and fitted with a new, longer con- .

methy lumino-COz. denser. ’w
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The circulating water system which formerly
served the jackets surrounding the distillation
columns and the steam condensers was divided
into two separate systems to allow greater opera-
tional control of these units.

Changes were made in the fittings of several
thermal diffusion columns to minimize the inleakage
of air and the outleakage of isotopically enriched
oxygen. A second electrolysis cell and a two-
column thermal diffusion cuscade were added to
the existing equipment. This revision is expected
to double the 170 output of the facility and to
increase the purity of the **0 product.

An alternate supply of 50-psig steam was provided
from an adjacent building to eliminate the necessity
of shutting down the thermal diffusion columns
during occasional outages of the main steam
supply.

New product withdrawal systems were designed
and instelled for the collection of all gaseous
products. Former methods of collection utilized
rubber tubing, which was found to degrade the
quality of several gaseous streams, patticularly
the 99.8% 120 and the 99.996% 1%0 streams.

The alterations to the water distillation column
and related equipment disrupted the isotepic '
gradient in that cascade and required a reduction
in the product withdrawal rate. However,
approximately 300 g of H, 70, H, '0, %0, and
170, having an aggregate value of $49, 000 were
transferred to Isotope Sales during the report
period.

PHOTOCHEMICAL SEPARATION
' OF ISOTOPES

It is well known that an isotopically substituted
molecule is capable of absorbing energy at a fre-
quency different from that absorbed by an analogous
molecule not containing the isotape of interest.
This effect gives rise to the photochemical method
of separating isotopes in which the desired isotopic
species is selectively activated by irradiation with
monochromatic light of the appropriate frequency.

In principle, the activated species may then be
separated from the undesired, unactivated species
by means of a chemical reaction which occurs only
with the activated molecules. This method, which
is so aftractive in principle, has met with little
success in practice. In fact, despite numerous
proposals and experimenta] trials, there are no
practical applications of this technique.

In view of the many suggestions concerning the
use of photochemical methods of separating
isotopes, the Isotope Chemistry Group is under-
taking a study of the problems associated with
each step in the photochemical separation process.
We intend to utilize spectroscopic data to compute
the most favorable irradiation frequencies for given
molecules. A study will then be made of condi-
tions for excitation. Subsequently, other problems
will be examined, such as finding a suitable
reactant, minimizing chain reactions, and prevent-
ing energy transfer between activated and un-
activated species.

The separation of chlorine isotopes was selected
for examination first since spectroscopic data
exist for 35C1,, 35CI%7Cl, and *7Cl1, by which the
frequencies of various activated states may be
computed.

Photochemical Separation of Chlorine |sotapes

W. H. Fletcher!s

The argon ion laser has two strong emission
lines, each of which contains about 40% of the
total output. These are the lines at 4880 A and
5145 A. These lines lie at 20,486.7 cm~* and
19,429.7 cin~?! respectively (vacuum frequencies).
The first excited electronic state of Cl, produces
absorption in this region, and these frequenc:,es
of radiation would produce molecules in the v*

18 and v’ = 9 vibrational states respectively.
The rotational line frequencies for these and
adjacent vibrational states have been computed
for *5C1,, *5Ci—*7Cl, and 37CL,. One can
find many lines of the last molecule which are

~ separated from lines of the other two molecules

by 1.5 to 2.0 cm™". This difference is sufficient
so that a narrow laser line (~0.1 cm™*) could be
used to excite the heaviest molecule almost
exclusively. Examination of the rotational fre-
quencies around the two argon ion frequencies
shows that all three molecules should be excited
by the 20,486.7-cm™* line, but the lowes-frequency
{ine could probably be used successfully in a
selective excitation,

It would be possible to test the mechanism of
separation by using the output of a wide-aperture

Consultant, Department of Chemistry, University
of Tennessee, Knoxville.
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" monochromator, but the total intensity available

would be sufficient to muke only enough products
for a mass spectrograpitic analysis. The mono-
chromator output would have the advantage of
being tunable to any desired frequency.

CHEMICAL FRACTIONATION OF THE ISOTOPES
OF URANIUM

A. C. Rutenberg

The isotopic equilibrium constant for the exchange
of 235 and 2%®U between uranous ion in aqueouns
solution and uranous cupfetride in chloroform was
reported to be ~1.001 when it was first measured
in 1947.16 The value of (K, — 1) is larger by
one or two powers of 10 than that currently predicted
for such a reaction. If the current estimate of the
equilibrium constant is valid, there can be no
question that it is technically and economically
unfeasible to enrich 235U to high purities by such
a reaction. Since this quegtion arises perennially,
particularly among newcomers to the field of
isotope separation, we have undertaken a redeter-
mination of the equilibrium constant under condi-
tions designed to yield the most precise values
which present-day analytical techniques can
achieve.

The experiment consisted in vigorously con-
tacting equal volumes of two immiscible solutions,
both ¢,06 ¥ in uranium. The immiscible phases
consisted of an aqueous solution of UCl, in1 ¥
HCl, and uranous cupferride dissolved in chlore-
form. After separating the phases, the uranium
was recovered from the desired phase, purifted,
reconverted to UCI,, and used to prepare the two
phases of the subsequent equilibration. We
followed the aqueous phase through five equilibra-
tions and the chloroform phase through four
equilibrations. Samples from the starting uranium
and the uranium recovered from the final equilibra-
tions following both the aqueous and chloroform
phases were submitted to the Isotopic Analysis
Department of the Oak Ridge Gaseous Diffusion
Plant for assay.

Preliminary results, based on analyses of the
first few samples, indicated a value of ~1.00008
for the isotopic equilibrium constant. It thus

A5%. W. Woodard of al., Chemical Separation of the
Isotopes of Uranium, Y~185, pp. 3-8 (August 1948;
declassified with deletions Mar. 6, 1957).

appears economically and technically unfeasible
to concentrate 2350 to high purities by chemical
exchange reactions of the type examined.

When available, the final data will be analyzed
statistically and will be published in the unclas-
sified literature.

MOLECULAR SPECTROSCOPY 17

G. M. Begun A. C. Rutenberg
C. M. Haas'®

The program to cbserve and interpret the vibra-
tional spectra of isotopic and other interesting
molecules has continued. The previously reported
stady*? of the Raman and infrared spectra of the
108 and !!B-substituted complexes of BF, with
dimethyl sulfide was completed and published.?®
The results of the spectroscopic study*® of the
group IV-A and group V-A hexafluoride ions wete
also published.??

Bicyclo[1,1,0]butane consists of two cyclopro-
pane rings sharing a common edge. The vibrational
spectrum of this molecule has been reported in the
literature2? but not in sufficient detail to permit
the successful completion of a force field analysis
which one of us has undertaken. For this reason
the Raman and infrared spectra of bieyclo1,1,
(]butane were chserved, Figure 3.10 is a
reproduction of the Reman spectrum. Wavelength,
intensity, and pclarization data for the principal
lines are given in Table 3.1. In order to deter-
mine which, if any, lines in the Raman and
infrared spectra are due to impurities, a sample
of the material was fractionated by low-temperature
distillation so that spectral comparizons could be
made of the fractions. The force constant treat-
ment is under way using computer techniques.

Solid I,Cl, has been shown by x-ray data?? to
have a rare planar structure with two bridging

”W. H. Fletcher consulted on this work.

YBgnmmer participant; address, Chemistry Department,
University of Alabama.

194, M. Begun and A. C. Rutenberg, Chem. Div. Ann.
Progr. Rept. May 20, 1967, ORNL-4164, p. 31.

20s;, M. Begea and A. A. Palko, J. Chem. Phys. 47,
96770 (1967).

2'G. M. Begun and A. C. Rutenberg, Inorg. Chem. 6,
221216 (1967).

22 Haller and R. Srinivasan, J. Chem. Phys, 41,
2745 (1964).

23K, H. Boswijk and E. H. Wicbenga, Acta Cryst.
7, 417 (1954).
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Fig. 3.10. Raman Spectrum of Liquid Bicyclel1,1,0lbutane.

chlorine atoms between the iodine atoms., Most
compounds of this type (Al,Cl,, Ga,Cl &) have

the bridging atoms in a plane perpendicular to the
plane of the molecule. Since I,Cl ¢ 1 orange, it
was not possible to obtain its spectrum with the
conventional Raman equipment using the blue
4358-A mercury line for excitation. We have
succeeded, however, in obtaining the Raman
spectrum of solid I,Cl, using a red laser

(6328 A) for excitation. This spectrum is shown
in Fig. 3.11. The planar structure of the molecule
has a D,, symmetry, and group theory leads to the
following 18 vibrational modes: .

4A1&+ 38134- 1323-9- 1B ,+ 14, ‘

+ 232::"'332::"'3333 .

Of these modes of vibration, the nine symmetric or
“gerade’ modes are expected to be Raman active,
the 4, = mode should be inactive, and the other -
eight modes should be infrated active. ‘Table 3.2
gives our observed Raman frequencies and their
tentative assignments. Since we cannot obtain
pelarization data on powdered or microcrystalline
samples, the assignments cannot be unequivocally
established. We made a normal coordinate analysis
of the molecule, and the calculated bond stretching
and bond bending force constants reproduced the
observed frequencies quite closely. These values
are given in Table 3.3.
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‘E Teble 3.1. Raman Lines of Bicyclo[1,1,0]butane (liquid)
f\ Observed Relative Observed Relative
) Bandi; Intensity Polarization® Bandls. Intensity Polarization®
; Cob (em™)
; 331 0.2 _ 1260 7 P
421 5 P 1294 i P
648 4 dp ‘ 1443° 1 p
: 729 0.2 dp - 1491 1 p -
834 4 P 1563° 1 P a
856"° 1 1640 0.2 P
: 874° 0.5 p 2840° 0.3 p
906 5 dp 2876 5 p
9g2* 0.5 P 2924 17 P
1001 0.5 P 2954 0.2
1077 1 p 2669 0.1
1087 10 p .3008 0.1
11112 1 p 3036 6 dp
1137 0.5 dp 3054% 0.2 P
1180 0.2 P 3118 12 P ‘.
: 1239 . 7 P ' :

“p = polarized; dp = highly depolarized.
[ Brhese lines may be due to cyclobutene impurity.

ORNL-DWG €8-3108
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Fig. 3.11. Raman Spectrum of Solid <1,
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Toble 3.2. Ramon Bands in Sclid 1,Cl, It may be seen that the ring or bridging I-Cl bonds
" are considetably weaker than the terminal bonds,
and it is an approximation to assume in the force

Observed

Relative
Bands Inete:;ity Assigoment constant calculation that all four of these bonds
em™) are equivalent. This assumption was made because
of the structural data which showed the bond dis-
32 0.2 Lattice vibration tances to be nearly equal, but the instability of
51 3 ve Ay ) the complex indicates this may not be true.
77 0.8 ve (B, ) Further calculations are in progress.
83 0.8 vy (Alg)
110.5 0.2 vys (Bsy ISOTOPIC MASS SPECTROMETRY
117.5 0.3 v B
11 B2 L. Landau
142.0 0.1 v, (Bxg)
199 1 v, (4, ) Samples of N,, CO, and CO,, derived from many
313.5 s vyl different experiments were examined for isotopic

fractionation using dual-collection techniques.
343.6 10 Ve (B The isotopic compositions of other samples
were determined by peak height meagurements.
Samples of O, from the Oxygen-17 Facility were
so highly enriched in 70 and '%0 that it was
necessary to measure the heights of all m/e peaks
to obtain meaningful results. Good analyses of
BF , samples required the spectrometer to be
baked cut between samples. If analyzed by the

Table 3.3. Preliminary Force Constants
for §,C1 (millidynes/A)

fI_CI.(termi.nal 1I-Cl stretch) 1.7 N .
usual ratio method, samples being compared
f,_cy (ring I-Cl stretch) 0.5 would contaminate each other due to memory
effects. It was necessary to analyze H, samples
£4/ryr, (CII-Cl in-plane bend) 0.04 at m/e 2 and 3. These positions were so wel}
i 9"§ (I-Cl-] in-plane bend) 0.03 regolved in our mass spectrometer that ions having

these m/e ratios could not be collected simul-

£,,/7} (1=C1 out-of-plane bend) - 0.08 taneously.
A total of over 600 samples were analyzed during

this report period.




4. Radiation Chemistry

VISRATIONALLY EXCITED OZONE IN THE
PULSE RADIOLYSIS AND FLASH
PHOTOLYSIS OF OXYGEN!

C. J. Hochanadel J. A. Ghormley  J. W. Boyle
The kinetics of ozone formation in the pulse
radiolysis and flash photolysis of gaseous oxygen
were studied by measuring the change in optical
absomption following the pulse or flash. The ab-
sorption spectrum immediately after the pulse
was broader, and the peak was at longer wave-
length (~2860 A) than that of ground-state oczone
(~2560 A). The initial absorption is attributed
to ozone in upper vibrational levels produced by
0+0,=0_%. The overall third-order reaction
O+ 02 + M —> 03 + M, where M is a third body,
occurs by a sequence of steps. This was clearly
shown by observing the kinetics at several wave-
lengths. At the longer wavelengths (e.g., 3130 A)
some absorber was produced during the pulse.
After the pulse the absorption first increased and
then decayed. At the shorter wavelengths
(<2800 A) the absorption built up continuously after
the pulse and leveled off. As the reaction proceeds,
with oxygen atoms converted to vibrationally ex-
cited ozone followed by stepwise deexcitation, the
absormpiion increases and the spectrum shifts to
shorter wavelengths. The relaxation time for de-
excitation from the upper vibrational levels to the
ground state is 26 x 10~6 sec in 0, at 740 torrs
and 24°C. Deexcitation requires at least 4.5 x
104 collisions. The third-order rate constant for
oxygen atom disappearance is several times
jarger than that for formation of ozone in the
ground vibrational state. This accounts for some
of the discrepancy in the literature. Neither rate

"Summary of paper in press, in the Journal of Chem-
fcal Physics.
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constant can be evaluated accurately by optical
absorption measurements. However, measurements
at 2800 A, where all vibrational ievels appear to
have about the same extinction coefficient, gave

2 value of 2.2 x 108 M—? sec~!. This value
should approximate the rate constant for oxygen i
atom disappearance, for which Kaufman and
Kelso? determined 2.4 x 10% ¥~2 sec™!. Meas-
urements at wavelengths below 2480 A gave an
upper limit of the rate constant for formation of
ground-state ozone of 1 x 10% ¥—? sec™1.

THE YIELD OF OZONE IN THE PULSE _
"RADIOLYSIS OF GASEOUS OXYGEN AT VERY N
HIGH DOSE RATE. USE OF THIS SYSTEM
AS A DOSIMETER

J. A. Ghommley  C. J. Hochanadel  J. W. Boyle
With the availability of field-emission high-energy
electron sources that can produce pulsed beams at
very high currents (several thousand amperes), it is
feasible to study rapid reactions in gaseous systems
by optical measurements, and it is therefore desir-
able to have a convenient gas-phase dosimeter.
Ozone formation in oxygen provides a simple and
accurate system for this purpose. Following an
electron pulse (~30 nsec duration for our measure-

" ments) the ozone concentration builds up and

reaches a steady value after about 30 psec. Most
of the ozone is generated after the electron pulse,
and the back reaction is negligible. The ozone
can be conveniently and accurately measured in
site by its absorption in the ultraviclet, thereby
allowing measurement of the average dose ab-
sorbed in the volume occupied by the optical
beam.

2F, Kaufmann and J. R. Kelso, J. Chem. Phys. 46,
4541 (1967).



A vield of ozone of 13.8 £ 0.7 molecules per
100 ev was measured in oxygen at 1 atm pres-
sure at a dose rate of 1012 rads/sec. The ab-
sorbed dose was tased on the energy absorbed
in a thin aluminum calorimeter. While this yield
is somewhat higher than a recently reported
value®* of 10.2 £ 0.6 determined from the
initial rate of formation in radiolysis by cobalt
gamma rays at low dose rate, it is clear that
there is little or no dose-rate dependence over
the range from 10% to 19*2 rads/sec.

The a priori calewlations of Fueki and Magee’
indicated that the yield should be lower at this
very high dose rate at this pressure. No dose-
rate dependence is expected in the reactions of
O atoms, since the known rate constants indicate
that reaction of O atoms with oxygen to form
ozone is favored over O atom combination or back
reaction with ozone. Any dose-rate dependence .
would have had to enter throngh the fast reactions

of the various ions, electrons, and excited species.

A HIGH-INTENSITY SQUARE-WAVE
ANALYTICAL FLASH LAMP

R. V. Fitzsimmons®
J. A. Ghormley

C. J. Hochanadel
J. W. Boyle

Some work was done on developing a lamp to
produce a high-intensity long-duration square-
wave flash for high-resolution kinetic spectro-
photometry. This would be used for observing
the kinetics of individual vibrational states of
diatomic molecules such as oxygen. The lamp
was a xenon-filled quartz capillary 1 to 2 mm ID
and 10 to 20 mm long connected with capacitors
and inductors in a delay line circuit similar to
that described by Fitzsimmons and Bair.” For
the best flash, the emission in the visible had a
rise time of 10 psec and was constant within 3%
for 60 psec. The emission in the uv reczched a

3G. R. A. Joknson and J. M. Warman, Discussians
Faraday Soc. 37, 87 (1964).

" 4J. T. Sears and J. W. Sutherland, J. Phys. Chem.
72, 1166 (1968).

5K. Fueki and J. L. Magee, Discussions Faraday
Soc. 36, 676 (1963).

6V’i\,'.t;il:.i.ng scientist from Westem [llinois University,
summer 1967.

7R, V. Fitzsimmons and E. J. Bair, J. Chem. Phys.
40, 451 (1954).
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maximum at about the same time as the visible
but then decreased rapidly. At 2300 A the width
at balf height was only 20 psec.

RADIATION-INDUCED OXIDATION OF
CERIUM(II1) IN DEAERATED SULFLURIC
ACID SOLUTIONS

R. W. Matthews®  H. A. Mahlman
T. J. Sworski

Radiatioo~-induced reduction of Ce(IV) in sul-
furic acid solutions up to 8.0 M has been attributed
to the following teaction mechanism:

H + Ce(IV) —> HY + Ce(llD) , )]
#+0,—>HO,, @
HO, + Ce(IV) — H™ + 0, + Ce(IID) , &)
H,0, + Ce(IV) = H" + HO, + Ce(TID , @)
OH + Ce(Ill) —> OH~ + Ce(IV). 3)

It has become generally accepted that there is no
oxygen effect, except for any effect of oxygen on

GH and GH, since the sequence of reactions (2)

and (3) is equivalent to reaction (1).

For Ce(IV) reduction in air-saturated 0.4 # sul-
furic acid, G{Ce'™) decreases with increase in
Ce(lll) concentration due to the dependence of
GHz o, On Ce(IH) concentration. Much to our
surprisz.-',e, we discovered an oxygen effect when
we attempted to determine the dependence of
G(CeI™) on Ce(IIl) concentration for Ce(IV) re-
duction in deaerated 4.0 M sulfuric acid. While
Ce(IV) is reduced linearly with dose in air-
saturated 4.0 M sulfuric acid at any Ce(III) con-
centration, Ce(Ill) is oxidized in deaerated
4.0 M sulfuric acid containing 0.026 M Ce(lll) as
shown in Fig. 4.1. This is"the first observation
of ovetall Ce(ll) oxidation by ¢°Co radiation.

In the absence of initial Ce(IV), the concentra-

" tion of Ce(IV) increases nonlinearly with dose to
“a maximum and then decreases to zero. The maxi-

mum concentration of Ce(iV) which is obtained
increases with increase in either radiation in-
tensity, as shown in Fig. 4.1, or sulfuric acid

%Guest Scientist from Austrolian Atomic Encrgy Com-
mission, Rescarch Establishment, Sydney, Australia.
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Fig. 4.1. Effect of Radiation Intensity on Ce(lll) Oxi-
dation in 4.0 M Sulfuric Acid Containing 0.026 M Ce(lll).
Radiation intensities: ®, 1.98 krad/min; O, 19.5 krad/

concentration, as shown in Fig. 4.2. The cause
of the maximum followed by the sharp drop to
zero is the increasing oxygen concentration with
increase in dose. This was demonstrated by
sparging the solution with helium during iradia-
tion to inhibit formation of high concentrations of
oxygen; then the Ce(IV) concentration increased
and approached a limiting value asymptotically.
Figure 4.3 shows a rather complicated effect
of initial Ce(IV)} concentratior on Ce(lll) oxida-
tion. At low initial Ce(IV) concentrations, the
concentration of Ce(IV) decreases initially to a
minimum, then increases to a maximum, and then
decreases to zero. The maximum increase in
Ce(IV) concentration which can be obtained de-
creases with increase in initial Ce(IV)} until
Ce(lII) oxidation is no longer apparent. After
3 min of irradiation for the solution with highest
initial Ce(IV) concentration, Ce(IV) reduction is
linear with dose and G(Ce™) = 1.37, which is
close to G{Ce®) = 1.53 for Ce(IV) reduction in
air-saturated 4.0 ¥ sulfuric acid containing
0.026 M Ce(IV).
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Fig. 4.2. Effect of Sulfuric Acid Concentration on
Ce(ll}) Oxidation for Solutions Cantaining 0.026 M
Ce(lll). Sulfuric acid concentrations: ®, 2.0 M; @, 4.0
M; 0, 6.0 M.
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These effects of radiation intensity, sulfuric
acid concentration, and initial Ce(IV) concentra-
tion together with the observation that low initial
concentrations of 0,, H,0,, and H,5,0, increase
the initial rate of Ce(lIl) oxidation enabled us to
establish the reaction mechanism for overall Ce(Ill)
oxidation. The meaction of Ce(IV) with H,0, and
H atom is slow enough to enable reaction of H

atom with H, O

2727
H+H,0,—> H,0+OH, 6

to compete effectively with reactions (1) and (4). '
Furthermore, persulfuric acid and Caro’s acid are
additional products of irtadiation which do not
react with Ce(IV)? but which can react with H
atom, ' -

H +H,8,0,—> H,S0, + HSO, , 0]

H+I-12305~—>I-12804 + OH , (8a)
H+ stos_ —>H,0 + HSO, , (8h)

to yield HSO, or OH radical, which can oxidize

Ce(lll}. This mechanism requires that G(CeV) &

ZGH , which is consistent with our observations.
2

The surprising observation that low initial con-
centrations of O, increase the initial rate of
Ce(WII) oxidation, while higher concentrations of
O, cause reduction of Ce(lV), is attributed to the
sequence of reactions (2), (-4), (6), and (5) with
the following net reaction:

2H* + 2H + O, + 2Ce() —>
2H,0 + 2Ce(IV) . (9)

The effect of low initial concentration of O, ac-
cording to reaction (9) is oxidation of Ce(lIl) by
H atoms with a concomitant decrease in 02 con-
centration.

For the results shown in Figs. 4.1-4.3, solutions
were trradiated in 2-cm cylindrical spectrophoto-
metric cells of optically pure quartz. The concen-
trations of Ce(IV) were determined by the optical
density of the solutions at 320 my using molar
extinction coefficients of 6090, 6590, and 7070-
for 2.0 M, 4.0 M, and 6.0 M sulfuric acid respec-
tively.

93. W. Boyle, Radiation Res. 17, 427 (1962).

REDUCTION OF CERIUM(LY) BY HYDROGEN -
PEROXIDE -

H. A. Mohlman  R. W. Matthews'?
T. J. Sworski

The following reaction mechanism for reduction
of Ce(IV) by H,0, was indicated’’ in a study of
the isotopic exchange reaction between Ce(IV)
and Ce(iII): :

Sk -
Ce(IV) + H,0, = Cceih + H* +HO, , * (1)
-1 '

k.
Ce(IV) + HO,—% Ce() +H* + O, . @)

This mechanism was confirmed!? by a kinetic
study using flow techniques, and the mean value
for k k,/k_, of 1.28 x 107 M~ sec™! was re-
ported for 0.4 M sulfuric acid.

The overall reduction of Ce(IV) by H,O, is too
fast in 0.4 M sulfuric acid to study by classical
spectrophotometric techniques. However, during
the course of our studies in the madiolysis of
Ce(IV)-Ce(III) mixtutes in 4.0 i sulfuric acid with
a kilocurie 89Co source, we observed postirradia-
tion reduction of Ce(IV), presumably by H,0,. If
this presumption be true, there would have to be
a marked decrease in k k,/k_, with increase in
sulfuric acid concentration. The dependence of
k k,/k_, on sulfuric acid concentration has not
been previously investigated. Prior kinetic
studies* 112 were in 0.4 M sulfuric acid.

The reduction of Ce(IV) by H,0, was investi-
gated both in sulfuric acid solutions from 2.0 M
to 13.0 ¥ and in ammonium acid sulfate solutions
from 1.0 M to 5.0 M. The experimental procedures
were identical to those previously employed!?® in
our study of the reduction of Ce(IV) by HNO,.
Under our experimental conditions, an assumption
that k__[Ce(TlID)/k, [Ce@V)] >>1 appears to be
valid, and the rate of Ce(iV}) reduction is given
by the equation

10k, ast scientist from Australian Atomic Energy Com-
mission, Research Establishment, Sydney, Australia.

llp B, Sigler and B. J. Masters, J. Am. Chem. Soc.
79, 6353 (1957).

126, Czapski, B. H. J. Bielski, and N. Sutin, J.
Phys. Chem. 67, 201 (1963).

130 J. Sworski and H. A. Mahlman, Chem. Div. Ann.
Progr. Rept. May 20, 1966, ORNL-3994, pp. 44—46.
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Figure 4.4 shows the dependence of k k,/k_,
on sulfuric acid and ammonium acid sulfate concen-~
trations for experiments in which aqueous H,0,
solutions were mixed with suifuric acid or am-
monium acid sulfate solutions containing Ce(IV).
The rate of Ce(IV) reduction adhered well to Eg.
(3) except for 12.0 ¥ and 13.0 ¥ sulfuric acid
solutions, in which &, icz/k_1 values were not
independent of either Ce(IV) or Ce(Ill} concen-
tration and were suspect. That the true values
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Fig. 4.4. Rate of Reductien of Cerium(IV) by Hydrogen
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. Bielski, and Sutin, 12

for k;"z/k...l in 12.0 M and 13.0 M sulfuric acid
are larger was established by reversing the ex-
perimental procedure. Cerium(IV)} solutions were
mixed with sulfuric acid solutions containing
H,0,. The rate of Ce(IV) reduction decreased
drastically with increasing age of the H,0,
solutions for 13.0 ¥ sulfuric acid but not for
8.0 M sulfuric acid. The rate of reaction of
H,0, with sulfuric acid to form Caro’s acid is
reported*? to be markedly dependent on sulfuric
acid concentration and is significant under our
experimental conditions in 12.0 M and 13.0 #f
sulfuric acid.

The striking minimum in the variation of
k k,/k_, with sulfuric acid concentration re-
veals the explanation for the dependence of
k k,/k_, onboth sulfuric acid and ammonium
acid sulfate concentration. The only quantity in
sulfuric acid solutions which varies similarly is
the concentration of SO, ?~. The concentration
of $O,%~ is approximately equal to 0.3[H,SO N
from 1.0 ¥ to 6.0 M sulfuric acid, reaches a
maximum between 6.0 M and 8.0 M sulfuric acid,
and then decreases for sulfuric acid concentra-
tions greater than 8.0 M.15 The concentration
of S0, is approximately equal to 0.4[NH HSO,]
from 1.0 M to 5.0 ¥ ammenium acid sulfate.1¥

Cerium(IV) in sulfuric acid solutions exists as
a mixture Ce**, CeS0,%%, Ce(S0,),, and
Ce(S0,), %~ species with the following-equi-
libriut constants:

K =[Ces0,**I/Ce**](s0,%"],

K, = [Ce(80,),1/[Ces0,2*){SO 2" 1,
K, = [Ce(s0,),%~ 1/[Ce(50,),1s0,*~ ] .

The dependence of Ce?* concentration on SO, 2~
concentration is given by

[cevil

- = v (4
1+K 5021+ K K,i50*"F + K K,K [0 )

[Ce**] =

If only Ce** could oxidize H,0, according to re-
action (1), then Eq. (4) shows that kk/k_,
would become inversely proportional to the cube

14y M. Monger ond O. Redlich, J. Phys. Chem. 60,
797 (1956).

15¢. F. Young, L. F. Maranville, and H. M. Smith,
The Structure of Electroiytic Solutions, p. 35, Wilay,
New York, 1959.
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of the 'SO,%~ concentration as a limit at high
80,%~. concentrations. Figure 4.4 shows that
k, k /k_; is inversely proportional to the cube
of the SO 2~ concentration, at least to a first
approxxmatmn. However, we cannot tule out the
possibility that HO, does not reduce all Ce(IV)
species and that k, k ,/k_, could be inversely
proportional to hxgher powe:s of the SO,?~ con-
centration at high SO,*~ concentrations.

ALPHA-PARTICLE RECOIL TRACKS IN MICA

R. V. Gentry'®  ]. W. Boyle

In 1967 Huang and Walker'? evaporated a solu-
tion of 2%#Th on muscovite mica and found that
stable latent images of recoil tracks were produced
by decay of the thorium. The latent images could
be developed by chemical etching so as to be
visible with a phase-contrast microscope. The
induced pits they observed were identical in
‘appearance to naturally occurring pits etched in
thorium- and uranium-bearing micas. They failed
to observe such tracks, however, in a sample of
mica held next to a uranium foil. From their
study they concluded that etchable latent images
were not caused by the alpha particles but were
caused by the heavy recoil nuclei accompanying
alpha decay. In their case the thorium decay
chain produced a significant number of multiple

" recoils (five in going from 223Th to 2°%Pb) during

the time of the experiment, and they were unable
to decide whether a single alpha recoil will pro-
duce an etchable latent image or whether several
successive recoils are necessary.

Ounr collabotation was solicited to determine
if a single recoil will produce an etchable image.
A relatively short-lived alpha emitter which de-
cays to 2 long-lived daughter is required, and
several transuranium isotopes are well suited
for this. A sample of americium in 0.5 ¥ HNO,
was obtained from J. R. Stokely at the Trans-
uranium Research Laboratory. The sample had a
specific alpha activity of 7.1 x 10° dis sec™? pg~*
Ninety-five percent of the alpha activity came from

243Am (T, ,, = 7950 years) and 5% from 24'Am

160 glumbia Union College, Institute of Planetary
Sciences, Takoma Park, Md.

17y. H. Huang ond R. M. Walker, Science 155, 1103
(1967).
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(T,,, =458 years), but cither isotope is suitable
for tlus experiment. Americium-243 decays via
239Np (beta emitter) to 239Pu, which has a half-
life of 2.4 x 10* years. Americium-241 decays to
237Np, which has a half-life of 2.2 x 10® years.

In the first experiment several samples were
prepatred by placing a small drop of americium
solution on a piece of annealed phlogopite mica
and evaporating to dryness. The samples were
alpha counted so as to know the pumber of events
taking place. After 30 to 270 min the samples
were rinsed and etched in 48% HF at room tem-
peratute for 45 to 85 sec. Pits were observed
with a phase-contrast microscope with the ex-
pected density in the areas covered by the
evaporated drops and wete absent in the rest of
the sample.

In a second experiment a piece of mica was
pressed against a ““hot’’ sample and then etched
as before. Identical tracks with expected den- -
sities were observed in the adjacent piece of
mica.

1t was concluded, therefore, that etchable
latent images are produced in phlogopite by a
single alpha recoil nucleus if the mica is within
range of the recoil nucleus.

ENERGY TRANSFER IN THE RADIOLYSIS
OF ORGANIC COMPOUNDS

A. Russell Jones

When a pure organic substance of low molecular
weight is irradiated with high-energy radiations,
any selective (nonstatistical) alteration of the '
chemical bonding must be due to selective locali-
zation of electronic energy within a molecular
length, since it is unlikely that the high degree.
of vibrational energy localization necessary for
bond breakage is a result of the accumulation of
vibrational energy. Such a localization might be
the result of (1) some sort of ““condensation’ of
electronic energy at the point of chemical change, -
(2) random absorption of the electronic energy
within a molecule, followed by specific inter- or
intramolecular energy transfer to the point of
chemical change, (3) random production of posi-
tive ions followed by the capture of the free elec-
trons at the site of chemical change.

To gain information about the mechanism of the
localization of electronic energy, a detailed study
of the radiation decomposition of the homologous
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series of aliphatic acids is being carried out,
taking advantage of improvements in analytical
methods that have been made since the earlier
studies.!® The results indicate that the only
catbon-to-carbon bond breakage which occurs in’
the parent molecules is Niat which separates the
carboxyl group from the aliphatic chain. The
alkyl radical then undergoes decompasition duting
stabilization. This specificity of chemical action
is apparently unaffected by the presence of io-
dine,'? sugpesting that neither free radicals nor
negative ion formation is the cause of the speci-
ficity. The efficiency required of intra- or inter-
molecular energy transfer is quite high, since the
decarboxylation yield only decreases from 5.0 to
3.5 for the first eight members of the series. In
view of the very great increase in chain length
and the great decrease in volume proportion of
carboxyl between formic and caprylic acids, it
appears that localization of the absorbed energy
as the result of some sort of ““condensation®’ of
electronic energy at the point of chemical change
offers a simpler explanation of the results.

RADIATION AND HOT-ATOM CHEMISTRY
OF INORGANIC CRYSTALLINE SQLIDS

Infrared Measurements of CIO 4~ Production
in 6%Co Gamma-Ray-Irradiated KClo,

L. C. Brown G. E. Boyd

Infrared absorption measutements were employed
to estimate the concentration of perchlotate ion

64

formed in the crystal lattice of KCIO, at 25° by
energetic lonizing radiations. In addition, chem-
ical determinations were made of the amount of
Cl0,~ appearing in aqueous solution on dissolv-
ing the irradiated salt. A comparison (Table
4.1) of the concentrations in the crystal with
those in agueous solutions of the salt showed
that, within experimental error, all the perchlorate
ion found in solution was present originally with-
in the irradiated solid. Virtually no perchlorate
appeared to be produced by the hydrolysis of
species such as Cl1,0, postulated heretofore by
others as present in irradiated KCIO, and re-
sponsible for the observation of Cl10,™ ion in
aqueous solutions. The radiolytic yield of
perchlotate was surprisingly large (cf. Table
4.2) and, for large doses, was found to increase
less rapidly than linearly with the dose. The
production of chlorite ion in KCIO,(c) also was
observed (Fig. 4.5, curve B). Comparisons will
be made of che concentration of C10,~ in the
crystal and in aqueous solutions of the salt to
determine if there are other precusors in the
solid of the chlorite observed in solution. In-
vestigations of the radiolytic production and
yield of ozonide ion, 03‘, are in progress.

18y, L. Whitehead, C. Goodman, and I. A. Breger,
J- Chim. Phys. 48, 184 (1951).

19: H. Johnsen, J. Phys. Chem. 63, 2041 (1959).

Table 4.1. Comparison of KCIO, Contont of 80c, Gamma-Ray-Irradiated KC10, as Mcasured
by Infrared Analysis of Sclid and by Chemical Analysis of Aqueous Solution

Mole % KCI1O A Mole % KCIO 4 in

Sample Dose in Crystal Aqueous Solution of
(ev per mole of KC10,) (Infrared) Crystal (Chemical)
x 10%3
1 3.22 0.48 £ 0.05 0.55 £ 0.01
24 4.37 0.57 £ 0.06 0.70 £ 0.02
3 4.42 0.65 + 0.06 0.69 & 0.01
4 14.0 1.96 % 0.20 1.89 £ 0.06

aSample irradiated at reduced pressure (<0.1 torr).
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Table 4.2. Yields of Chlorine-Containing Species Produced by; 60C, Gamma hrradiation of Crystalline KCIOS

Dose

Sample v« oy por mole of KCIO,) G G(c1o™)* G(C10,7) G(C10,™ »”?

x 1023 '

2° 4.37 1.55 £ 0.05 0.32 £ 0.01 2.08  0.03 0.98 * 0.03

3 4.42 1.65 * 0.05 0.32 £ c.01 2.05 £ 0.03 0.96 * 0.02
Average 4.4 1.60 % 0.07 0.32 £ 0.02 2.06 + 0.04 0.97 + 0.04
Literature? S12 1.64 £ 0.09 0.27 t 0.04 2.07 * 0.07 1.13 + 0.06

“These data presented as G(C10™ ) may contain a slight contribution from G(C10,). Due to the strong c:102(g)
odor of the irradiated samples, and to the close agreement between these values and Burchill ef ald values, it is
felt that the great majority of the C102 escaped from the finely divided samples before dissolution for analysis.

BCalculated from analysis of aqueous solutions.

°See footnote a, Table 4.1.

dc. E. Burchill, P. F. Patrick, and K. J. McCallum, J. Phys. Chem. 71, 4560 (1967).
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Fig. 4.5. Infrared Spectre of (4) Unirradiated KCIO,;
(B) 5%co Gammo-Ray-Irradiated KCI0,4; and (C) A Typi- 3
cal KCIO4-KCIO3 Freeze.Dried Standard. The asterisks &
indicate the positions of Nujo! absarbancies. é
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5. Organic Chemistry

(
T‘\_PI-ROUTE SOLVOLYSES OF A3-CYCLO-
PENTENYLETHYL TOSYLATES LABELED
WITH 19C OR DEUTERIUM

Vernon F. Raaen Charles E. Harding'
Clair J. Collins

Last year we published a mechanistic analysis
of pi-route and sigma-route solvolyses of variously
labeled cyclopentenylethyl and norbornyl esters, ?
in which we pointed cut the advantages of label-
ing certain specific positions in the two different
reactants. We have now prepared A3-cyclopentenyl-
ethyl tosylates labeled with *#C in the 1-ethyl
position (1) and in the bridgehead position of the
cyclopentene ring (2). The fractions of original
radioactivity found in certain of the positions of
the product, 2-exo-norbomyl acetate, are shown in
structures I (from 1) and I (from 2):

ORNL-DWG. 68-5168

%
9%
&
OAc 3 OAc
3 03% ¢
20% 01%
I T

'ORAU Predoctoral Fellow from the Uaiversity of
Tennessee, Knoxville,

2c. J. Collins and M. H. Lictzke, J. Am. Chom. Soc.
89, 6565~72 (1967).

The results are incompatible if we assume the
two reactants proceed directly to norbornyl car-
bonium ions which undergo the usual? rearrange-
ments. If, however, the cyclopentenyl group
undergoes 1,2 shift between the ccand 8 carbons
of the ethy! moiety before formation of the nor-
bornyl carbonium ion, the resuits become under-
standable. Such a prior rearrangement would
cause considerable scrambling of the label in 1
but would not affect the label in 2. The small
amount of %C in the 1 and 2 positions from 2
[structure If] thus becomes a measure? of 3,2
shift in the norbornyl carbonium ion.

N '
- THE PREPARATION AND HYDROLYSIS OF
5-ex0-PHENYL-5-HYDROXY-2-endo-
NORBORNYL-2-d TOSYLATE

ot

e

Benjamin S. Benjaminov? Ben @eujamin
Clair J. Collins

5-exo~Phenyl-5-hydroxy-2-endo-norborneol-2-d,
mp 103°, was prepared from lithium aluminum
deuteride reduction of 5-exo-phenyl-S-hydroxy-
norbornanone. The tosylate ester, mp 130°, was
obtained from the latter diol by treating it in
pyridine solution with p-toluenesulfonyl chloride.
Hydrolysis of the tosylate under previously de-
scribed? conditions gave three compounds in the
following yields: 5-exo-phenyl-S-hydroxy-2-exo-
norbomecl-2-d, 52.4%; 5-endo-phenyl-5-hydroxy-
2-exo-norborneol-1-d, 16%; and 2-phenyl-2-
nortricyclenol-5-d, 3%. The reaction scheme is
shown in Chart I. Wagner-Meerwein shift was ob-
served but hydride or deuteride shift was not.

30RAU Research Participant June—September 1967
from Rose Polytechnic Institute, Terre Haute, Ind.

40, J. Collins and B. M. Benjamin, J. Am. Chem. Soc.
89, 1652 (1967).
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CHART I

/\DEAMINATION OF 3-cx0- AND 3-endo-
PHENYL.3-HYDROXY-2-endo-
NORBORNYLAMINES

Micheel Eckert® Clair J. Collins

In a continuing study® the title compounds 1
and 2 (Chart i) were subjected to deamiration
with NaNO, in acetic acid—sodium acetate solu-
tion, and the yields of the products were deter~
mined by vapor-phase chromatography. :

ORNL-DWG. 682264

& Ph & Ph Ph
@ _ =
OH @ OH OH
D) £ |]|:| @
OH OH
Ph "*‘PI}9
NH; F
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The yields of diols 3 and 4 (see Chart II) were
carefully examined in order to establish whether
the amines 1 and 2 produce them in the same or
in different ratios. This questior is important to
the nature of the Wagner-Meerwein pair (B==2C)
of cations, becanse if B and C are, in fact, com-
bined as a single nonclassical ion, then we
would presume the ratio 3:4 from either reactant
should be the same. If, however, B and € are
classical, open, unbridged ions, then providing
the diols 3 and 4 are formed by the short routes
(see Chart II), we might expect relatively more
3 from reactant 1 than from reactant 2. Prelimi-
nary results indicate the ratio 3:4 from 1 is about
1.5:1, whereas from 2 the ratio is more than 4:1.
The yields of other products in ‘hie deamination
of 2 indicate that 2 proceeds to 3 and 4 primarily
through the long route (F+E-D-+A-B-C). The re-
sults show ““memory effects’” which can be
ascribed either to (1) the classical character of
the intermediate carbonium ions or (2) the'effect
of the couater ion, which should be in different
positions depending upon the nature of the
reactant. i

_/PHOTODIMERIZATION OF -iSOPHORONE
V. F. Raaen

Isophorone (I), when irradiated with ultraviolet
light, yields a large number of complex condensa-
tion products; gas-liquid chromatography shows
that at least 11 components are present in the
fraction of boiling point 160 to 170°/2mm.
Alunina-column adsorption chromatography per-
mitted the isolation of a third solid photodimer
(II), melting point 114°. Two other photodimers,
one a stereoisomer of II, melting point 215°, and
I1I, whose melting point is 185°, were isolated
previously from similar fractions of the irradia-
tion mixture.

Icllie=e.

ORNL-DWG, 68« 6660

Q 0

o

I 11

SORAU Predoctoral Fellow from the University of
Tennessee, Knoxville.

M. Eckert, B. M. Benjarain, and C. J. Collins, Chem.
Div. Ann. Progr. Rept. May 20, 1967, ORNL-4164, p. 48.
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Both were described in earlier reports. 78 Cell
parameters and space groups for the three car-
bonyl compounds are described by C. K. Johnson
and A. Vos (‘“Crystal Structure of Two Stereo-
isomeric Photodimers of Isophorene,’ this re-
port). Two of the dimers (melting points 215 and
185°) were reduced to the coresponding carbi-
nols, which melt at 230 to 232° and 198 to 201°
respectively. No further investigation is pro-
posed.

NUCLEAR MAGNETIC RESONANCE SPECTRA
OF ALLYL COMPOUNDS. ROTATIONAL
iSOMERISM IN ALLYL ETHERS, ALLYL
CHLORIDE, AND ALLYL BROMIDE

Ben M. Benjamin Amos P. Kernedy®

In continuation of our studies of rotational isom-
erism'? we investigated the temperature depend-
ence of the nmr spectra of several allyl ethers.
As a test of the accuracy of our results and tech-
niques in comparison with data already in the
literature,'1-12 we decided to obtain similar in-
formation for allyl chloride. Although the re-
sults at room temperature were identical with the
published data, the temperature dependence was
somewhat surprising; we therefore decided to
investigate allyl bromide also.

Exzperimental procedure was the same as de-
seribed previously, *? Probe temperature was
determined from the separation of the methyl and
hydroxyl resonances of methyl alcohol for low
temperatures and from the separation of the
methylene and hydroxyl resonances of ethylene
glycol for high temperatures.

Reduction of the temperature-dependent data
to a set of coupling constants and conformational
free-energy differences was accomplished as

7¥. F. Raaen, B. M. Benjamin, and C. J. Collins,
Chem. Div. Ann. Progr. Rept. June 20, 1963, ORNL.-
3488, p. 59.

8¥. F. Raaen and C. J. Collins, Chem. Div. Ann.
Progr. Rept. June 20, 1965, ORNL-3832, p. 73.

%ORAU Research Participant June—~September 1967
from Grambling College, Grambling, La.

411620hem. Div. Ann. Progr. Rept. May 20, 1967, ORNL-

11s. A. Bothner-By, C. Naar-Colin, and H. Gunther,
J. Am. Chem. Soc. 84, 2748 (1962).

124, A. Bothner-By, S. Costellano, S. J. Ebersole,
and H. Gunther, J. Am. Chem. Soc. 88, 2465 (1966).
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follows: Consider an equilibrium between the
three conformations of an allylic molecule which
may exist in solution.

ORNL- DWG. 68~ ob5T
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Except for the fact that they are mitror images,
b and b” are the same and have one gauche and
one trans'? coupling constant between the hy-
drogens on C-1 and C-2. Only gauche coupling
is exhibited by a. In the dynamic state when
rotation is rapid, the magnitude of the observed
coupling will be an average of the contributions
from a and b, and it will depend on the relative
populations of the two forms. It can be shown
that

Jo+J s emBF/RT)

24 e—A!’-‘/R T

w

Jobs =

where J ., J,, and J ¢ are the observed, trans,
and gauche coupling constants respectively. At
the high-temperature extreme when rotation is
most rapid

2-’,;*‘-’:

Jeo 3

(2)

A subroutine was written for Eq. (1), and the
program ORGLS!# was used to obtain a least-
squares fit for the J 1,4 Values for allyl chloride
determined at 15 different temperatures and allyl
bromide determined at 11 different temperatures.
The best values for allyl chloride were found to
be J, = 31.08, J, = —6.97, and AF = 125 cal.??
Bothner-By ! 2 caglcﬂated J,=13.4, J =24, and
AF =100 cal. The calculated values for allyl

13g, Conroy, p. 265 in Advances in Organic Chemis-
try: Methods and Results, Vol. I, Interscience, New
York, 1960.

4ywittiam R. Busing and Henri A. Levy, ORNL-TM=-
271 (1962).

15z, L. Eliel, p. 236 in Storeochemistry of Carbon
Compounds, McGraw-Hill, New York, 1962.

|
[:
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bromide using our data gave J, = 22.01, J 4= ~1.73,
and AF = 278 cal. It should be noted that theo-
retical ! ¢ values for J, and J have been predicted
to be 8 to 9 Hz and 2 to 3 Hz, respectively, and
the available experimental data for rigid com-
pounds are in good agreement. Using Bothner-By's
data we were unable to regenerate his parameters.
Because of these inconsistencies it is thought
that the analysis of the data is based on an in-
correct model, and further work based on this
possibility is planned.

The coupling constant J, P in allyl ethers does
not change over a wide temperature range even
when one of the substituents on oxygen is bulky.
This observation is in contrast to that reported
earlier for allyl methyl ether,1? which is least
likely to show a conformational preference. It is
therefore demonstrated that for the allyl ethers
investigated, Eq. (1) reduces to the high-tempera-
ture expression Eq. (2), and rotation is not
hindered at the experimentally accessible tem-
peratures. ]

n/ AN ISOTOPE EFFECT ON A SPIN-SPIN
COUPLING CONSTANT

Ben M. Benjamin

Numerous deuterium isotope effects on the rates
of reactions have been studied. Much of the work
has been reviewed by Melander.'? These effects
are interpreted as being a consequence of differ-
ences in zero-point energy of the isotopic substit-
uent. Raaen and Collins'® discussed some deu-
terium isotope effects arising from steric factors.
Mislow!? has observed secondary isotope effects
in the racemization of deuterium-substituted
bridged biphenyls and ascribed the resulits to con-
formational changes arising from nonbonded re-
pulsions of the isotopes in systems where highly

16y Karplus, J. Chem. Phys. 30, 11 (1959).

1"'Lars-. Melander, Isotope Effects on Reaction Rates,
Renald Press, New York, 1960.

18y, F. Rasen and C. J. Collins, Pure Appl. Chem.
8, 347 (1964); V. F. Raaen, T. K. Dunham, D. D.
Thompson, and C. J. Collins, J. Am. Chem. Soc. 85,
3497 (1963).

19y, Mislow, E. Simon, and H. B. Hopps, Tetrahedron
Letters, 1011 (1962) K. Mislow, R. Gracve, A. J.
Gordon, and C. H, Wahl, Jr., J. Am. Chem. Soc. 85,
1199 (1963); K. Mislow, R. Graeve, A. J. Gordon, and
G, H. Wahl, J. Am. Chem. Soc. 86, 1733 (1964).

crowded transition states would be required. An
earlier suggestion indicated that small secondary
isotope effects may arise from differences in
steric requirements of protium and deuterium.
It is known?! that substitution of deuterium for
hydrogen causes an upfield shift of 1.to 2 Hz in
the nmr spectrum of neighboring hydrogens. The
isotopic shift is thought to result from differences
in vibrational amplitudes of H and D atoms. A
simple calculation was done to determine the
change of the value of the zero-point bending
vibrations of CH, and CHD groups, and it was
suggested that such small variations may lead to
the observation of Uificrences in spin-spin inter-
actions. This report is an account of what is be-
lieved to be the first observation of a deuterium
isotope effect on a hydrogen spin-spin coupling
constant. :
3-endo-Phenyl-2-endo-norbornanel (I) and its
exo0-5, anti-7 dideuterated counterpart (II) have
been prepared and characterized.?? The nmr
signal for the exo-2 hydrogen of I (4.55 ppm in

20
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pyridine solution) is a guartet. It is coupled with
the exo-3 hydrogen, 9.8 Hz, and the 1-bridgehead
hydrogen, 4.3 Hz. The width at half height of
each component of the quartet is 2.1 Hz, and no
additional fine structure is discemible.?® On the
other hand, the components of the quartet for the

-20p 5. Bartell, J. Am. Chem. Soc. 83, 3567 (1961).
21y 5. Gutowsky, J. Chem. Phys. 31, 1683 (1959).

2%p, M. Benjamin and C. J. Collins, J. Am. Chem.
Soc. 88, 1556 (1966).

23similar results for both isotopic species were ob-
served when dissolved in benzene, chloroform, and
carbon tetrachloride. The effect was most pronounced

.in pyridine solution, however. Spectra were recorded

on a Varian A-60 nmr spectrometer. The probe tem-
perature was approximately 367; TMS was employed as
internal standard, & = 0 ppm. ‘The spectrometer was
calibrated at 500 Hz sweep width using the separation
of the TMS-chloroform signals at 436 Hz and at 50 Hz
sweep width using the separation of the outer com-
ponents of the acetaldchyde quartet as 8.55 Hz. Reso
lution was 0.25 Hz.



exo-2 hydrogen of II have a width of 2.6 Hz at Long-range coupling of 1 to 2 Hz of this type was
half height, and they are clearly resolved into first observed by Anet,?% and numerous examples I8
doublets of 1.1-Hz separation (Fig. 5.1). The have been recorded since. It has been peinted out
small splitting is ascribed to coupling with the that long-range coupling through four bonds may ‘
H exo-6 hydrogen, which is confirmed by the sharper be observed in molecules. having favorable geom- 5
Y signal for the exo-2 hydrogen of I, 1.4 Hz.2* etry, that is, when the atoms are arranged in a :

planar W form, and the magnitude of the coupling
24111 was synthesized by hydroboration of 2-phenyl- has been predicted theoretically.?% In models of
n9rbomene-2-exo-5.exo-6-d% and oxidatioczzsl of ﬂ_lg_;ar- molecules I and II the arrangement of the exo-H-2,
y ik o redbod with Jithiom aluminam hydride.? C-2, C-1, C-6, exo-H-6 system appears to be
; nearly planar, and it is not immediately obvious i
why spin-spin coupling is larger in the deuterated
S ORNL- DWG. 68-5644 species II than in the completely protonated mole-
: cule I. In order to facilitate interpretation of the

1 observation, complete structures of I and II were

o, determined in the crystailine state.??

Crystals of the two isotopic species were found

' to be completely isomorphous. However, in each
‘\ \ case, the unit cells consisted of equal numbers
of molecules of two different spatial arrangements
\ (Fig. 5.2). Bond angles and intranuclear dis-
\J \ 25¢. A. L. Anet, Can. J. Chem. 39, 789 (1961).
26\, Kerplus, J. Chem. Physics 33, 1842 (1960).

27he crystal structures were determined using

neutron diffraction by Carrcll K. Johnson, Chemistry

b1y Vﬂ Division, ORNL. A preliminary report was given at .
the Winter Meeting of the American Crystallographic .

Association, Atlanta, Ga., January 1967, p. 46. A :

complete account of the work will appear in 2 future -

publication. *j_
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tances in the two steric forms are not identical.
The plane of the phenyl ring of iscmer 4 bisects
the norbornyl moiety so that one ortho hydrogen
lies close to and in between the endo-5 and
endo-6 hydrogens. The shapes and angles of the
W are shown in Fig. 5.3. Looking ai the W edge-
wise through the plane described by C-2, C-1,
C-6 (Fig. 5.3b), it is seen that exo-2-H lies
closer to the plane than exo-6-H. The distance
between the centers of the exo-5-H and the 7-H
syn to it is 2.568 A,

In contrast, the plane of the pheny! ring of
steric isomer B is tangent to the norbornyl struc-
ture. It is bent out somewhat, and the entire
framework is twisted. The resultant distortion
affects the bond angles and lengths so that now
the exo-6-H is closer to the C-2, C-1, C-6 plane
(Fig. 5.3d), and the exo-5-H is also measurably
further away from the 7-H syn to it, 2.731 A, a
difference of 0.2 A in this distance for the two
steric forms.

It has been suggested?® that the smaller ampli-
tude of vibration of deuterium compared with that
of hydrogen is reflected in a smaller van der
Waals radius and that consequently the distance
of minimum approach of deuterium nuclei can be
smaller than that for iydrogen. In recognition of
the smaller steric requiremnent of deuterium, it

2854, R. Ubbelohde, Tral_".\s. Faraday Scc. 32, 525
(1936).
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seems plausible that in an arrangement where a
pair of deuterium substituents are disposed in a
syn reldtionship such as exists in II, they can be
forced closer topether than a pair of hydrogens
similarly disposed. Since twc conformations of

I or I exist in the crystalline state, differing in
the distances between exo-5-H and 7-H, it is
reasonable to assume that the same conformations
are preferred in solution. Although no differences
were detected in the crystal structures of I and IF
within experimental error, this does not preclude
the presence of small differences of conformational
preferences in solution. Because deutetium atoms
of II can permit the closer approach of positions

5 and 7, the 4 conformation must be the lower-
energy form of the deuterium-containing molecule
II in solution, and the B conformation must,
therefore, be preferred for the hydrogen-containing
molecule I. This is equivalent to proposing that
the stereochemical form A provides the best ar-
rangement for a spin-coupling mechanism.

Other similar molecules are being investigated
to defermine if there also changes cecur in coupling
constants when deuterium is substituted for hy-
drogen.

o POLYMER STUDIES

é. E. Higgins W. H. Baldwin

Equilibria in the System: Poly(Hydroxypropyl
Acrylate-co-Tetraethylene Glycol Dimethac-
rylate), Water, and Electrolyte

Cylinders of the copolymer (19 parts by weight
of hydroxypropyl acrylate to 1 of tetraethylene
glycol dimethacrylate) were prepared by the
photochemical initiation method reported pre-
vicusly.?® After the polymers had been washed
with water they were equilibrated with 0.5 M
sodium chloride. They showed 70% rejection of
NaCl and a slight (15%) shrinkage. Equilibration
with a mixture of 0.5 M NaCl and 0.02 ¥ NaOH
was accompanied by marked swelling (500%),
slight salt rejection (20%), and intake of all the
sodium hydroxide from the solution. Since the
concentration of sodium hydroxide may weil be

2%, H. Baldwin and C. E. Higgins, Chem. Div. Ann.
Progr. Rept. May 20, 1967, ORNL-4164, p. 56,



reduced by saponification of ester groups, the
mechanism of exchange in the presence of sodium
hydroxide is being studied further.

Copolymers of 4-Vinylpyridine

Linear poly(4-vinylpyridine) is soluble in dilute
mineral acid soluticns and behaves as a poly-
electrolyte. Poly(4-vinylpyridine) has a very low
solubility (about 2 mg/Itter) in distilled water.
For other studies in this laboratory it is desirable
to obtain a nonelectrolyte, poly(vinylpyridine),
that has a higher affinity for water. Copolymers

" of 4-vinylpyridine with hydroxypropy] acrylate and
with N-vinyl-2-pyrrolidone were selected for
further study after it was observed that mixtures
of homopolymers of these compounds were com-
patible in solution and in cast films.

Polymerization of mixtures of monomers using
azobisisobutyronitrile indicates a preference of
4-vinylpyridine to polymerize with itself. How-
ever, by starting with a mixture of 4-vinylpyridine
and N-vinyl-2-pyrrolidone (1:9 mole ratio) a co-
polymer of nearly 1:1 composition was cobtained.
The solubility (300 mg/liter) was significantly
higher than the 7:3 copolymer (solubility in water
10 mg/liter). A copolymer consisting of 2 moles
of 4-vinylpyridine to 1 mole of hydroxypropyl
acrylate was no more soluble than homopolymer
from 4-vinylpyridine.

VOLATILE METAL-ORGANIC COMPOUNDS
W. H, Baldwin

Volatile metal componnds are useful for the
purification of metallic elements and for the
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preparation of other compounds. Wardlaw and
Bradley>? observed an interesting phenomenon
among alkoxide derivatives. Maximum volatility
and minimum association were found for more
highly branched and higher-molecular-weight alk-
oxides rather than for the first members of the
homologous series (methoxide or ethoxide). The
most volatile such compound of zirconium is the
tetra-t-butoxide and for thorium the triethylcarbinol
derivative. This behavior has been explained on
the basis of shielding the metal ion with the
hydrocarbon radicals, thereby reducing intermolec-
ular association of metal and oxygen atoms.

‘The somewhat more complex aluminoalkoxides
studied by Meerwein and Bersin®! in 1929, such
as Mg[Al(O-i-Pr) 4J,» were volatile and soluble in
hydrocarbons. Later Albers et al.3? prepared the
analog with U(IV), obtaining the tetrakisalumino-
isopropoxide, boiling at 143°C under 1 mm Hg
pressure,

Using a modification of this method®? we have
prepared the erbium compound, Ef[Al(Q-i-Fr) 1,
melting at 108 to 110°C and distilling at 1755¢
under 1 mm Hg pressure. A degree of purification
was obtained here, since the starting E:Cl, was
yellow, probably from contamination with iron,
while the product was pink, the color of many
erbium compounds.

30y. Wardlaw and D. C. Bradley, Endeavour, July
1955, p. 140. .

31y, Meerwein and Th. Bersin, Ann. Chem. 476, 113

(1929).

323, Albers, M. Deutsch, W. Erastinet, and H. von
Osten, Chem. Ber. 85, 267 {1652).
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6. Chemistry of Aqueous Systems

A TWO-STRUCTURE MODEL FOR
ELECTROLYTIC SOLUTIONS

M. H. Lietzke R. W. Stoughton
R. M. Fuoss’

At low concentrations, properties of electroiytic
solutions are those theoretically predicted for a
model system in which the effects of all other ions
on a reference ion can be treated as those of a con-
tinuous space charge, the familiar ion atmosphere
proposed by Debye and Hiickel. At high concentra-
tions, on the other hand, the effects of near neigh-
bors on a reference ion become far more significant
than those of more distant ions; interionic electro-
static energies no longer are small compared with
kT, and thereby the necessary condition for the ex-
jstence of a smoothed charge density disappears.
Clearly, then, a different model must be chosen as
the basis of theory. The upper limit of the concen-
tration scale corresponds to the randomized? fused
salt; as solvent molecules are added to make con-
centrated solutions, average intetionic distances
wiil vary as the cube root of concentration. This
naturally suggests a cell mode] for the higher con-
centrations. As the solution is diluted, we know
that the c!/3 behavior must give way to c'/2 prop-
erties. There is, of course, no critical concentra-
tion at which a solution suddenly stops acting like
a diluted and randomized crystal lattice and rear-
ranges. its ions to the distribution characteristic of
the ion atmosphere.” Rather, a smooth transition
from one model to the other must occur. A sto-
chastic description can be formulated® as

lyate Uuiversity, New Haven, Conn.

2c. A. Angell, J. Phys. Chem. 70, 3988 (1966); C. A.
Angell, E. J. Sare, and R. D. Bressel, J. Phys. Chem.
71, 2759 (1967).

3%, M. Fuoss and L. Onsager, Proc. Natl. Acad. Sci.
11.5. 47, 818 (1961).

P(c) = P(0) £(c) + P(=)[1 — f(e)] . ¢}

where P is the value of a given property of the so-
ution at concentcation ¢, P(0) is the Debye-Hiickel
description of that property, P(«) is the cell model
description, and f(c) satisfies the conditions

K0)=1, £(=)=0. 2

(Here the symbols 0 and « imply sclute-solvent
concentration ratios of 0:1 and 1:0, of course.) In
effect, we propose to treat the solution as a mix-
ture of two structures, the contribution of each
being weighted by a partition function f(c), much as
the sum of contributions from two significant struc~
tures? has been used to describe the properties of
liquids.

. Quasi-lattice models have, of course, been con-
sidered for electrolytic solutions before, beginning
with Ghosh® and Bjerrum;® these lead to ¢!/3 laws.
The high-concentration model described by P(o0),
howevet, is-not a lattice model but a cell model.
The former would imply that solute particles are
bound to equilibrium positions. No such restriction
is made in a cell model; a solute pasticle may be
acywhere in its cell, and empty cells matched by
cells containing two ions (ion pairs) are not ex-
cluded. More recently,”+® attention has been
called again to the persistent appearance of ¢'/3
in the dependence on concentration of properties

47. Walter and H. Eyring, J. Chem. Phys. 9, 393 (1941);
H. Eyring, T. Ree, and N. Hirai, Proc. Natl. Acad. Sci.
U.5. 44, 683 (1958). :

$J. C. Ghosh, J. Chem. Soc. 113, 449, 707 (1018).

6N. Bjerrum, Z. Elekirochem. 24, 321 {1918)%; N.
Bjerrum, Z. Anord. Chem. 109, 275 (1920).

7H. S. Frank and P. T. Thompson, pp. 113—34 in The

Structure of Electrolytic Solutions, ed. by W. J. Hamer,
Wiley, New York, 1959.

85, Glueckant, Part 7 (pp. 97—112) in The Structure of

' Electrolytic Selutions, ed. by W. J. Hemer, Wiley, New

York, 1959.
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such as logarithm of activity coefficient, equivalent
conductance, aad diffusion coefficients. But these
formulations all face the cbstacle of diluce solu-
tions; experimentally, limiting properties go as the
square root and not as the cube root of concentra-
tion. An expression of the form (1) obviously will
by its construction give limiting square-root laws
and then go over into a cube-root description at
higher concentrations.

The explicit form of the transition function f(c) is
not important for a test of the idea of representing
electrolytic solutions effectively as mixtures of
two structures. Since we prefer a rather sharp tran-
sition we use the convenient exponential

e) =e—2%, ©)

where a is a constant, ¢ is the volume fraction of
solute

¢ = Vc/1000 4

computed on the basis of the molar volume V of
the dry salt, and ¢ is concentration in moles per
liter. (Concentrations must be expressed in these
units for our present puipose; the sigaificant var-
iable is distance between ions.) As a typical elec-
trolytic property, we consider activity coefficients.
Then for P(0), we have a Debye-Hickel expression,
while for P{c), we choose a simple power series
whose leading term is cube root of concentration.
Thus,

Iny=-—e—2®3I1/2/(1 + 1.5[1/2)

+BTV3+CDA-e2%, (5

which, for convenience in calculation, can be rear-
ranged to

Iny = {8172/ + 1.51'/%) + BT1/3 4+ C Tl
+BTY3 4+ CT. (6)

Here B is the Debye-Hiickel coefficient, [ is the
ionic strength computed on a molarity basis, B~
and C “ are for the moment to be considered as em-
pirical constants, and y is the activity coefficient
on a molar basis.

. Conventionally, activity coefficients at concen-
trations above the range of high dilutions have
been reproduced by equations of the form

Iny=—BIV2/1 + 1513 + BI +CI* 4 ..., (T)

where B, C, etc., are empirical constants devoid of
physical significance. Here we have arbitrarily set
the Debye-Hiickel denominator parameter to 1.5.
Such equations have been applied to data up to
guite high concentrations, despite the implications
of the retention of the term in I1/2; this term, of
course, has its origin in the continuous space
charge of the Debye-Hiickel model and must lose
all physical significance when the concentraticn is
so high that the linearized Poisson-Boltzmann
equation is no longer valid.

In order to test the relative effectiveness of Eqs.
(6) and (7) in expressing the activity coefficients
of electrolytes, data from the literature have been
used. Values in the concentration range 0.1 to
2.0 m were taken from Robinson and Stokes,? while
data in the range 0.001 to 0.1 m were taken from
Landolt-Bimstein. 1® Since the activity coefficient
values in Robinson and Stokes are presented on a
molal basis and had to be converted to molar
values, the choice of electrolytes studied was dic-
tated somewhat by the availability of density data
on the agueous solutions.

-

Results and Discussion

The various electrolytes studied are listed in
Fig. 6.1. The variances of fit were about the same
on the average whether Eq. (6) or (7) was used. It
is difficult to evaluate this observation since it
has been quite common to smooth activity coeffi-
cient data with an extended Debye-Hiickel equation
[e.g., like (7)}]. The significant point, however, is
that whereas the B coefficients for Eq. (7) scatter
widely, some being positive and some negative, the
B’ coefficients for Eq. (6) all cluster in a narow
tegion about —0.6 for the 1-1 electrolytes and about
~1.15 for the 1-2 and 2-1 electrolytes; this result
suggests that the coefficient B’ has a physical
meaning correlated with valence type.

Accordingly, by using a cell model, an expres-
sion was derived for B ” in terms of the cationic
charge z, and number of cations per molecule »,,
the comresponding z, and v, for the anion, and a
cell constant 4:

%R. A. Robinson and R. H. Stokes, Electrolyte Solu-
tions, Academic, New York, 1955.

197 andott-Bimnstein Tabellen, Eq. M-c 2139-2162,
Julius Springer, Berlin, 1936.

S
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Figure 6.1 is a plot of —B” against the function of
charges and numbers of ions given in Eq. (8). As
seen in Fig. 6.1, the points fall roughly on a
straight line going through the origin as required
by expression (8).

Activity coefficients were calculated using the
values of B “ from the straight line in Fig. 6.1 for
each valence type (i.e., assuming A was the same
for all electrolytes). These values of B’ were
—0.66 for 1-1, —1.07 for 1-2 and 2-1, and —1.40 for
3-1 electrolytes. In each case the values of C”*
and of 2 were allowed to vary to give the best fit
by the method of least squares. The average max-
imum deviations between the observed and calcu-
lated values in this region were 1.8% for the 1-1
electrolytes, 2.5% for the 1-2 and 2-1 electrolytes,
and 8.3% for the LaCl,. The slope of the line in
Fig. 6.1 gives a value of about 0.88 for 4 com-
pared with a Madelung constant of 1.75 for the
NaCl crystal. This ““discrepancy” is a conse-

quence of the lack of longer-range structure due to
thermal motion and diffusion. Glueckauf,® using a
somewhat different treatment in obtaining values of
B and different concentration ranges, obtained
values a little closer to the Madelung constants of
crystals.

We computed for each salt studied the concentra-
tion ¢ 0.5 at-which the partition function is equal to
0.5. This represents the concentration at which
the Debye-Hiickel model and the cell model con-
tribute equally to the logarithm of the activity co-
efficient. As expected, the higher the charge type,
the lower the value of the eoncentration at which
the cell model becomes important.

Since the values of ¢ _ and hence of a appear to
comrelate with valence type, the values of a ob-
tained were plotted against the product of the va-
lence of the cation and anion z,2,; the plot was
roughly linear. Values of a x 10~2 taken from
this line were 3.3 for 1-1, 6.6 for 1-2 and 2-1, and
10.0 for 3-1 electrolytes. These values of a x 10—3
along with those of B from Fig. 6.1 were used to
fit all the activity coefficient data by the method of
least squares (with C” in each case now being the



sole adjustable parameter). With only this one ad-
justable parameter, the variance of fit was within
about 50% of that obtained using Eq. (6) with three
.adjustablé parameters (a, B’, and C’) in the cases
of LiCl, NaCl, KCI, RbCI, HC, NaBr, and K SO ;
in the other six cases the variances of fit for the
single parameter were three to seven times those
for the three-parameter fit. This result suggests
that 2 and B “ are coefficients with direct physical
origin, in the same sense that the coefficient @ is
derivable from a model and fundamental principles.
Granting this premise, Eq. (1) is verified as a valid
description of the properties of electrolytic solu-
tions over the entire concentration range.

- ELECTROMOTIVE FORCE MEASUREMENTS IN
HCI-NaCl, HCI-KCI, HCI-RbCI, AND HCI-CsCl
MIXTURES

M. H. Lietzke R. W. Stoughton
H. A. O’Brien, Jr. !

In 2 previous paper’? it has been shown that the
logarithm of the activity coefficient of HCI in var-
ious HCl—alkali metal chloride mixtures could be
represented as shown in Eq. (1), while the corre-
sponding expression for the logarithm of the salt in
the acid-salt mixtutes could be represented as
shown in Eq. (2):

ln yz =‘-—-.ép1/2 \/T/(l + 1-5 \/1) + 21[822 + (Bza

-B,,)X,] +3%[C,,, + AC,,, - C,,,'¥.],

223

M

222
-2 \T/( + 15D + AB,,

- B, X, 1+30%C

lny, = +{B,,

233 Csss)xz

-2C,, X3l

233

+2(C

333

+(Cyyy + @
In these equations the subscript 2 refers to the
acid, while the subscript 3 refers to the salt, d is
the Debye-Hiickel limiting slope, p is the density
of the solution, I is the ionic strength of the solu-
tion, X_ is the ionic strength fraction of the indi-
cated component in the mixturé, and the B i and the

Isotopes Division.

1%y, H. Lietzke, H. B. Hupf, and R. W Stoughton, J-
Phys. Chom. 69, 2395 (1965).
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c, jx are interaction coefficients (considering both
pait-wise and three-way interaction between ions).
Emf measurements have now been completed on
mixtures of HC] with NaCl, KC}, RbCl, and CsCl

using cells of the type

Pt-H,,(p=1)|HC(m,,), MCI(m )| AgCl, Ag.

In all cases the measurements were caried out in
the temperature range 25 to 175° in solutions of
total ionic strength 0.5 and 1.0 in which the ratio
of HCI to MCl was varied. The activity coefficient

¥ of HCl at each temperature and set of concen-
trations in the mixtures was evaluated by using the
Nemst equation and previous values!? of the stan-
dard potential E° of the Ag-AgCl electrode:

RT
E #Eo.—? In [mz(m2 + m3)] -—

T
lny, . 3

In this equation m, and m, are the molalities of
HCI and the appropriate salt, respectively, T is the
absolute temperature, R is the gas constant, and F
the faraday. The resulting values of the activity
coefficient of HCl in each system were fitted by the
method of least squares using Eq. (1) to obtain es-
timates of the interaction coefficients. In carrying
out this calculation the temperature dependence of
the interaction coefficients was chosen to be con-
sistent with the assumption that ACP for the cell
reaction was constant; that is,

5
ij = 'T— b 4 b In T

Figure 6.2 shows how the log y,, ., varies in mix-
tutes containing 0.5 ionic strength fraction of » It
at total ionic strengths of 0.5 and 1.0 at 25, 125,
and 175° As can be seen the log y ., values at
I = 0.5 are all lower {more negative) than the corre-
sponding values at I = 1.0 at 25° and all higher
(more positive) at 175°. The crossover points vary
from mixture to mixture but seem to be in the vi-
cinity of 100 to 125° The greatest difference be-
tween the values at I = 0.5 and 1.0 at the extremes
of temperature occurs with the HCI-RbC] mixtures.

Figure 6.3 shows how the log y__,, varies with
total ionic strength and fraction of acid at 25° for
the various mixtures. In all cases the log y values

13\, H. Lietzke and R. W. Stoughton, J. Phys. Chen.
68, 3043 (1964).
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are lower at [ = 1.0 in the pure salt solutions and
then cross the [ = 0.5 curve. In the case of the
HCI-NaCl mixtures, both curves are concave up-
ward. In the HCI-KC] system the plots are linear:
in other words both the HCI and the KC! obey
Hamed’s rule in the HCI-KC] mixteres at 25° In
the HC1-RbCI and HCI-CsCl mixtures the log y .,
vs X, o, plots are concave downward. Note that in
the HCI-RbC1 mixtures the activity coefficient of
the RbCl becomes greater than unity at high frac-
tions of acid in solutions of total ionic strength
1.0.

The detailed results of this study will be re-
ported in the open literature.
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of HCI at 25° for HCI-NaCIl, HCI-KCI, HCI-.RBCI, and
HCL.CsCl Mixtures,

ELECTROMOTIVE FORCE MEASUREMENTS IN
HC!-MgCl,,, HCI-CaCl,,, HCI-SCI,, AND
HCI-BoCl, MIXTURES

M. H. Lietzke R. W. Stoughton
H. A. O'Brien, Jr.1*

Emf measurements have been completed on mix-
tures of HC] with MgClz, CaCl,, SrClz, and BaCl,

b otopes Division.



_usi_ngr_cells of the type
© Pt-H,(p=1)|HCl(m,), MCl,(m,)|AgCl, Ag.

The measurements were carried out in the tempera-
ture range 25 to 60° (except for the HCI-BaCl, mix-
tures, where the range was 25 to 200°) in solutions
of total jonic strength 0.5 and 1.0 in which the
ratio of HCI to MCl, was varied. Activity coeffi-
cients of each component in each mixture were
evaluated as described in the previous section, ex-
cept that the temperature dependence of the inter-
action coefficients was chosen to be consistent
with the assumption that~AC o for the cell reaction
was zero; for example,

B 5= T+ b;‘j .
This assumption was made because the restricted
temperature range of the measurements did not
permit the evaluation of as many parameters as in

the case of the HCl—alkali chloride mixtures, where:

the temperature range was 25 to 175°

Figute 6.4 shows how the log y,, ., varies in mix-
tures containing 0.5 ionic strength fraction of salt
at total ionic strengths of 0.5 and 1.0 at 25 and

ORNL~DWG, 68-1273A
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60°% As can be seen the log y, ., values at

I = 0.5 are all lower (more negative) than the corre-
sponding values at I = 1.0 at both 25 and 60° Since
the HC1-BaCl, mixtures were studied to 175° it is
of interest to examine the behavior of the log y . .,
values in the corresponding mixtures at higher tem-
peratures. As can be seen in Fig. 6.4, the values
at both I = 0.5 and 1.0 are the same at 90°, while

at 125° and above the value of log y,,, at I = 0.5
is now higher (less negative) than the value at

I =1.0. The same behavior would probably be ex-
hibited in the other mixtures if the measurements
were extended to temperatures higher than 60°. Note
that the activity coefficient of HCl varies little
from mixture to mixture.

ORNL- DWG. 68-1272
| ! | |

~ 1 =05
.75 - MgCl, in HCI -1 = 4.0 _]
170 r" ‘—'_'_'—-—-—.___:‘_ _

109 Ysait

1.65 [ .-~ -
770 §- BaCl, in HCI

[
i . vy S -
Q 0.25 Q.50 0.75 1.0
Xhei

Fig. 6.5, Plots of logy_ ,, vs lonic Strangth Fraction
of HC! ot 25° for HCl—MgClz, HCE-CaCl,, HCI-SrCIz, and
HCI-BGCIZ.
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Figure 6.5 shows how the log y__,, values vary.
with total ionic strength and fraction of acid at 25°
for the various mixtures. In all cases the log v, att

_values are lower at I = 1.0 in the pure salt solu-

tions. In the case of MgCl,, CaCl, and 5:Cl, the
log ¥ ,q, Plots atl = 1.0 cross the plots atl = 0 5,
and the log y,,, values at zero concentration of
salt (X, = 1) are higher at I = 1.0 than at I =0.5.
In the case of the HCl-BaCl, mixtuzes there is no
such crossover. The acthty coefficient curves
are concave downward in the HCI-MgCL, mixtures
and concave upward in the remaining systems.

A detailed description of these systems will be
published in the open literatare.

ELECTROMOTIVE FORCE MEASUREMENTS
IN HCI-AICI,,, HCI-LaCl,, AND HCI-GAC1,
‘ MIXTURES ‘

M. H. Lietzke R. W. Stoughton
H. A. O’Brien, Jr.?*

Emf measurements have been completed on mix-
tures of HC1 with AICl,, LaCl,, and Gt:lC‘.l3 using
cells of the type

Pt-H,,(p=1)|HCl(m,), MCI ,(m_)|AgCl, A

The measurements were carried out in the tempera-
ture range 25 to 175° (except for the HCI-AIC] 3
mixtures, where the range was 25 to 60°) in solu-
tions of total ionic strength 0.5 and 1.0 in which
the ratio of HCI to MCl, was varied. Activity co-
efficients of each component in each mixture were
evaluated as described in the previous sections.

Figute 6.6 shows how the log Yuct varies in
HCI-AICI HCI-LaCl, and HCI-GACl, mixtures
contammg 0.5 jonic strength fraction of salt at
total ionic strengths of 0.5 and 1.0 at 25 and 60°.
At 25° the log y,, ., values are all more negative
at [ =05 than the correspondmg values at [ = 1.0,
while at 90° they are more positive. The crossover
point is at about 60° In the other studies we found
that the corresponding crossover temperatures are
between 100 and 125° for mixtures of HCI with the
alkali metal chlotides and about 90° for mixtures of
HCI with the alkaline earth chlorides. Hence the
higher the valence type of the salt the lower is the
crossover temperature.

Figure 6.7 shows how the log vy, _,, varies with
total ionic strength and fraction of acid at 25° for

79
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Fig. 6.6. Variation of log ¥, in HCI-AICL,, HCI-
LnC'ls, and HCI-G:ICIB Mixtures Containing 0.5 lonic
Strength Fraczion of Salt.

the three mixtures. In all cases the log y values
are lower at I = 1.0 in the pure salt solutions. In
the HCI-AIC1, and HCI-GACl, systems the log y
plots atl =1. 0 cross the plots at I = 0.5; both sets
of curves are concave upward. There is no cross-
over in the log y_,,, plots for the HCI-LaCl , mix-
tures, and the curves are concave downward The
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—_——1r0.5 R. M. Rush Y. C. Wul®
) o] ~==1=1.0 e J. S. Johnson G. Scatchard!€
; : R. A. Robinson!7 »
i AICI, in HC! P

The importance of variations of free energies from
ideality in chemical equilibria and kinetics is well
L 1so |- . - - appreciated. Information concerning these varia-
A e e ' tions is of interest not only for its implications
concerning the basic nature of solutions but also
for its fundamental importance in, for example, the
study of complexing reactions, estimation of mo-

: 1.55 |- LaCl, in HCI _ lecular weights by thermodynamic methods, and in-
! terpretation of reaction rate data. In addition, as
heats of mixing become available, knowledge of the
free energies of mixing permit the calculation of
entropies of mixing. ’
Do 135 _ Our program to investigate the free energies of
S ? multicomponent electrolyte solutions has develnped
C - along three main lines during the past year: (1) a
P . i GdCl. in HCI . reevaluation of the activity coefficients from litera-
3 / g ture isopiestic data in the system NaCl-KCI-H,O,
i (2) measurement of the asmotic and activity coeffi- !
cients for binary mixtures of NaCl, Na,30,, MgSO,
and MgCl, in water, and (3) measurements of the f

¥

B
[=]
P .

= osmotic coeﬁlcxents in mixed perchlorate solutions. i,
_{ 1 1 1 L Lo
: 0 025 050 075 1.0 A Recvaluation of the Activity Coefficients
B Xnc in the System NeCi-KCI-H,0 :

Osmotic coefficients for the system NaCl-KCl- :
H,0 were measured by the isopiestic method sev- ;
eral years ago by Robinson.'3 In this paper the 1
activity coefficients for the components were cal- b

; Fig. 6.7. Plots of logy__|, vs lonic Strength Fraction
b of HC! at 25° for HCI-AICI,, HCI-LaCl,, and HCI-GdCI,
Mixtures.

culated by the McKay-Perring method.!® It seemed [
desirable to reevaluate the activity coefficients in &
this system by the method of Scatchard,?® which !
we use in the interpretation of our own results. !
The details of our use of the Scatchard method :

!

|

L. - 5 15pasent address: National Bureau of Standards,
activity coefficient behavior of the AICI, thus more  Washington, D.C.

closely tesembles that of GdCl 3 than that of LaCl 16consultant; Professor of Physical Chemistry, Emer-
in the comesponding HCl-salt mixtures. This be— itus, Massachusetts Institute of Technology, Cambridge,

T e

}
o B . Mass. L‘
Pav:or is not qur.;\htatwely unexpected since AI(IT) 17Gonsultant; Washington, D.C. 2o
b is the least _basm and La(lIl) the most basic of the 185 A Robinson, J. Phys. Chem. 65, 662 (1961). ;:i
g three mefal ions. oo 1%y, A. C. McEay and J. ¥. Pering, Trans. Faraday L‘
i A detailed description of these systems will be Soc. 49, 163 (1953). T

published in the open literature. 20, Scatchard, J. Am. Chem. Soc. 83, 2636 (1961).

-

o AR A e
e

== J——



et LA

have ‘been described in a previous annual report??
and in a recent publication.??

The equations for the activity coefficients de-
rived from the data of Robinson'?® by the Scatchard
method are as follows:

1og (7, ,/¥ss) = (~0.02741m -+ 0.006160m
— 0.002158m® +0.0001993m*)y

+0.000325m%y2, , (1)

log (v4,/¥%s) = (0.01642m — 0.007459m”
+0.002158m> — 0.0001993m*)y ,
+0.000325m%2 , (2

where y, . and y, are the activity coefficients of
NaCl and KCl, respectively, in the mixture, ¥,
and y$, are the activity coefficients of the pure
salt solutions, m is the concentration in moles per
kilogram of water, and y is the jonic strength frac-
tion.

The maximum difference between results by the
two computational methods in the region lto5m
was 0.0025 in log y,, corresponding to a difference
of 0.6% in y,; the average difference for values
calculated at m = 1, 3, and 5 was 0.0007 in log yy-
These results indicate clearly that for this system
the McKay-Peming and the Scatchard metheds give
essentially the same results. A report of this in-
vestigation has been published.?3

Osmotic and Activity Coefficients of Binary
Mixtures of MaCl, Na,SO,, MgSO,, and MgCl,
in Water ot 25°C24

The ORNL Water Research Program has been en-
geged in measurements of free energies of multi-
component agueous solutions containing ions fre-

21p M. Rush and J. S. Johnson, Chem. Div. Aun.
Progr. Rept. May 20, 1967, ORNL-4164, p. 64,

22g M. Rush and J. S. Johnson, [. Phys. Chem. 72,
767 (1968).

235 M. Rush and R. A. Robinson, J. Tenn. Acad. Sci.
43, 22 (1968).

24posearch jointly sponsored by the Office of Saline
Water, U.S. Department of the Interior, and U.S. Atomic
Energy Commission under contract with Union Carbide
Corpcration.

quently found in natural waters. A variety of tech-
niques have beer used, including emf measwrements
with cation-sensitive electrodes. We have diverted
part of our effort to this study. This also afforded
an opportunity to check results obtained with a
cation-sensitive glass electrode with those ob-
tained by the isopiestic method.

Isopiestic measurements were made on ihe six
binaty mixtures of NaCl, Na, SO, MgSO, and
MgCl, in water at 25°C. ‘The concentration range
covered was I =1 to 6 ( is the ionic strength on
the molality scale); where solubilities pemitted
the study was extended to higher concentrations.
The isopiestic procedure and equipment have been
described previously.?® In addition, emf measure-
ments were made on NaCl-MgSO , mixtures with a
cation-sensitive glass electrode and 2 silver—silver
chloride electrode without junction. The emf pro-
cedure and equipment were essentially those de-
scribed by Lanier. 2%

A pattial summary of the results obtained is
given in Figs. 6.8 and 6.9. In these figures the
osmotic coefficient ¢ is given as a function of the
jonic strength fraction y at [ =3. The solid lines
represent calculated values using the Scatchard
equation with coefficients derived from the experi-
mental data by the method of least squares. This
same equation permits the estimation of osmotic
coefficients from data on the limiting single-elec-
trolyte solutions without involving data on the mix-
tures. Such estimates are shown as dashed lines
in the fipures. (These dashed curves are straight
lines only if both salts are of the same charge
type.) The maximum deviation of the estimated

" from the observed values of ¢ at this concentration

is 4%.

" For two of the mixtures included in our study,
NaCl-Na, SO, and NaCl-MgCl,, Lanier?® has re-
perted values of log v, for NaCl measured with a
cation-sensitive glass electrode. The maXimum
diffecence between values of log y, for NaCl meas-
ured with the glass electrode and values calculated
from the isopiestic resuits is 0.03 for NaCl-Na, SO,
and 0.01 for NaCl-MgCl,, both atl = 6. These dif-
ferences ‘correspond to 3 and 1 mv, respectively,
and are considerably smaller at lower concentra-
tions. For NaCl-MgSO, mixtures there is a max-

255 M. Rush sud J. S. Johnson, J. Chem. Eng. Data
11, 590 (1966). o

26p D, Lunier, §. Phys. Chem. 69, 2697, 3992 (1965).
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NaCl Na,S0, MgS0, MgCl, Nat)
IONIC STRENGTH FRAGTION

Fig. 6.8. Osmotic Coefficionts for Mixtures; NaCl-
Nu2504, Na,50,-Mg50,, M9504M9C|2, and MgClz-NuCI.
Solid lines calculoted from isopisstic results; dashed
lines estimated from two-componont data.

ORNL-DWG. 66-4258

1.2p - 1.2l i -

NaCl MgS0O, Nay50,
IONIC STRENGTH FRACTION

wMgCl,

Fig. 6.9. Osmotic Confficiants for Mixtures; NaCl-
MgSO4 and Nuzso‘-MgClz. Solid lines calculated from
isap® stic results; dashed linez ostimated from two-

component data.

imum difference of 0.02 in log y, forNaClatl =6
between our isopiestic results and both our emf
measutements and unpublished emf measurements
of Lanier. It thus appears that there is satisfactory
agreement between the glass electrode results and
those obtained by the isopiestic method, although
the maximum differences ate somewhat beyond ex-
perimental precision.

For NaCl-Na SO, mixtures, there are independent
measurements of the activity coefficients of both
components by emf measurements. These results
are shown in Fig. 6.10. As before, the solid lines
are values calculated from the isopiestic results
with the Scatchard equations, and the dashed lines
are estimates from the limiting single-electrolyte
data. The data of Lanier are those referred {o
above. The results of Butler for the activity coef-
ficients of NaCl were obtained with a sodium amal-
gam vs silver—silver chloride electrode system;%”

271 N. Butler, P. T. Hsu, and J. C. Symnott, J. Phys.
Chem. 71, 910 (1967).

ORNL=DWG, §8-4239

——
B

W9 Ve pocy

-0.220
[+]
-0.24}- -
Iat
T ¢ LANIER {emf} "'
& BUTLER (emf)
-0.42}- 4

Hue50,

Fig. 6.10. Activity Coefficiants in NaCI-N02504 Mix-
tures. Solid lines calculated from izopiestic results;
dashed lines estimated from two-component data. Ex-
perimental points obtained from Lanier, ref. 26, and
Butler, refs. 27 and 28.
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for the activity coefficients of Na, SO, a lead amal-
gam—lead sulfate vs sodium-sensitive glass elec-
trode system was used.?® For these mixtrres we
thus have a satisfactory independent check on the
activity coefficients of both components.

The excess free energy of mixing can also be
calculated using the Scatchatd equations and the
coefficients obtained from the isopiestic results.
The mixtares in our study consisted of the four
pairs with common ions and the two pairs without
common ions possible with the four solutes NaCl,
Na,S0,, MgSO,, and MgCl,,. It is thus possible to
evaluate for the free energies of mixing the cross-
squal® rule proposed by Young?? for the heats of
mixing of 1-1 electrolyte pairs. This rule states
that for the heats of mixing of equal amounts of 1-1
electiolytes in solution, the sum of the heats for
the mixtures with common ions is equal to the sum
of the heats of the mixtures without common ions.
This rule was also observed by Wood to he valid
for mixtures of 2-1 electrolytes.?

The results of such calculations for the excess
free energies of mixing at I = 2 are shown in Fig.
6.11. They indicate that the cross-square relation-
ship is valid for the free energies of mixing for
these electrolytes. As far as we know, there has
been no published verification of this rule for the
free energies of mixing. Our study is also unique
in that it involves mixtures of electrolytes of dii-
ferent valence types.

Osmotic Coefficients of Mixed Perchlorate
Salutions

The study of 1-1 perchlorate mixtures reported in
the previous annual report?! has been completed
and a paper published describing the results. ?Z
Work is in progress on HCIO -UO(CIO ), mixtures
and will be extended to mclude NaClO -
U0,(C10,),. HCIO,-Ba(Cl0 ),, and NaC;O .
_Ba(ClO J2 mixtures.- These perchlorate salts of
divalent cations were selected because the osmotic
coefficients of UO,(CI0,), are very high in con-
centrated solutions, and those of Ba(Cl0 ), are
low, in comparison with other members of this va-
lence type.

28.]. N. Butler, Tyco Laboratories, personal communi-
cation, 1968,

29, F, Young, Y. C. Wu, and A, A. Krawetz, Discus-
sions Faraday Soc. 24, 37, 77, 80 (1957).

302, H. Wood and H. L. Anderson, J. Phys. Chem. 70,
992 (1966).

ORNL-DWG, 68- 4795
EXCESS FREE ENERGY OF MIXING

Y, =¥, =05, Is2 cal. / kg. of water
B

~34
NaCl ———— Na,S0,
ta. -4

17

MgCIa -—_22—— MgSO,

£SO = -34+17-22430 = -
=X = -4-4 : -8

Fig. 6.11. Free Energy Relationships in Binary Mix-
tures of NaCl, Nozso‘, MgSOA, and Mg(:.l2 in Water.
Values calcylated from isopiestic rezults.

PHYSICAL CHEMISTRY OF POLYELECTROLYTE
SYSTEMS

Agueous Electrolyte Solutions: The
Thermod- namics of Mixed Chloride-Nitrate Systems

J. Padova

Activity coefficients of potassium chloride in
agqueous mixtures of potassium nitrate were esti-
mated from measurements at 25°C in the ionic
strength interval 0.2 to 3.0 m with a cell consisting
of a cation-sensitive glass electrode vs silver—
siiver chloride electrode. The measuring circnit,
which bas been described,®' consists of a vibrating
reed electrometer in conjunction with a Leeds and
Northrup K-3 potentiometer for the emf determina-
tions. The only change made was the use of 2
silver—silver chloride reference electrude prepared
from optical silver chloride crystals.*? This elec-
trode was stable over long periods even when sub-
jected to frequent changes from one dilute chloride
solution to another.

Activity coefficients derived from the cell meas-
urements were in good agreement with those calcu-
lated from gravimetric isopiestic measwements

Hp. D. Lanier, J. Phys. Chem. 69(11), 3992 {1965).
32.]- Greyson, J. Electrochem. Soc. 109, 745 (1962).
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Fig. 6.12. Activity Coefficionts of KCl in KCl-KNOs

Agueocus Mixtures.

carried out on the same system®? (see Fig. 6.12).
Harned’s rule®* applied within experimental error
to the activity coerficients of KCl, whereas two
parameters were needed to represent the activity
coefficients of KNO,. The method of Rush and
Johnson®® based on the procedure suggested by
Scatchard?® was applied to the analysis of the os-
motic coefficients for the KCI-KNO  mixtures. The

equation for @ of a three-component mixture is3s
¢=1 ! L ( )
=1+ a, +(a, —a)y
VAmA‘fyamB 4 4 B~ B

By —yg) + BY Ly =yp)A -2, D

where a, is determined from two-component data, y;
is the ionic strength fraction, and BE? are func-
tions of I, the ionic strength, determined by the

335. Amdur, J. Padova, and A. Schwarz, to be, pub-
lished; preliminary communication, Israzel J. Chem. 5(4a),
23 (1967). :

34y 5. Hamed and B. B. Owen, The Physical Chem-
istry of Electrolyte Solutions, chap. 14, ACS Monograph
Ser., 3d ed., Reinhold, New York, 1958.

35p M. Rush and J. S. Joboson, J. Phys. Chem. 72,
767 (1968).

366, Scatchard, J. Am. Chem. Soc. 83, 2636 (1961).

least-squares fitting of expression (1) to the experi-
mental osmotic coefficient of the three-component
solution. The agreement between values calcu-
lated by the above method and experimental values
for the osmotic coefficients was not satisfactory;
only about 80% of the data were within $0.005 (see
Fig. 6.13). The standard deviation of the fit to
Eq. (1) was 0.0048, compared with 0.0005 for NaCl-
KC1 mixtuzes. 37

Similar computations were applied to the systems

. LiCI-LiNO, (standard deviation = 0.005)%% and

NaCl-NaNO, (standard deviation = 0.005).3° The
applicability of the Scatchard method for the esti-
mation of activity coefficients in mixtures of alkali-
metal chlorides with nitrate seems to be less suc-
cessful than for mixtures of alkali-metal chlorides.
A different approach is being elaborated.

Thermodynamics of the Sodium Polystyrene-
sulfonate—Sodium Chloride System

J. Padova

Studies of the interactions between polyelectro-
lytes and simple electrolytes in agueous solution
may be useful in understanding and explaining the
various properties of ion exchange reactions.*°
Polystyrenesulfonate, which forms the ‘““backbone”
of strong-acid-type cation exchangers, has been
chosen for this study. _

The effect of the molecular weight of the poly-
styrenesulfonate on colligative propertiés was in-
vestigated with the gravimetric isopiestic method.
Problems met with in the analytical determination
of the equivalent weight of the polymer were over-
come, and a reliable method utilizing lightly cross-
linked strong-acid cation exchangers was elaborated
and checked by flame photometry measurements.
Preliminary experiments indicated a significant de-
pendence of the osmotic coefficient, %, on the mo-
lecular weight, M, of the polyelectrolyte; ¢ in-
creased with concentration and with molecular
weight (Fig. 6.14) in agreement with observations

37g, M. Rush, private communication.

38R A. Robinson and C. K. Lim, Trans. Faraday Soc.
49, 1144 (1953).

394 N. Kirgintsev and A. V. Lukyauov, Russian J.
Phys. Chem. (English Transl.) 38, 367 (1964).

s E. Boyd, S. Lindenbaum, and G. E. Myers, J.
Phys. Chem. 65, 577 (1961).
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Fig. 6.13. Tost of Fit of Exparimental Values for Osmatic Coefficients for KCI-KN03 Aqueous Mixtures to

Calculated Values.

by Bonner.*! - The molecular weight dependence
had not been noticed before*? because most of the
measurements were carried ount either at low con-
centrations or with only one molecular weight.
The concentration effect has been noticed be-
fore,¥1-43:44 and the molecular weight dependence

410, D. Bonner and J. R. Overton, J. Phys. Chem. 67,
1035 (1963).

42] . A. Marinsky, fon Exchange, chap. 9, Marcel
Deldeer, New York, 1966.

43p, Chu and J. A. Marinsky, J. Phys. Chem. 71, 4352
(1967).

44y Ise and T. Okubo, J. Phys. Chem. 72(4), 1361
(1968) .

may be confirmed by comparing the data obtained
for different molecular weights by different investi-
gators.*3.94

The extrapolation of the data to isfinite dilution
gives a valve of ¢ = 0.3 as compared with

Marinsky’s value?® of 0.22 for a sodium polystyrene-

sulfonate of molecular weight ca. 500,000. Earlier
measurements of the osmotic coefficients of the so-
diom salt of a lightly cross-linked polystyrenesul-
fonate extrapolate to 0.4.45

45G. E. Boyd and B. A. Soldano, Z. Elekirochen. 57,
162 (1953). :
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Fig. 6.14. Concentration Dependence of Osmotic Co-
efficients for Linear Sodium Polystyrenesulfenates in
Aquoous Solutions at 25° (Szwarc Polymers).

Isopiestic vapor pressure comparisons are being
conducted with the system sodium polystyrenesul-
fonate—sodium chloride at various ratios of salt to
pelyelectrolyte. The higher molecular weight
polymer (M = 267,000) was chosen to minimize
ttend effects” on the osmotic coefficient. The data
obtained thus far indicate that the polymer-salt mix-
ture behaves like an ordinary mixture of simple elec-
trolytes (Fig. 6.15).

A glass electrode vs silver-silver chloride elec-
trode cell will be used to measure the activity co-
efficients of sodium chloride in the system. These
measurements together with measurements of the
osmotic coefficient obtained by the isopiestic
method should give an unambiguous definition of
what is meant by the *“polyelectrolyte activity co-
efficient.”” The so-called additivity rule,*® whereby
the osmotic pressure 7 of a mixture of a polyelec-
trolyte and an electrolyte is assumed to be given by

T =
??p'{-ﬂ's,

where 7 o represents the osmotic pressure of the

46, . Katchalsky and Z. Alexandrowicz, J. Polymer
Sci. A1, 2093 (1963).
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salt-free polyelectrolyte solution and 7 the osmotic
pressure of the polyelectrolyte-free salt solution,
will be checked. It has been implied?? that ‘““addi-
tivity’” does not hold for accurate measurements.

The Free Energy of a Polyelectrolyte at Infinite
Dilution

J. Padova

The thermodynamic treatment of a fluid in an elec-
trostatic field has been shown*®~*° to apply to the
calculation of various properties of solutions of
electrolytes. The gain in the free energy of the

474, Katch'alsky, 2. Alexandrowicz, and O. Kedem, in
Chemicul Physics of lonic Solutions, ed. by B. E.
Conway and R. G. Barradas, Wiley, New York, 1966.

48y padova, J. Chem. Phys. 39, 1552 (1963).
49y Padova, Electrochim. Acta 12, 1227 (1967).
59y pgadova, J. Phys. Chem. 72, 796 (1968)"
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fluid due to the electrostatic field is given by the
expression '

AG = (1/47) [fE dD dv , w

where E and D are the electric field and electric
displacement vectors and dv is the elementary
volume.

For an isotropic fluid, expression (1) may be
written

AG = (1/87) [[E , d(E?) dv , @

where E , is the differential dielectric constant of
the solvent. This expression may be used in the
calculation of the free energy of a polyelectrolyte
at infinite dilution and takes into account the de-
pendence of the dielectric constant of the fluid

on the electrostatic field due to the polyelectrolyte.
Two medels were considered:

1. the spherical model cortesponding to the coiled
microion, which is only slightly dissociated by
definition;

2. the cylindrical model corresponding to the linear
polyelectrolyte that may be more or less disso-
ciated.

The electric field dependence of the differential
dielectric constant E ; is given by Grahame’s ex-
pression5!

E =n* +(E, ~a®) AL + bE?) ,
where n and E o are the refractive index and static ’
dielectric constant of the solvent, respectively, b
is a constant equal to 1.1 x 10—3 (esu)~2, and E

is the electrostatic field strength. The relation be-
tween E and r is obtained*® through the relation

E ;= dD/dE ,
where
D =n?E + [(Eo — ) /61 2] tan~! (B*REY , (3)
which for a spherical model gives
n’E + [(E, —~ n?)/b*/?] tan™! (b'2E)
= alNer® = ehp? , @)

and for a cylindrical model gives

Sp. ¢. Grabame, J. Chem. Phys. 21, 1054 (1953).

0°E + [(E, — n®) /b'#] tan™! (b /2E)

= ae/ir=ep. (5)

The integration of expression (2) is carried out nu-
merically using relations (4) and (5) as a function
of the ““reduced radius” p. In the first case

p=t/al ,

where a is the fraction dissociated, N the polymeri-
zation number of the polyelectrolyte, and r the dis-
tance from the spherical charge center. In the
second case

p =Ar/a,

where a is the dissociation fraction, A is the dis-
tance between two consecutive charges, and r is
the distance from the central axis of the cylinder.

From the graph of E g Vs p (Fig. 6.16) we may
learn as a function of the defined parameter the re-
gions wherein dielectric saturation occurs causing
volume exclusion and, from Fig. 6.17, the free
energy in the reference state for a desired model of
polyelectrolyte.

The electrostriction caused by the polyelectrolyte
will be calculated according to an earlier method,43
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and the dimension of a specific polyelectrolyte will
be determined by the relation between electrostric-
tion and apparent molal volume.

The interactions between a dielectric saturated
polyion and small electrolyte will be investigated
as a function of the concentration of both compo-
nents.

Thermodynamic Quantities in the Exchange of Zinc
with Scodium Jons in Variously Cross-Linked
Polystyrenesulfonate Cation Exchangers at 25°

G. E. Boyd F. Vaslow
S. Lindenbaum

Standard free energy, AG®, and enthalpy, AH®,
changes for the reaction of zinc ion in dilute
aqueous solutions with sodium ion in cross-linked
polystyrenesulfonic acid type cation exchangers
were estimated from equilibrium ionic distribution
and heat of exchange measurements at 25°. The
selective uptake of Zn?" ion was accompanied by
the absorption of heat and by an increase in the
standard entropy, AS°. A maximum in AG® with in-
creasing exchanger cross-linking was observed
with the exchanger containing approximately 8%

88
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divinylbenzene, in contrast to AH® and AS° which
increased progressively with cross-linking. The
difference in the entropies of hydration of zinc and
sodium ions appeared to be a major factor in deter-
mining AS°, which in turn governed the selective
uptake of the former ion. [Abstract of published
paper: J. Phys. Chem. 71, 2214 (1967).)

Thermodynamic Properties at 25° of Aqueous’
Solutiens of p-Ethylbenzenesulfonic Acid and lts
Alkoli Metal Salts. Comparisons with Cross-Linked
Polystyrenesulfonate Type Cotion Exchangers

A. Schwarz52
J- W. Chase®?

G. E. Boyd.
‘F. Vaslow

Molal osmotic and mean molal activity coeffi-
cients, ¢ and y, and apparent molal heat contents,
%, , of aqueous solutions of p-ethylbenzenesulfonic
acid (p-EBSA) and its alkali metal salts were de-
termined at 25° for a wide range of concentrations.
The strength of the acid was inferred to be less
than that of HNO 3 and evidence was obtained for
ion-pair formation with the cesium salt. The con-
centration dependence of ¢, was unusual in that
values above the Debye-Hiickel Limiting slope were
observed with all but cesiom p-EBS. Calculations
of solvent relative partial molal entropies, S, -

5%, indicated that the p-ethylbenzenesulfonate
anion possessed ‘‘water structure forming’’ prop-
erties. Free energies of dilution, AG, {computed
from ¢ and y for the alkali metal salts and free
acid), and the differences between these were com-
pared with the standard free energy changes, AG? ,
for ion exchange reactions between the alkali metal
cations and hydrogen fon in cross-linked polysty-
renesulfonic acid type cation exchangers. Differ-
ences in ¢, were also compared with standard
heats of cation exchange, M:x. The concordance
between the various thermodynamic quantities indi-
cated that the analogy between concentrated elec-
trolyte mixtures and cation exchangers was valid.

f Abstract of published paper: J. Phys. Chem. 71,
3879 (1967) .1

5’zl.':nz-c:t-:asmd: formerly of the Soreq Nuclear Research
Center, Yavne, Isracl.

?Prese_nt address: Eastman Kodak Co., Rochester,
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The Binding of Quaternary Ammonium lons by
Polystyrenesulfonic Acid Type Cation Exchongars

G. E. Boyd Q. V. Larson

A thermodynamic study was made of the binding
of quaternary n-alkylammonium ions by cross-linked
polystyrenesulfonic acid type cation exchangers.
Calorimetric measurements of the exchange reac-
tions with sodium ion at 25° showed that the en-
thalpy and entropy changes were negative for the
preferential binding of tetramethyl- and tetraethyl-
ammonium 1ons by lightly cross-linked sodium-form
exchanger, but, with tetra-p-propyl- and tetra-n-
butylammonium ions, heat was absorbed and the
entropy increased markedly, The increase in the
preferential uptake with the size of the tetra-n-alkyl-
ammonium ion therefore was determined by the en-
tropy increase in the exchange reaction (i.e., hydro-
phobic bonding) . The selective uptake of Me N*
ion decreased with increasing exchanger cross-
linking, and with nominal 8% DVB exchanger the
Na* ion was preferred for all compositions. The
heat of exchange became progressively less nega-
tive, and with the most highly cross-linked prepara-
tion heat was absorbed when Me N replaced the
Na* ion, but the entropy change remained constant.
The decrease in the binding of Me 4N+ ion with in-
creased cross-linking was attributed to the increase
in enthalpy of the molecular network of the ion ex-

changer when it expanded to accommodate the large '

organic cation. A comparison of the enthalpy with
the free energy of swelling showed that the entropy
also increased, which is contradictory to the hy-
pothesis that ion exchanpers are rubber-like gels.
The more highly cross-linked polystyrenesulfonate
exchangers behaved as if they were in a glasslike
state (i.e., a rubber below its gel point). [Abstract
of published paper: J. Am. Chem. Soc. 89, 6038
(1967).]

Thermal Effects in lon Exchange Reactions: Heats
of lon Exchange

G. E. Boyd

Heat may be evolved or absorbed in a variety of '
reactions exhibited by ion exchangers: in the inter-
change of ions with those in aqueous or nonaqueous

- media, in the solvation of solvent-free exchangers,

in swelling and deswelling, and in acid-hase neu-
tralization. Thermal effects accompanying reactions

involving ions find practical application in analyt-
ical and preparative ion exchange chromatography.
Quantitative values for heats of ion exchange are
essential to an understanding of the separations

principles governing many areas of application and

research, as, for example, in the saline water
problem, in chemical process waste treatment and
water pollution, in the transport of ions in living
cells and in soils, and in numerous separations in
the chemical and pharmaceutical industries.

Heats of ion exchange are small, and sensitive
calorimetric methods are needed for their measure-
ment. With synthetic organic ion exchangers the
heat effects =:e dependent: (1) on the electronic
and molecular structure of the exchanging ion and
on its charge in solution; (2) on the natuie of the
ionogenic group of the exchanger and on the cross-
linking of the latter. Moreover, the heat of ex-
change itself may be temperature dependent.

A concise summary of the findings from calori-
metric studies at ORNL is presented. {Abstract of
paper published in Analytical Calorimefry, Plenum,
New York, 1968.)

Heat Capacity Changes in fon Exchange Reactions:
The Exchange of Tetra-n-butylammonium with
Sodium lon in Cress-Linked Polystyrenesulfonate

G. E. Boyd Q. V. Larson
Siegfried Lindenbaum

Calorimetric measurements of the temperature de-
pendence of the standard enthalpy of ion exchange,
AHR®, were performed for the reaction in dilute
aqueous solution of tetra-n-butylammonium with
sodium {on in lightly cross-linked sulfonated poly-
styrene type cation exchanger. Between 15 and
35°C the value of AH® decreased from 2.39 to 1.38
kcal per equivalent, corresponding to an average
standard heat capacity change of AC° = -53 + 9
cal per equivalent per degree. The sign.and magni-
tude of AC® are consistent with the hypothesis that
large, singfy charged organic cations such as the
tetra-a-alkylammonium ions in aqueous solution pro-
duce an extensive ordering of the water structure in
their vicinity. The prediction of AC® values for the
exchange reactions in dilute solutions of singly
charged cations (and anions) with one another is
discussed. [Abstract of published paper: J. Phys.
Chem. 72, 2651 (1968).]
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Osmotic Coefficients of Aqueous Solutions
of Tri-n-alkylsulfonium Halides ot 25°

.. Siegfried Lindenbaum

Osmotic coefficlents measured by the gravimetric
isopiestic vapor pressure equilibration method
are reported for trimethyl- and tri-n-butylsulfonium
chloride and bromide and for trimethyl-, tri-n-propyl-,
and tri-n-butyisulfonium iodide. These results are
compared with previously reported data on tetraal-
kylammonium salts. The osmotic coefficients for
the sulfoninm salts are in general lower than those
for the corresponding ammonium salt; however, the
relative order and the shape of the osmotic coeffi-
cient vs concentration curves are remarkably sim-
ilar. This comparison confifms the suggestion that
the solution properties of these cations are largely
dominated by the nature and length of the hydro-
carbon substituents on the central sulfur or nitrogen
atom. The suggestions previously put forward to ac-
count for the behavior of the quaternary ammonium
salts, that is, water structure promotion, water
structure enforced ion pairing, and micelle forma-
tion, are examined and compared in the light of the
free energy behavior of the aqueous sulfonium salt
solutions. [ Abstract of published paper: * J. Phys.
Chem. 72, 212 (1968).]

The Heat of Fusion of Tetra-n-alkylammonium
Fluoride — Clathrate Hydrote -

Siegfried Lindenbaum

Solutions of tetra-n-butylammonium fluoride have
many unusual properties. They have extremely high
values for the activity coefficients and heats of di-
lution. Clathrate hydrates readily crystallize from
solutions of tetra-n-butylammonium fluoride, whose
structure has been compared with that of aqueous
solutions containing structure-promoting ions such
as tetraalkylammonium ions.5* It was of interest,
therefore, to measure the heat of fusion of this hy-
drate. Since the hydrate melt is stable at room fem-
perature, it was possible to measure the heat of so-
lution of the crystalline hydrate and the hydrate
melt and thus obtain the heat of fusion by differ-
ence, :

541.1_ S. Frank and W-Y¥ Wen, Discussions Faraday Soc.
24, 133 (1957).

A solution of tetrabutylammonium fluoride was
prepared by neutralizing a solution of Bu NOH with
HF. Purity was established by analyzing for Bu N*
by the precipitation and weighing of the tetraphenyl-
boride. The composition was adjusted to Bu NF-
41H,0, and this solution was used for the x-ray
scattering experiments described elsewhere in this
report. 55 Clatheate hydrate crystals of composition
Bu 4NF-30.22H20 were. crystallized from this solu-
tion. The heat of solution of the crystalline hydrate
AH: is 40,765 * 15 cal/ole, and the heat of solu-
tion of the melt AH: is —6,357 * 2 cal/mole, to
give a heat of fusion of 47,122 cal per moie of
Bu 4NF-30.22H20, or 1559 cal per mole of Hzo, at
25°C. This result is close to the value for the
heat of fusion of ice at 25°C, 1638 cal/mole.

The Heat of Dilution of Tetra-n-butylammonium
Chloride

Siegfried Lindenbaum

Apparent and partial molal volume studies of
tetra-n-alkylammonium halides ir aqueous solu-
tion®6 have revealed that, for some of these salts,
these quantities when plotted against the molality
show a minimum at about 1.6 m. This is approxi-
mately the composition of the clathrate hydrate
formed by the tetra-n-butylammonium halides,
(-C_H) 4NX-32.8H20. It has been suggested in
view of the minimum in the partial molal volume
curves® ¢ that there may be a relationship between
the structure of the solid hydrate and the aqueous
solution. It was expected that in the vicinity of
this concentration other physical properties also
might be expected to show a marked change.57?
Previous measurements of the heats of dilution®®
of tetra-n-alkylammonium chloride were not suffi-
ciently detailed or accurate to determine whether
an inflection occurred in the vicinity of the clath-
rate composition in a plot of the apparent molal
heat content, ¢, , vs concentration. It was the
purpose of this work to measwre ¢, very accu-

555, H. Narten, “X-Ray Diffraction Studies of Lig-
uids,”? this report.

56w. Y. Wea and S, Saito, J. Fhys. Chem. 68, 2639
(1964 .

57y, v. Wen, private cominmnications.
583, Lindenbaum, J. Phys. Chem. 70, 814 (1966).
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rately at small intervals (every 0.2 m) of concen-
tration from 0.0 to 2.6 m. The calorimeter was es-
sentially similaf to that described previously3®
with some minor modifications to improve accuracy
and sensitivity. Heats of dilution were reproducible
to 0.2% or 3 cal/mole, whichever is larger. The
data (Table 6.1) were accurately represented by the
following cubic equation obtained by the method of
least squares using the data from 0.5 to 2.6 m:

by, = ~192.106 + 2374.9m + 425.472m"
~ 153.385 m% ; (1)

standard deviation of fit, o= 1(0.2. No inflections
or other anomalies are discernible in the region of
interest.

Table 6.1. Apparent Molal Heat Content of
Tetra-n-butylammonium Chloride Solutions at 25°

m gﬁL (cal/mole) m el ;. (cal/mole)
0.16006 201 1.3651 3444
202 3454
0.20211 395 1.5064 3835
389 3832
3837
0.2682 614 1.7070 4340
614 4344
0.4007 854 1.8071 4585
854 4599
- 0.5049 1102 1.9825 4995
1110 5000
0.6964 1607 2.0466 5124
1611 5123
5139
0.9011 2175 2.2906 5628
2172 ) 5617
1.0251 2512 2.4788 5968
’ 2512 5970
1.2556 3171 2.6436 6232
3165 6240
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SALT-INDUCED STRUCTURE TRANSITIONS
IN AQUEOUS SOLUTION

F. Vaslow

Measurements of the apparent molal volumes of
the alkali halides have continued with the primary
purpose of investigating the nature of abrupt
changes in the slope of the apparent molal volume
¢, vs root concentration /¢ curves found for some
of the salts. The emphasis has been on obtaining
extremely precise Ag, /A+/c curves rather than in-
tegral values, with the measurements of density
being made to 0.2 ppm for all concentrations and
measurements of increments of stock solution being
made to about 10 ppm. The statistics of the final
curves indicate that these values are realistic esti-
mates of the average errors of measurement. Re-
sults obtained for the A¢_/A+/c curve of LiCl using
the precise techniques confirm the existence of an
abrupt slope transition suggested in the original
paper,®? and the new results have been published.%?

The apparent molal volumes of LiBr and Lil are
being studied, again with emphasis on precise
Ag /Ay/c curves. For LiBr two runs in excellent
agreement suggest that within the resolution of
these experiments there may be a discontinuity in
the Ag_/A+/c curve at /€ = 1.14; around this
point A _/A+/c drops abruptly from about 1.165 to
1.130. .

Two runs with Lil gave results qualitatively sim-
ilar to the LiBr curves except that the apparent dis-
continuity seemed to be much larger, and its posi-
tion was different in the two runs (y/c = 1.12 and
0.97).

If these curves are in fact discontinuous, they
may represent behavior similar to A-point transi-
tions in crystals or in liguid helium. Such transi-
tions are highly sensitive to-impurities or other
conditions, and variations in the transition point
are not unreasonable. Different batches of Lil
were used for the two runs, each containing small
amounts of free iodine and alkali which are prob-
ably not the same in the two batches, so that dif-
ferences might occrr in a sensitive system.

The Lil results can be compared with the earlier
tesults ®? for Cal, and SrI,. While the points avail-

5%, Vaslow, J. Phys. Chem. 70, 2286 (1966) .
S0%. Vaslow, J. Phys. Chem. 71, 4585 (1967)-
614, Heydweiller, Ann. Physik[4] 30, 873 (1909).
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able are too few for detailed analyses, these curves
show a precipitous drop in slope over a short con-
centration range generally similar to the effect in
" lithium salts but apparently much larger.
-The existence of discontinuities in the properties
of aqueous:solutions has not been previously es-

- tablished, and such behavior could be considered

‘highly unusual. While the results obtained here are
consistent among themselves and with earlier work,
they are nevertheless based on a very high preci-
“sion of measurement, and only a few points of each
curve determine the nature of the transition. Con-
sequently, detailed study is necessary before it is
clear that these very interesting results are not due
to artifact or error.

HYPERFILTRATION WITH DYNAMICALLY
FORMED MEMBRANES“

J. N. Baird®®
W. H. Baldwin
J- Csurny
Neva Harrison
C. E. Higgins
J- S. Johnson
K. A. Kraus%4
D. C. Michelsen
J- W. Meyers 65

J- J. Perona®®

H. O. Philtips

S. B. Sachs®?

H. C. Savage®®

R. Shea®®

A. J. Shor®s
Warren Sisson®$
Wm. T. Smith, Jr.®°
G. Westmoreland

The separations process work of the Water Re-
search Program continued to emphasize studies of
hyperfiltration (reverse osmosis). Attention re-
mained concentrated on salt-filtering properties of
membranes dynamically formed on porous bodies
from materials added to feed solutions. These salt-
filtering films were exploited for basic studies of
transport through membranes under pressure as
driving force and were investigated for possible
practical application in desalination and pollution
control. Typical examples of studies under way
during the year follow.

stponsored by the Office of Saline Water, U.3. De-
partment of the Interior.

63General Engineering and Construction Division.
64pirector’s Division. ’

S5Renctor Chemistry Division.

$6chemical Technology Division.

67yisiting Scientist from the Weizmann Institute,
Israel.

68C:«.'n-m:: student from the University of Tennessce.
69I)epm‘tme:nt of Chemistry, University of Tennessee.

Concentration Dependence of Salt Rejection
by an lon Exchange Membrone

Preliminary attempts to correlate salt rejections
by hydrous Zt(IV) oxide anion exchange membranes
with jon-exclusion (Donnan) theory have been dis-
cussed.”? Although experimental results were
qualitatively in accord with predictions, quantita-
tive differences were considerably outside experi-
mental error. The importance of these studies in
establishing a description of transport through ion
exchange membranes led us to obtain more exten-
sive experimental data (Fig. 6.18) and to try var-
ious assumptions concerning activity coefficients

in the membrane phase in calculation of the distri-

bution ceefficient,
D* = m*/m (1)

[where m indicates concentration, the units being
moles per kilogram of water for both the membrane
(*) and aqueous phases], for comparison with re-~
jection by the membrane.

For ¢ test of theory, the effect of buildup of salt
concentration at the membrane-feed interface on
salt rejection,

R=1-m /m, @

where subscript o indicates the effluent or product
solution and & the solytion at the high-pressure
membrane-feed solution interface, must be elimi-
nated. Values of R were estimated from the ob-
served rejections,

Robs =1- mw/m[ ' 3)

where f indicates feed concentration, by an extrap-
olation to infinite feed circulation velocity, des-
cribed in last year’s report’® and elsewhere.”!

To obtain values of R which can be compared in

~ a simple manner with values of D¥ computed from

jon-exclusion theory, it is further necessary that
the flux through the membrane be sufficient to re-
alize the limiting rejection R,. The pressures nec-
essary for essential attainment of R, were identi-
fied experimentally.

7%ctem. Div. Aan. Progr. Rept. May 20, 1967, ORNL-
4164, p. 70.

Tla, J. Shor, K. A. Kraus, J. S. Johnson, Jr., and
g. g‘i)Smith, Jr., Ind. Eng. Chem. Fundamentals 7, 44
967) .
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The relation?? between R, and D¥ is

where 8 is a coefficient describing coupling be-
tween solute and solvent flux. For neutral, low-
water-content cellulose acetate membranes, whose
transport properties have been extensively studied,
B =0is agood first approximation, and one of our
objectives was to find if B is different for the high-
water-content ion exchange membrane used in this
study. '

if R, <1, § must by Eq. (4) be other than zero.
Since our results show (Fig. 6.18) that R, ap-
proaches zero at high feed concentration, unity ap-
pears to be the best approximation for B, and we
shall assume 8 = 1. : '

If the same standard state is selected for both
membrane and a two-component solution phase, the
equation describing the equilibrium distribution for
an electrolyte MA  , A beinga menovaleni coun-
terion (that ion having charge sign opposite to that
of the fixed charge on the ion exchanger) is

mMmf:""”y: = - 1) Vm’yY

- — 1) 4V
= mrmk D yY
= mC* + (v — Nm¥]P-10yY . (5)

C* being ion exchange capacity in moles per kilo-
gram of water in the ion exchange phase and y, be-
ing the activity coefficient of MA__ . The coion
molality m¥, is the molality, m*, of the ‘““invading”
electrolyte. The egquation for the distribution coef-
ficient follows from (5):

c* vl
D* (T_-“i-)—m+D* I""'—lu:ﬁ, (6)

where I" = y* 4/,. If " can be estimated, we can
compute D* as a function of solute concentration
and valence type for a membrane of capacity C* and
compare computed values with salt rejection.
Independent measurement of C* is difficult for dy-
namically formed membranes. The test of theory is
therefore to see if, for reasonable assumptions con-

72_!. S. Johnson, L. Dresner, and K. A. Kraus, chap.
VIl in Principles of Desalination, ed. by K. 5. Spiegler,
Academic, 1966.
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ceming I, a single value of capacity will fit all re-
sults. We reported last year that neither assuming
I"= 1 nor taking into account only the known solu-
tion phase activity coefficient variations gave an
adequate fit to our preliminary data; this was con-
firmed with our present results. It appears that ac-
tivity coefficients in the membrane phase must be
considered.

A reasonable assumption is that y¥ has the same
value at a given ionic strength as y,; the ionic
strength in the membrane is taken to be

I* = Sm¥* + C*, N

S being the factor relating jonic strength and mo-
lality, 1 for NaCl and 3 for MgClz. The capacity
and counterions are considered to be a 1,1 electro-
lyte in Eq. (7).

With this assumption concerning I", we have se-
lected by least-squares procedure a value of C*
giving the best fit to the NaCl rejection; using this
value of C* {0.45 equivalent per kilogram of water)
rejections were computed for MgCl,. Figure 6.18
gives the comparison between experimental and
computed rejections. The fit is good for NaCl and
reasonable for Mgl 27 especially in view of ana-
lytical difficulties with the dilute effluents at low
MgCl 2 concentrations.

To summarize, rejections for NaCl over about a
1000-fold feed concentration range and from 98 to
<10% rejection and for MgCl, overa 200-fold con-
centration range and rejections from >95% to ~15%
can be correlated by ion-exclusion theory with a
single adjustable parameter, the capacity. Self-
consistency argues that the assumption of complete
ccapling of solvent and solute flow is basically
correct.

Additives

The range of substances from which membranes
(particularly in the ion exchange class) can be
formed dynamically is large. There are many feeds,
however, even though having the low concentrations
for which ion exchange membranes may be useful,
for which we have as yet no membrane of clear
practical utility. In particular, natural brackish
waters usually contain polyvalent ions of both
charge signs; rejection properties of jon exchange
membranes are frequently adversely affected by mul-
tivalent counterions. The search for additives
which form membranes of superior properties con-
tinues to be of central importance.

e

Tt i L Lt iguc e

==



SODIUM REJECTION, R,

PERMEATION , ¢m/min

- In the past year we have attempted to delineate
the areas of usefulness of our previously studied
membranes in the presence of polyvalent counter-
ions by tests similar to those reported?? for hy-
drous Zr(IV) oxide. We have continued investiga-
tion of membranes formed with salts of weak poly-
electrolytes, which may be converted to neutral
membranes by changing the pH; among others,
poly(vinyl pyridine) and polyimines have received
attention. Recent results have indicated that the
irreproducibility of neutral membrane properties may
be somewhat alleviated and the low permeabilities
associated with the neutral form may be increased
by use of high feed circulation velocities duting
formation, a procedure that presumably gives a more
homogeneous and thinner film. Various other addi-
tives have also been investigated, for example,
polyglutamic acid, a synthetic polypeptide, and
graphitic oxide.

We have also improved rejections by forming mem-
branes and polyelectrolyte additives having higher
charge density. Figure 6.19 summarizes some re-
sults with polyacrylate membranes; at neutral pH
values, R ,  for 0.05 # NaCl scatters around 70%,
compared with 30 to 40% obtained with poly(vinyl-
benzyltrimethylammonium chloride) or poly(styrene-
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sulfonate) , for example. Such an increase is aot
surprising, although it is encouraging that the ef-
fect of the increase in chatge density of the organic
matrix on capacity is apparently not nullified by an
increase in water content of the membrane. What
was unexpected was that in an experiment covering
several weeks, much higher rejections were at-
tained. Socon after initial preparation, the membrane
rejected 72% of solute from 0.05 M NaCl (140 gal
day—! ft—2 at 1500 psig) and 41% from 0.025 ¥
MgCI, (15 gal day™? ft—2); the aged membrane re-
jected 95% from 0.05 ¥ NaCl (9 gal day—! f1—7)

and 92% from 0.025 # MgCl, (3 gal day™* ft77%).
The reason for these high rejections, particularly
with MgCI_, which has a polyvalent counterion, is
not yet de?initely established.

Another surprising aspect is the high negative re-
jection of HC1 (effluent more concentrated than
feed) from acid solutions (Fig. 6.19). Negative
rejections of acid from mixed acid-salt solutions
have been previously observed, but not to this ex-
tent.

Porous Supports

Practical success of dynamically formed mem-
branes requires finding suitable cheap porous sup-
potts. To be useful, the support must be strong
enough, when in a configuration favorable for hyper-
filtration, to support the required pressures. It
must have pores small and homogeneous enough to
allow the additive to form a rejecting film; at the
same time, pressure drop of the product stream after
passage through the membrane should not be exces-
sive.

Coarsely porous bodies pretreated with filter aids
(fine particulate or fibrous dispersions) would ap-
pear to offer great promise of meeting these cri-
teria. By utilizing supports having pores of 5 g and
up, sources of usable materials are extended into
the otdinary commercial filter range. Pretreatment
with filter aid gives a fine-grained support on which
to form the membrane, backed by a large-pored
structure to transmit the treated water. Pethaps

 most important, however, this configuration should

be easily backwashed, to restore production rate
should it drop to undesirably low values because of
fouling or other causes. Loss of permeability is
sometimes a major problem in hyperfiltration, both
with the usual cast membranes and with dynamically
formed membranes.
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The results of many tests during the past year
confirm the promise of this concept. An example is
presented in Fig. 6.20. The feed was a sulfite
wash liquor, and the membrane was formed from its
constituents, without any extraneous additives,”?
on suppotts pretreated with a diatomite filter aid.
The pore sizes of both tubes were too large for for-
mation of a membrane with this feed without the
pretreatment.?’? With a 5 stainless steel support,
the membrane rejected in most cases 80% or more
of the colored matter; performance of the large-
pored experimental Purolator {ilter was more er-
ratic. Backwashing successfully removed the mem-
brane and restored permeability.

Restoration of permeability is further demon-
strated in a series of membrane formations and re-
movals in a study of mixed poly(vinylpyrrolidone)-
poly(vinylpyridine) membranes formed on stainless
steel tubes pretreated with a ~4-y perlite filter aid
(Fig. 6.21). 7* The permeabilities after backwash-
ing (“‘initial’’) were generally sbout a hundred
times those with formed membranes (““final’?).

731 J. Porona, F. H. Butt, S. M. Fleming, S. T. Mayr,
R. A. Sp:tz M. I{. Brown, H. D. Cechran, K. A. Kraus,
and J. S. Johnson, Environ. Sci. Technol. T, 991 (1967).
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Possible Practical Applications Other
than Desalination -

We reported last year that dynamically formed
membranes might be useful in processing liguors
generated in the washing of wood pulp in the sul-
fite process. As well as extending our studies in
this area, we have looked briefly at the use of dy-
namically formed membranes for the preparation.or
concentration of sols for the sol-gel process in the
manufacture of nuclear fuel, for processing of re-
actor cooling water, for beneficiation of lake water,
and for sewage treatment. Figure 6.22 summarizes
results of treatment of efflvent from a /primary sew-
age treatment. The membrane was fotmed from feed
constituents ona ~0.9-u ceramic tuﬁe, and the ex-
periment was conducted in a titaniurg& loop equipped
with a 100-gpm circulation pump. Feed was con-
centrated to less than a fifth of its original volume;
the term “volume reduction fraction’ in the ordi-
nate of Fig. 6.22 refers to the ratio of loop volume
to volume of feed introduced into the loop. In most
cases, rejections based on chemical oxygen demand
were in excess of 80%. Transmission rates were
near 50 gal day—! ft—2 and seemed to be maintained
at that value, presumably because of the high circu-
lation velocities used (pump speed was controlled _
by the frequency of the power supply). The sharp
tise in permeability at the end of expenment prob- .
ably indicates a tube faxlure

ACTIVITY COEFFICIENTS OF SALTSIN
AQUEOUS SOLUTIONS OF PYRIDINE AND
: PYEID]NIUM SALTS?S” L

. W. B Baldwia, ‘K. A.Krans |

H. E I-Iellwege'Ns

Stud:es of acthty coeffmxents of salts in water- S
- organic systems, measured by various methods, are &
. -contmumg to prov:de ms:ght mto the mechamsm of

i

T4These experiments were performed by a team of the

MIT School of Chemical Engineering Practice, Roy D.;
Talus, Robert E. Rosenberger, and James T.. Murphy;
S. M. Flcmmg. director, and H. D. Cochzan, assistant
director, of the Oak Ridge Station also partxcxpated in
the work. =

TSResearch jointly sponsored by the Office of Sahne
Water, U.S. Department of the Interior, and by the U.S.
Atomic Energy Commission under contract with the Umon
Carbide Corporation.

“Summer research participaut, 1967, from Roums Col-
lege, Wmter Park, Fla. .

R-J. Révidon, -
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salt tejection by hyperfiltration membranes in addi-
tion to expanding the knowledge of properties of
solutions. The present study involves the activity
coefficient relationships in the pyridine-water sys-
tem, which is of particular interest since the system
is an adequate model for hyperfiltration membranes
made with pyridine-containing polymers and be-
cause, throngh neutralization by acid addition, it
may be a model for charged membranes and ion ex-
changers.

A relationship?? between solution properties and
membrane properties is given in the following equa-
tions:

1 - R, = BD*, 4H)

whete for a neutral membrane

1 Yt

and for an anion exchange membrane and salt MX

1 b1 qph
- [(73'75:}.)_}3“‘] [“r:] ’ @

R, is the limiting salt rejéction of a membrane, D*
is an equilibrivm distribution coefficient, and 8 is
the coupling coefficient between salt and water,
which is presumed to have a value between 0 and
1; C* is the ion exchange capacity of a membrane,
and when it is small, Eq. (3) reduces to Eq. (2).
The starred quantities are defined in terms of -
amounts per kilogram of water, a useful relation-
ship for discussing membranes, rather than per kil-
ogram of total phase. The quantity I'* measures
the relative selectivity of the medium for salt and
water, For membranes it is desirable to have I™*
as large as possible. Hopefully, by choosing the
proper system, activity coefficients of salts in so-
lutions can be used to estimate the possible salt-
rejecting characteristics of a membrane. .-
Activity coefficients of NaCl, K,;0,, and Cs SO,
were calculated from solubility measurements in
pyridine-water mixtures. In some cases the pyri-
dine was partially or completely neutralized with
acid. In a tecent paper?® the activity coefficients

77K, A. Kraus, A. J. Shor, and J. §. Johuson, Desali-
nation 2, 243 (1967).

8n, J. Raridon, W. H. Baldwin, and K. A. Kraus, J.
Phys. Chom. 72, 925 (1968).
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Fig. 6.23. Effect of Temperature on the Miscibility of
Pyridine-Water Mixtures Saturated with NoCl.

of NaCl in saturated pyridine-water mixtures at 5
and 25° were presented. The reason for measuring
solubilities at the two temperatures is shown in
Fig. 6.23. There is a miscibility gap at 25° in the
NaCl-saturated system, but this disappears below
about 11° It was of intersst to see whether the
presence of a miscibility gap wouléd influence the
activity coefficients of the salt measured in the
miscible region. An activity coefficient ratio is
calculated from solubility data as follows:

. r= Y 1e0y

Vs

actw:.ty coefficient in mixed solvent I"*

activity coefficient in pure water £,

where f,, is weight fraction of water and where the
subscript (¢) refers to an orgamc-watet mxxture.
For pyridine-water mixtures

r /m L ®

u

. At
=m, .. /m . : ()
K,S0, K,50, T K,50 (o) ' ;

wac! ” Pnac1™racicoy ?

.r

In Fig. 6.24, T'* is plotted as a function of the
pyridine content. The ratios at the two tempera-
tures are essentially identical, showing that one
can use data obtained in partially miscible systems
for comporison with data from completely miscible.

5 MISCIBLE 4

HE— (4) ) _.
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systems. These results could also be used to pre-
dict the minimum salt rejection for a pyridine-based
membrane as a function of water content. The pre-
dicted values compared favorably with experimental
-1esults for cast membranes with polyvinylpyridine
(PVP) grafted onto cellulose ard w1th dynamic
membranes using PVP.
Figure 6.25 gives a comparison of I'* vailues for
‘K,80, and NaCl in pyridine-water mixtures. The
values for K ,SO, are much higher, especially at
low water fractlon For Cs,S0, there is a misci~
bility gap at 25°, so that measurements could only
be made for solutions containing at least 78% pyri-
dine. The I'* values for Cs SO, aver this limited
range are 2 to 10 times h:gher than for K, SO,. How-
ever, some experimental difficulties were encoun—
tered with K SO at low water fraction, so that the
I'* values for Cs ,50, in this range were used for
predicting membrane properties, One would predxct
from these data that K 50, or Cz,S0, wonld be ze-
jected better than NaCl by a pyridine-containing

ORNL-DWG, 67-1239
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Fig. 6.25. Activity Coofficients of K2$04 and NaCl
in Pyridine-Water Mixtures. Ix, Fox and Gauge, J. Chem.
Soc. 97, 377(1910).]

membrane. It has been obseived experimentally
that under certain conditions sulfate is indeed
better rejected than chloride by a dynam:c PVP

_hyperﬁltratmn membrane.

For comparison with charged membranes, activity
coefficient ratios for K250 . Were caleunlated from
solubility measurements in pyndme—water—sulfunc
acid mxxtures as follows: .

: . : -1 .
m m
r o220 [1+ “23"4“”] D

4 m m
Kzso4(o) Kzsoq_(o)

All concentrations are for saturated solutions ex-

cept the acid concentration in the neutralized sys-.
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A=a (€, /6, 1%, (11)
wherte € and €, , are the dielectric constants of
pure water and the water-organic mixture respec-
tively. When the pyridine is partially neutralized,
the solution becomes conducting, and dielectric
constant measurements cannot be made. The as-
sumption is made that € , is determined by the
ratio of pyridine and water present, regardless of
the percent neutralization of the pyridine. The
value in pyridine-water alone is P1’ and 1"2- is the
value to be calculated in the system containing py-

ridinium salt. The solid lines in Fig. 6.27 are the

—~
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' Fig. 6.26, Activity Coefficiont Ratios of K2504 in
Pyridine-H,0-H,50, Systems of 25°, .

terns. In Fzg. 6.26, * is plotted as a functxon of
percent neutralization at three different water con-
tents. The water content is calculated from the
weight of water in the system including pyridinium
salt but not K SO, . There is a sharp Jecrease in
I'* with mcreased neutralization, particularly at
low water content. .

An aftempt has been made to account for the vari-
ation of I'* with water fraction and percent neutral-
ization by using an extended Debye-Huckel expres-.

calculated I"_ values for 50 and 100% neutraliza-
tion. The parameter a” was taken as 1.5. The B '
and C pacameters used were those calculated from
data for Na SO, in water.”? It was felt that these

TSy, H. Lietzke and R. W. Stoughton, Proc. Natl. Acad.

Sci. 59, 39 (1968).
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as follows: ‘

® Pyriding 50% ‘heutralized-
% Pyndme 100% neu?fallzed B

LI |1n||

Zi l“ i .l'_lj;

log y, = um-u- BI+CI? + DI°, & 10 08 06 04 02. 0 B
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censtant of the medium as illustrated in Fig. 6.29.
Similar plots have been used®! to compare activity
coefficients at infinite dilution of salt in different
water-organic systems. The plots for NaCl were
roughly linear but with different slopes for different
water-organic mixtutes. Apparently similar lineas :
variations hold at saturation. The slope is pre-
sumed to be inversely proportional to the radius of .
the ions. The 4 parameter in the Debye-Hiickel
equation is also assumed to be related to the size
of the ions. For a three-parametet fit, allowing 4, |
B, and C all to vary, one would calculate 4 = 1.15
for K SO in water, while Lietzke and Stoughton®? !
the relatmnshxp i calculated A =1.31 for NaCl. Thus the ratio of 4 '
paramete:s is at least qualitatively the same as the ]
‘ moa My c100) ~172 _ inverse ratio of slopes, indicating that one conld i
Iaer = [1 + ] . (12) roughly approximate the activity coefficients of one :
Myacico) Myaclio) salt in a water-organic mixture if the activity coef- ;
1
!
i
H

parameters would .be more applicable than those for
_ 'K.S50. since the activity coefficients of the two
_salts, whxch are essentially identical up to the
solubility limit of K_SO , are known to much higher
concentrations for Na 2SO“, and the intetest herte is
in the high concentration region. Considering the
several assumptions made, the calculated curves
. agree surprisingly well with the experimental
values. Fu:ther experimental measurements are
planned
" Similar data for the activity coefficient ratios of
‘NaCl in pyndme~water-HC1 mixtures are shown in
F‘xg. 6.28. The T 4oy values are computed from

L ‘ ficients of another salt wete known for the same

In tlu-s sysft:m there is veryl!ittlta change mll" asha mixture. As was seen in the case of the neutral-
function of degree of neutralization. Here also the ized pyridine systems, one could approximate the

P calculated curves closely approximate the experi- activity coefficient ratios in the pyridine—water—
men.tal tesults although the‘parameters useg) are pyridinium-salt mixtures from knowledge of the ac-
again calculated from data in water alone. tivity coefficients of the salt in water alone.

The activity coefficients of the salts in pyridine-
water alone can be cotrelated with the dielecttic

81p D. Lanier, J. Phys. Chem. 69, 2697 (1965).

30y, H. Lietzke and R. W. Stoughton, ORNL-CF-61-

7-38.
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ELECTROLYSIS OF FLOWING STREAMS WITH
SCREEN ELECTRODES3?

F. Nelson P. M. Lantz K. A. Kraus
in continuation of studies on electrolysis of flow-
ing streams, properties of screen electrodes were
investigated. In studies repotted in the last annual
report®? it was shown that the capillary tube model
could be used to explain aspects of the electro-
chemical behavior of porous electrodes. If porous
electrodes are considered a labyrinth of capillary
tubes, the limiting (i.e., diffusion-controlled) cur-
rents observed in flowing streams can be expressed
as sums of the limiting currents of individual cap-

.illaries of the porous electrodes. The relationship
given by Blaedel et al. 3425 for a tubular electrode,

which is based on the convective diffusion equa-

32Research jointly sponsored by the Office of Saline
Water, U.5. Department of the Intetior, and by the U.S.
Atomic Energy Commission under contract with the Union
Carbide Corporation.

83K, A. Kraus of al., Chom, va. Amn. Progr. Rept.
Msy 20, 1967, ORNL-4164, p. 86. .

84w, J. Blaedel, C. L. Olson, and L. R. Sharma, Anal.
Chem, 35, 2100 (1963).

85y. J. Blaedel and L. N. Kiatt, Anal. Chem. 38, 879
(1966) .
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tions derived by Levich,?¢ was used:

Iyim ™ 531 x 102 ncB2R12AVLA )
In Eq. (1), i},  is the current (amp), n is the
number of electrons involved in the redox reaction,
¢ ig the concentration of electroactive species
(moles/liter), ¥ is the diffusion coefficient (cm2/
sec), V, is the volume flow rate (cm®/ec), and 7
is the length (cm) of the electrode. We have now
tested this “‘capillary model” with platinum screen
electrodes under a large range of flow conditions.
The screen electrodes were prepared by cementing
platinum screens in glass tubing, ca. 5 mm inside
diameter (area = 0.205 cm?). The screens weze
mounted at right angles to the axzis of the tubes;
they projected sufficiently beyond the outer wall so
that electrical contact could be made with clip
leads. Both a fine mesh (4} and a coarse mesh (B)
screen were used. Screen 4 had 1090 mesh open-
ings per square centimeter, and screen B had 331
mesh openings per square centimeter. Wire diam-
eters were 0.006 and 0.024 cm respectively; screen
thicknesses are twice the wire diameters,

A typical current-voltage curve obtained with one
of the electrodes (screen 4) is shown in Fig. 6.30.

86y G, Levich, Physicochemical Hydrodynamics,
translation by Scripta Technicu, Inc., Prent:.ce—Hall
Englewoad Cliffs, N.J., 1962,
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The experiment Iw';i\s carried out at a flow rate of
4.8 ml/min (23.4 cm/min) with 1 x 10=* ¥

Fe(CN) 3— in 2M KCI as supporting electrolyte. A
well-defined limiting current plateau is observed in
the potential region beyond the redox potential of
the Fe(CN) . 3"-F&(CN) 4= couple {(ca. 0.25 v vs
saturated calo:rel electrode) The current-voltage
curve is similar to those observed earlier with
tubular and packed-bed electrodes; these are shown
in Fig. 6.30 for comparison.

The effect of Fe(CN) 63“ concentratnon on limit-
ing cutrent is shown in Fig. 6.31 for typical flow
experiments with screen A. Flow rate was con-
stant ‘at 3.82 m1/min (18.6 cm/min). In the
Fe(CN) 3~ concentration range 5 x 1075 to 1 x
10~3 M, the limiting current, i,, , varies linearly
with M Fe(CN) 53", and the quotient 1, M
Fe(CN) . 3~ js essentially constant. Deviations
from the mean are only about +£2%; this precision
compates favorably with the reproducibility ob-
served in conventional polarography with a droppmg
mercury electrode.

The effect of flow rate on lmutmg current with
screen electrodes is shown in Fig. 6.32 as a log-
log plot of i}, /c vs flow rate, V. The results
were obtained with ca. 1073 to 10‘5 M Fe(CN) 3~
in 2 M KCl. Except at very low and very high flow
rates, the function is essentially linear, with slope

c 1
dlog V, 3

dlog (i

lim

as expected from Eq. (1).
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As shown earlier with porous catbon electrodes,
the limiting currents in screen electrodes are in
good agreement with limiting cutrents computed by
a capillary tube medel, assuming each screea open-
ing represents an individual capillary with length,
1, equal to the thickness of the screen. Limiting
currents computed with Eq. (1) for both screen
electrodes agreed within about 10% with the corre-
sponding experimental valoes of limiting currents
in the regions where log-log plots of i,, /cvs ¥,
have slope %

DIFFUSION STUDIES®7

H. O. Phillips S. B. Sachs®?
A. E. Marcinkowsky3® Y. C. Wa®°
K. A. Kraus

As part of the study af agqueous electrolyte solu-

“tions, a more detailed evaluation of the reliability

of the porous frit method was carried out. Self-
diffusion coefficients of Na* (§ ) in NaCl solu-
tions from 0.05 to 5 M were determined and found to
be in satisfactory agreement with the data of
Mills. 91~

87pesearch jointly sponsored by the Office of Saline
Water, U.S. Department of the Interior, and by the U.S.
Atomic Energy Commission under contract with the Union
Carbide Corporativn. .

'EsPrg:sent address: Technical Center, Union Carbide
Corporation, South Charleston, W.Va.

89V:s1ung Scientist from the Weizmann Institute,
Israel.

90pesent address: U.S. Department of Commerce, Na-
ticnal Bureau of Standards, Wachington, D

Sl Mills, J. Am. Chein. Soc. 77, 6116 (1955).
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Preliminary measurements were carried out with
0.1 and 1 ¥ NaCl solutions in the temperature range
15 to 85°C. The temperature coefficient was in
reasonable agreement with that expected from the
limiting ionic conductances. It thus appears that
room-temperature calibration of the frits is satis-
factory for evaluation of the temperature varjation
of self-diffusion coefficients.

Self-diffusion coefficients ) were determined
in a number of sodium salt solutmns, including
mono-, di-, and trisodium phosphate. As a good
first approximation ) varied as expected from
the viscosities of the solutions.

In the water-organic studies, determination of

’ JDNa at 25°C in polyethylene glycol—water systems

was essentially completed. The measurements
were carried out at constant 0.1 ¥ NaCl concentra-
tion; the maximum polyethylene glycol (PEG) con-
centration was ca. 30% where the viscosity () of
the solution was almost 1000 centipoises. The
self-diffusion coefficients were relatively insensi-
tive to viscosity; at the highest concentration
studied, § wa Was 0.39 x 10~% cm?/sec, compared
with 1.28 x 10~5 ecm?/5ec in 0.1 # NaCl. The ob-
served Dy product in the PEG-H,0 system rises
rapidly with n while it is relatwely independent of
7 in such low-molecular-weight viscous organic-
water systems as those of glycerol?? and glucose?3
(Fig. 6.33). The values of JQNa, however, could

925 E. Marcinkowsky, H. O. Phillips, and K. A.
Kraus, J. Phys. Chem. 72, 1201 (1968).

R. R. Irami and A. W. Adamson, J. Phys. Chem. 62,
1517 (1958).
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Fig. 6.33. Relative Diffusion Coefficient—Viscosity
Products for Some Organic-Water Mixtures.

reasenably be correlated with the fractional water
contents f_ of the solutions. As we have also found
for other systems, a'plot of log 0 vs log f, is es-
sentially linear. In the PEG-H 0 system the slope
is ca. 3.3.

In an extensive study of diffusion in egcerol
triacetate—water mixtures (containing 1.4 ¥
NaCl0,), B was found to vaty qualitatively as
expected from the viscosities of the solutions. The

Dr, products, however, had a shallow maxxmum near

f,=04. IR .



7. Electrochemical Kinetics

and Its Application to Corrosion

‘STUDIES ON THE INORGANIC INHIBITORS
OF CORROSION

G. H. Cartledge

In continuation of the study of the mechanism
by which certain X0, "~ jons inhibit the cerrosion
of iron, the function of the molybdate ion has
been investigated in further detail. The first part
of this study was described previously.! It was
shown that anodic passivation is facilitated by
a noncathodic effect of this ion also, but activa-
tion on: open circuit disclosed the existence of
two or three distinct steps, the number being de-
termined by the concentration of Fe(Il) ions in the
electrolyte.

The initial film formed at the lowest polarizing
potentials was shown to contain Fe(ll) and MoO, 2-

‘ions. At'a certain quite definite potential this
. film begins to be oxidized, and incipient passiva-
_tion occurs. Full passivation requires further

oxiiiation at more noble votentials, however, and
the presence of two steps suggested intermediate

formation on the electrode of an Fe(Il)-Fe(IID)-

MoO 42;, component analogous to magnetite. The
existence of such mixed complexes was estab-
lished by spectrophotometric measurements on

- molybdate solutions containing the respective

iron ions singly or in mixture, and solids of cor-
responding composition were isolated. Electron
diffraction patterns of stnpped films prepared at
several potentials confirmed the change of struc-
ture with applied potential. .

The presence of Fe(Il) ions in the electrolyte
was found to accelerate anodic passivation by

16. H. Cartledge, Chom. Div. Ann. Progr. Rept.
May 20, 1967, ORNL-4164, p. 92.

‘deposition of the oxidation product on the elec-
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trode. When polarization was carried to poten- .-
tials noble to +200 mv (S.C.E.) a *““superpassive’
state was produced. This was indicated by the
appearance of the third halt or inflection in the
potential-time curve on open circuit. The value,
E,, of this halt depends upon the concentrat;on
of the solntion with respect to Fe(Il), H?, and
MoO,%*~. Figure 7.1 illustrates the influence of
the Fe(Il) concentration for a particular pH and
molybdate concentration. Figure 7.2 shows the
changes in the composition of the film believed
to be cccurring in the dlfferent regions of poten-
tial. :
The superpassive state is considered to arise
when the film has been fully oxidized to Fe(Ill)
components to a sufficient depth, after which the
noble polarizing potential removes additional
electrons from the film, producing trapped posi-
tive holes, represented in Fig. 7.2 as Fe*™.
These are postulated to be reduced stepwise by
reaction with Fe(Il) ions, either from the solu-
tion (rapidly) or.by diffusion from the metal
(slowly), thus accounting for the considerable
differences observed in the activation curves.?
The passivation of iron in molybdate solutions
is seen to be complicated by chemical participa-
tion of the anions in a manner not exhibited by
TcO,~, MnO_~, and C:0, 2-_ Additional de- :
tazls are presented in a marmscnpt already, sub-
mitted for publication in Corrosion.

e

ZFor a similar observation in borate solutions, see
M. Nagayama and M. Cohen, J. Eloctrochem. Soc.
109, 731 (1962); 110, 670 (1963).
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A GENERALIZED INTERPRETATION
OF THE PASSIVE STATE

G. H. Cartledge

For metals that are not inherently resistant to
water or oxygen, the chief characteristics of the
passive state are the relatively noble potential,
the electronic conductance of the film, and its
very low solubility. The assumption of trapped
positive holes, made to accbunt for.the super-
passive state in the molybdate system, has been
extended to the passive state of iron in the ab-
sence of inhibiting anions. For this putpose,
use was made of the concept of the ionic poten-
tial and its influence on such properties as the
solubility and acid-base character of oxides.3
In the papers of ref. 3 it was shown that the
function ¢ = z/r (ionic charge over crestal
radius) serves to differentiate the ways in which
oxides behave toward water. Cations having
V', <2.2 give oxides with base-forming char-
acter; for those with V&, > 3.2 the oxide is
acid-forming, whereas mtexmed1ate values lead
to very insoluble and inert oxides. As applied
to the passive state, this means that injection
of a sufficient (but not too large) concentration
of positive holes raises the average ionic po-
tential of the iton ions in the film into the region
in which the oxide becomes much less soluble
than the known and stable oxides of iron. The
noble potential, the electronic conductance, and
the enhanced solubility are thus accounted for by
one and the same condition. On this basis, the
onset of activation occurs when the concentra-
tion of positive holes has been diminished suf-
“ficiently by reaction with Fe(Il) ions or by ex-

ternally applied cathodic polarization. The
Flade potential, in the absence of inhibitors, or
the potential X, of the initial preactivation
process in Fig. 7 2 may then be assumed to in-
dicate when this condition has been reached.
These characteristic potentials are thus de-
termined kinetically by the concentrations of
"any species that participate in the pertinent °
electrede processes.

This interptetation of passivity has been in-

corpotated into a manuscript on the molybdate
system which was presented orally at the

3G. H. Cartledge, J. Am. Chom. Soc. 50, 2855, 2863
(1928).
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Cleveland meeting of the National Association
of Corrosion Engineers (March 1821, 1968) and
submitted for publication.

ELECTROCHEMICAL BEHAVIOR OF TITANIUM
E. J. Kelly

The subject of this report is the oxidation of
Ti(IIl) ions in solution to Ti(IV) at the passive
titanium, electrode, and the role of this reaction
in studies on the passive state of titanium.

Steady-state current-potential curves for titanium
in H,-saturated 1 ¥ H,80, are shown in Fig. 7. 3.
Titanium undergoes actwe-state dissolution in
this medium at the corrosion potential, E .. As
the electrode potential is made increasingly
positive (noble), the anodic current passes
through a maximum at the “‘critical potential,”

E o and then diminishes sharply as the metal is
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transformed from the active to the passive state.
Along curve A, which has been regarded as
chatacteristic of titanium,?'S the current passes
through a minimum in the vicinity of the re-
versible hydrogen electrode potential, E, and
then rises into a region where the rate of oxida-
tion is virtually independent of potential. The
independence of the current in the passive state
might suggest that the mechanism of titanium
oxzidation in this region is similar to that of iron,
which also exhibits a potential-independent
anodic current in the passive potential region.
However, numerous experiments with both com-
mercially pure (99.5%) and zone-refined (99.97%)
titanium showed that, although exceptionally re-
producible cur-ent-potential data were chtained
in the potential region between E_ and approxi-
mately - 0.3 v vs S5.C.E., significant variations
appeared in the polarization curves at more posi-
tive potentials, as illustrated by c.rves A and B.

It has been established that in the active and
active-passive transition regions (i.e., in the
potential region where curves A, B, and C
coincide) titanium is oxidized to Ti(III) ion in
solution.? In the passive state the substrate
metal is oxidized to form the passive oxide film
(Ti0,). The possibility existed that, in addition
to oxidation of the substrate metal, Ti{lII} ions
which accumulate in the solution phase during
active-state dissolution of titanium are oxidized
at the passive surface at such a rate that the
current comresponding to this reaction could
account for the variation in curves such as 4
and B. To test this hypothesis, the polarization
curve was retraced, starting at E ; at each po-
tential setting more positive than ~0.4 v vs
S.C.E., the solution was replaced with Ti(III)-
free solution. The result is shown by curve C
of Fig. 7.3.

With the electrode in a steady state at 0.0 v
vs S.C.E., a solution of known concentration of
Ti(HI) ions in H,-saturated 1 ¥ H,S0, was added
in increments to the 200 mi of Ti(Iil)-free solution
in the test cell. Upon completion of the additions,
the current had increased to the value given by
curve B. The remainder of curve B was then ob-
tained by polarization in the megative potential

*M. Stern and H. Wissenberg, J. Eloctrochem. Soc.
106, 756 (1959).

SE. J. Kelly, Chem. Div. Ann. Progr. Rept. May 20,
1967, ORNL-4164, p. 90.
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direction. If i, represents the current correspond-
ing to zero concentration of Ti(Il} ions and i is
the observed current, then a plot of log (i — 7,)
vs log [v/(v, + v)], where v, is the volume of
Ti(lI)-free solution in the cell and v is the
volume of standard Ti{IIl) solution added, should
result in a straight line, the slope of which is
equal to the order with respect to Ti(Ill) of the
oxidation reaction of Ti(llI) to Ti(IV). The re-
sults of the Ti(IIl) addition experiment are shown
in Fig. 7.4. The order with respect to Ti(Il) is
0.975 * 0.026; that is. the oxidation reaction is
first order in Ti(III).

The results described above show that only
curve C corresponds to the oxidation of substrate
metal to the passive TiO, film and that the rate
of this process is not independent of potential as
in the case of iron. Curves 4 and B result from
the oxidation of Ti(Ill) ions in seclution. The in-
dependence of this reaction with potential at the
more positive potentials possibly result from the
fact that the reaction rate may depend only on
the oxide-solution interfacial potential differ-
ence, A¢ . If dA¢ _ /dE is virtually equal to

o
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Fig. 7.4. Oxidation of Ti{lll} lons in Soluticn to Ti(lV)
at the Passive Titanium Electrode; Datormination of
Order with Respect to Ti(lN). v, = 200 ml, ig=3.77 x
10-7 amp. Final Ti(il{} concentration ca. 7 x 104 M.
Elactrode potential = 0.0 v. vs 5.C.E.
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unity, where A¢__ is the potential drop across
the oxide film and E is the electrode potential,
then since

db /dE =1 — dAd, ./ dE ,

A remaiﬁ'é.: essentially independent of E.

KINETICS OF INITIATION 0F CREVICE
CORROSIONS

F. A. Posey

Further progress was made during the report
period on deveélopment of theoretical models for
the early stages of initiation of crevice corro-
sion, with special reference to the case of ti- -
tanium. ¥n addition to considering the reduction
of dissolved molecular oxygen and the accumula-
tion of hydrogen ions in a crevice due to diffusion
and reaction, the effect of migration of reactants
and products on the initiation process has now
been included. Consequently it is possible to
estimate both the distributions of hydrogen ions
and dissolved oxygen in a crevice and the dis-
tribution of potential in the aqueous phase as a
function of various kinetic and geometric param-
eters.

In the early stages of the initiation of crevice
corrosion of titanium, the net current density at
any point (x, cm) in the crevice and time (¢, sec)
is given to a first approximation by

j(xl t) =1— Co‘(k:"‘t)

—= : . @
1o Coo

where j(x, £) is the difference in the cumrent den-

sities of anodic and cathodic processes (amp/cm?),

i, is the corrosion rate (amp/cm?), which is as-
sumed to be constant, C (x, ¢) is dissolved oxy-
gen concentration (moles/cm®), and €° is the
initial oxygen concentration (moles/cm®). In the
case of titanium the anodic process consists of
the formation of a TiO, passive layer, with
simultaneous production of hydrogen ions accord-
ing to the appropriate stoichiometry, while the
cathodic process is reduction of molecular

SRe.cearch jointly sponsored by the Office of Saline
Water, U.S. Department of the Interior, and by the U.S.
Atomic Energy Commission under contract thh the
Union Carbide Corporation.
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oxygen to form hydroxide ions, which can neu-
tralize hydrogen ions formed as one of the
products of the anodic process. We do not con-
sider here an added complication due to the
autocatalytic nature of the anodic precess on
passive titanium in confined areas at sufficiently
high acidity.? In crevices of the proper dimen-
sions, diffusion of 02 from the external soluticn
into the crevice is insufficient to maintain the
supply of cathodic reactant. With time, hydrogen
jons accumulate, and chloride ions (or other
anions) are transported into the crevice to pre-
serve electronsutrality, the net anodic current
density becomes appreciable, and a significant
potential drop develops in the solution phase. If
the acid concentration and potential drop are large
enough, it is then possible for the system to
transform to the mode of active corrosion (not
treated here), in which the metal corrodes with
hydrogen evolution in the absence of a protective
oxide layer.

The rate of accumuleiion of hydrogen ions in the
crevice is given appre:zimately by

4C, (x, 0 D 0*C (% O
ot . ox*

ad a®(x,
+ a—x' [CH(X, t) T]}

where C_(x, § and D _ are the concentration
(moles/cm?) and diffusion coefficient (¢cm?/sec)
of hydrogen ions, F is Faraday’s constant
(coulombs/equivalent), & is crevice thickness
(cm), and j(x, ¢ is definred by Eq. (1). The
dimensionless potential variable ®(x, #) is equal
to ¢ (x, ) F/RT, where RT/F is the thermal
volt equwalent (v) and b (%, 0 is the Galvani or
inner potential of the solutwn phase (v). The
rate of accumulation of oxygen in the crevice is
described by

J(x: t}

> @

C o(x, B

ac (x, t)_ 32Cy(x, O .jL . 3
&  © ox* aF8 C

' Ry
where D is the diffusion coefficient of oxygen
{cm?/sec) and where n is the number of electrons
involved in the reduction reaction. The rate of
accumulation of chloride ions is given by

’F. A. Posey and S. S. Misra, Chom. Div. Ann. Progr.
Rept, May 20, 1967, ORNL-4164, p. 83.
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accl(x, t)_ D {BZCcl(x, 3]

gt ~ el axZ
¢ 6(1)(7‘1 t)
- [cclcx, ) T]} . @

whete C_,(x, #) and D are the concentration
(moles/cm?*) and diffusion coefficient {(cm?/sec)
of the chloride ion. Equations (2), (3), and (4)
must be solved simultaneously with the electro-
neutrality restriction, C,lx H= Cofln &=
Chci(x: 0, and the following initial and boundary
conditions:

0
Cyy(x, 0) = C(0, ) =Cpy

Cor(x 0} =C_ (0, &) = C;_’m1 :

Co(x’ 0) = Co(ox t) = C(o) 4

5
IC(x, B ®

ox

_ dC.(x )
B ax

x=] x=1

_ BCO(X, H
ox

x==]

In boundary conditions (5) the length of the
crevice is denoted by I (cm), and concentrations
of hydrogen ions, chleride ions, and oxygen are
maintained constant at their initial values (ng =
C; =Ch ¢y and C?) at the mouth of the crevice.
The general solutions of Eqs. (2), (3), and (4)
with the boundary conditions (5) give the transient
behavior of the system in terms of relations in-
volving Jacobian theta functions. The behavior
of these general solutions is somewhat difficult
to visualize without resort to numerical methods,
and the distributions of concentration and potential
attained in the ultimate steady state are of more
direct interest. Equations (6) and (7) give the
steady-state distributions of HCI1 and 02 in the
crevice as a function of the various parameters.
The parameter P in Egs. (6) and (7) is given by
1o/(8nFD ;CL); the quantity 1/(P)*/? is a
measure of the depth of penetration of oxygen
into the crevice in the steady state:

CHCI(X)=1+ .io X(I-—-i)
Cact 25FD,CO | 2
aD,C? cosh{y/P(I — )] } ©®
2D CS ., cosh(/Pp |’

N A T BT BT e T S e 4l e e

111

C, ) ~ coshly/P(I — x)]

= 7
T " cosh/PD @
The distribution of j otential in the aqueous
phase inside the crevice is given by
®(x) — ¥0) =1n [C _ (x)/ Cﬁ etl s @

where the ratio C, . (x)/Cy, . is given explicitly
by Eq. (6). In a manner commen to other problems
of this type, the potential drop in the crevice is
composed additively of two components. One of
these is an Ohmic potential drep. the magnitude
of which may be obtained by multiplying Eq. (8)
by the mtio 21‘351/(0H + D). The other com-
ponent is a junction potential due to differences
in mobilities of hydrogen and chloride ions; this
component may be calculated by multiplying Eq.
(8) by the matio (Dcl - D YD, + Dy

The importance of the present derivation lies
principally in the use of Eq. (8) to estimate the
potential drop developed in a crevice. It follows
from Eq. (8) that the difference in interfacial po-
tential difference [AQ(x)] between the mouth and
the base of a crevice is given by

i

e
0
40FDC) .,

- sech(\/ﬁ)]} . (9

AH0) — AD .w.%rm {1

0
nDOC0

2D Hcgicl
The interfacial potential difference at the base
of the crevice is polarized negatively by the
passage through the solution phase of anodic
current due to the corrosion reaction. If the
potential is low enough and if the hydrogen ion
concentration atta’ns a sufficiently high value,
then active corrosion of the metal can commence.

The relations presented above may be used to
estimate the ultimate acid concentration and po-
tential drop developed in a erevice. Table 7,1
contains results of such a calculation, using
Egs. (6) and (9), which was based on certain
assumed values of parameters thought to be
typical of the titanium system. Values of cor-
rosion rate (io) as a function of temperature
were estimated from available experimental
data. Estimates of the diffusion coefficient of
the hydrogen ion were obtained from values of

s Ak e LR B (ML e e s ] A,
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Table 7.1. Estimates of Acid Concentration and Potential Drop Developed in @ Titanium Crevice

as a Function of Temperature™

T (°C) jp (amp/em®) Dy, (em®/sec) CeeD D A0y ~ A(D (v)
25 . 2x10°8 6.3 x 10~° 5.57 % 1072 0.221
50 4x10~8 1.35 x 10~% 7.68 x 10~% 0.244
100 2x10™7 2.1 x 1074 2.47 % 107! 0.325
150 7% ;o*" 2.7 x 1074 6.72 % 1671 0.405
200 2 x 10~ 3.5 x10~4 1.48 x 10° 0.485

“Assumed values of parameters: 6= 10'5 cm; =1 cm; CID-lCI = 10"’5 M.

limiting equivalent conductance® with use of the
Nemst-Einstein relation between ionic mobility
and diffusion coefficient. Crevice thickness was
assumed to be approximately equal to the mean
surface roughness of polished metal surfaces.®
Other measurements on the influence of hydrogen
jon concentration on polarization curves of ti- .
tanium and numerous observations on crevice
specimens in autoclave and loop experiments
"show that the hydrogen ion concentration is of
the order of magnitude of 1 M and the potential
drop in the crevice is of the order of magnitude
of 0.4 to 0.5 v before severe crevice attack in
the active mode of corrosion can be initiated.
The results of Table 7.1 show that temperatures
of approximately 150°C and above are required
to fulfill these conditions for crevices of the
assumed dimensions. This conclusion is in good
agreement with accumulated experience in cor-
rosion testing of titanium crevice specimens.’ 0
The increase of corrosion rate with temperature
determines principally whether or not sufficient
acidity and potential dtop can be developed in a
crevice to allow initiaticn of active corrosion of
pure titaninm.

8A. S. Quist and W. L. Marshall, J. Phys. Chom. 69,
2984 (1965). )

9700l Engineers Handbook, p. 1330, American
Sggg?ty of Teol Engineers, McGraw-Hill, New York,
1649, -

1‘JJ. C. Griess, Jrn., “Crevice Corrosion of Titanium
in Aqueous Salt Solutions,”” submitted to Corrosion.

EFFECT OF HYDROGEN 19N CONCENTRATION
ON THE CORROSION RATE OF
PASSIVE TITANIUMT?

D. V. Subrahmanyam!?  F. A, Posey

A kinetic model for the buildup of acid in a
confined area during the initiation of crevice
cotrosion of titanium was reported previously.'?
There it was assumed that the corrosion rate of
titanium in the passive region is essentially in-
dependent of hydrogen ion concentration except
at high acidities, where corresion rate was as-
sumed to vary directly with hydrogen ion concen-
tration. The model was able to account for the
existence of experimentally observed induction
periods for the initiation of severe crevice cor-
rosion. The assumptions rested on fragmentary
data in the literature and on various observa-
tions made in high-temperature loop and auto-
clave experiments.'* We have studied in more
detail the effect of hydrogen ion concentration
on the corrosion of passive titanium in 1 ¥
NaCl st temperatures below 100°C.

Hpesearch jointly sponsored by the Office of
Saline Water, U.S. Department of the Interior, and by
the U.S. Atomic Energy Commission under contract
with the Union Carbide Corporation.

12Visiting scientific staff member from India.

155 A, Posey and S. §, Misra, Chem. Div. Ann.
Progr. Rept. May 20, 1967, ORNL~-4164, p. 83.

14_]. C. Griess, Jr., "Crevice Corrosion of Titanium
in Agueous Sait Scluticns,?” submitted to Corrosion.
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Fig. 7.5. Influence of Hydroéan lon Concentration and
Temporature on the Passive Corrosion Rate of Zone-
Refined Titanium in 1 M NaCl,

Figure 7.5 shows experimental data on the cor-
rosion rate of passive zone-refined titanium, held
potentiostatically at an electrode potential of
+0.5 v vs'S.C.E., as a function of hydrogen ion
concentration and temperature (10~% amp/cm?
equals approximately (1.34 mil/year for Ti). In
spite of considerable scatter of the data, ex-
pectations were confirmed that the corrosion rate
is practically independent of acidity up to about
0.1 M HC|, beyond which the rate increases in a
manner proportional to the hydrogen ion concentra-
tion. Lines of unit slope were drawn through the
data at high acidity in Fig. 7.5. Measurements of
this type present difficulties because of problems
of reproducibility and of the time required to es-
tablish steady states. A minimum of 24 hr was
allowed for the attainment of a steady state for
each point in Fig. 7.5. As noted above, the cor-
rosion rate begins to depend directly on hydrogen
ion concentration at about 0.1 M HC1. In a con-
fired area, this is the acidity which would have
to be attained in order for the corrosion reaction
to become autocatalytic. Our data show no
clearly defined variation of this transition region
with temperature. Such data are in qualitative
agreement with observations made previously in
high-temperature autoclave experiments that solu-
tions contained in highly comoded crevice regions
attain acidities as high as 1 M HCL.**

TN g T 2 T e 0
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ANALYSIS FOR THE CHLORIDE ION
IN SALINE SOLUTIONS 15

R. E. Meyer  P. M. Lantz
F. A. Posey

A rapid chronopotentiometric method for the
analysis of chloride ion in aqueocus solution was
described in a previous report.!$ This method is
based on measurement of the transition time, 7,
required to deplete the boundary layer of chloride
ion when AgCl is formed on a metallic silver
substrate by application of a sufficiently large
anodic current. It was found possible to improve
markedly the determination of the transition time
by use of a derivative technique. Figure 7.6
illustrates a typical chronopotentiogram along
with its time derivative. Formerly the fransition
time was determined by measuring the interval be-
tween the onset of polarization and the point of
inflection on the rapid rise of potential that ac-
companies depletion of the boundary layer.

'Spesearch jointly sponsored by the Office of
Saline Water, U.S. Department of the Interior, and by
the U.S. Atomic Energy Commission under contract
with the Union Carbide Corporation,

16p. E. Meyer, F. A. Posey, P. M. Lantz, A. S.
Lyle, and K. A. Kraus, Chem. Div. Ann. Progr. Rept.
May 20, 1967, ORNL-4164, p. 87.
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Fig. 7.6. Chronapotentiomotric Wave and lts Derivative
for Formation of AgCl on Ag. Cg = 4.86x 10”3 M NaCl, .
§=3.26% 104 amp/cmz, tranzition time = 35,6 zec,

0.5 M Na,,50,.

SIS ST )



Loy A Yo SR A Y AL e S ey 7 W

el S AT TR Y A A i €3

114

5 o A P o

: Examination of the derivative curve shows that Apparatus for the derivative and timer circuits
this point of inflection may be accurately de- was developed and built with the assistance of :
! termined by the location of the maximum of the members of the Instrumentation and Controls Di- 4
! peak. vision.}? This apparatus is illustrated schemat-
1, The reproducibility of the electrode surface ically in Fig. 7.7. The derivative was supplied K
% proved to be the most serious problem with re- by 2 unit which made use of a Philbrick P65AU :
spect to analytical accuracy. It was found that operational amplifier and a 20-pf differentiating
a considerable improvement could be made if 2 capacitor. The output of the derivative unit and
precisely timed cycle of operations was used. the potential of the silver electrode were both
For this purpose automatic timer circuits were monitored with a dual-channel recorder.
constructed which timed the anodic formation Table 7.2 shows a series of determinations
of the film, the subsequent reduction of the film, which were made under conditions designed to ob-
and the pause between cycles. In addition, we tain maximum precision. The electrode was cali-

: found that reproducibility could be improved by
alternately forming and reducing a film of AgCl

17 .
: at the highest concentration of chloride ion likely We gratefully acknowledge the aid of L. H. Thacker

, . in development of the derivative unit and H. G. Lingen-
to be eucountered in the analysis. felter for help with the timer circuits.

: ORNL- DWG. 67-10434

Timer
_-STIRRER Relay
AMMETER Ry l l
Voltage 1
Source

Pt
11
Dual SILVER
Channel
Recorder

n

Fig. 7.7. Schematic Diagram of Apparatus for Recording Chronopotentiometric Waves and Their Derivatives.
Ry, variable resistors for current control; Cy, differentiating capacitor; 4 4, electrometer; 4, operational amplifier; i
R, and Cy, resistor and capacitor used to control gain and response of derivative wnit.
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Table 7.2. Comparizon of Chronopotentiometric and
Chloridometric Methods for Chloride Anclysis
of Long Island Sound Water

K S rmr Tt et BY T s e p el L R Syt a3 b e B e sren st

Chloridometric  Chronopotentiometric Percent
M) M Difference

0.2171 0.2123 —2.2
0.1094 0.1098 . 0.4
0.05537 0.05570 0.6
0.02749 0.02769 0.7
0.01388 0.01398 0.7
0.006961 0.06933 ~0.4
0.001365 0.001866 .05

brated with solutions of known concentration at
transition times close to 5 sec. Unknowns were
interspetsed in the calibration runs using tran-
sition times of 5 sec with the same electrode
surface. Unknowns were prepared by dilution
with distilled water of a sample of Long Island
Sound seawater as shown in Table 7.2, Analyses
of the unknowns were checked with a Buchler-
Cotlove chloridometer, an instrument which makes
use of coulometric titration and is accusate to 1%.
The a preement between the two methods of anal-
ysis is within the sum of the precision expected
for the two methods.

The upper limit of concentration for practical
analyses is about 0.5 M. Above this concentra-
tion, currents required are too large, and the elec-
trode deteriorates rapidly. The lower limit for
accurate analysis is about 0.005 M; below this
concentration the derivative peak broadens,
making it impossible to determine transition ‘
times accurately. (A manuscript describing this
work in detail has been accepted for publication
by the Journal of Electroanalytical Chemistry.)

DETERMINATION OF KINETIC CONSTANTS
FROM CHRONOPOTENTIOGRAMS '8

R. E. Meyer  F. A. Posey

The standard kinetic expression for the current
density of reactions of the type illustrated by
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anodic formation of AgCl on silver is given by the
expression

1=

C.
of’_exp [az(E — EO)F/RT]

0

— i, exp [-Q — a)x(E - E)F/RT) , (1)

where xfo, the exchange current density, is
i, = nFk,C, exp L+ azE F/RT]
=nFk _exp [~(1 - a)2E F/RT} . (2)

In these equations, k, and & are heterogeneous
rate constants for the anodic and cathodic reac-
tions respectively, C, is the concentration of the
diffusing ion at the interface, C is the initial
concentration throughout the solution, a is the
transfer coefficient of the anodic reaction, and
the rest of the terms have their usual significance.
The equilibrium potential, E , is the potential
that an Ag-AgC! electrode system attains at the
coacentration C, and at this potential c;=C,.
Implicit in these equations is the assumption that
the activity of AgCl remains constant during po-
larization.

The standard boundary conditions for chrone-
potentiometry are satisfied for this case, so that

, .
Ci/co=1_(t/,r)1 2 , (3)
where
7’1/2 =1r1/2 HFDI/Z 00/21' , (4)

D is the diffusion coefficient of the diffusing ion,
and 7, the transition time, is the time at which
C; theoretically decreases to zero. On setting
exp [z(E — E)F/RT] = 6, we have from Egs. (4]
and (3)

/iy = (C/CH* =0, )
or

L= (/)M = i )o = 670 ®

t sResesu-ch jointly sponsored by the Office of Saline
Water, U.S. Depatrtment of the Interior, and by the U.S.
Atomic Energy Commission under contract with the
Union Carbide Corporation-



If (E — E ) and 7 are known, then the unkhown
parameters a.z and i) may be obtained from chron-
opotentiometric waves by plotting the data accord-
ing to the following equation, derived from Eq. (6):

log [1 — (¢/7)1/2 — g—1]

. az (E ~ E )F

e (i)~~~ @
The quantity on the left is plotted vs (E — E )F/
RT, and the slope and intercept yield @z and i,
respectively. This method of pleiting chrono-
potentiometric data is patticularly suitable for
the analysis of quasi-reversible systems, like the
Ag-AgCl system, where polarizing current densi-
ties required to achieve normal transition times
are comparable in magnitude with the exchange
current density.

Figure 7.8 shows a plot of data taken from a
chronopotentiogram and plotted according to Eq.
(7). Except for the initial section, the plot is
linear, and the kinetic constants found are rea-
sonable. Table 7.3 shows results taken for
various experimental conditions. Because the
formation of AgCl is not always a well-defined,
reproducible process, variability in the kinetic
constants is to be expected. Deviation of the
initial section of the curve in Fig. 7.8 results
from the fact that some overshoot is observed on
the initial section of the chronopotentiograms.

ORNL-DWG. 87-10438
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Table 7.3. Kinetic Constants Derived from
Chronopotentiometric Waves

C,(NaC1) { T iy
{molarity) (amp/ cm2) (sec) a {amp/ cmz)
x 1073 x10~* x 1074
4.9 2.56 56.7 0.63 3.32
4.9 4.42 20.6 Q.52 4.07
4.9 6.63 9.7 0.56 6.19
4.9 8.85 5.8 0.56 5.92
4.86 3.26 35.6 0.61 3.17
9.93 8.40 18.75 0.79 6.10

49.5 33.5 29.7 0.71 22.8

.3 S T S I T T ST S S SRR S

a -0.5 -1,0 -1.5
06 {1- teroy'e- m[-u—:-t-:,,)s/RT]}

Fig. 7.8. Determination of Kinatic Constaontz from
Chronopotentiometric Wave. Co = 4.86 x 10_3 M NaCl;
i=3.26 % !0"'4 clmp/cmz; transition time = 35.6 sec;

0.5 M Na,S0,.

INFLUENCE OF INERT ELECTROLYTES ON
CHRONOPOTENTIOMETR!C CONSTANTS1?

F. A. Posey R. E. Mever

Measurements of transition times in chrono-
potentiometry are influenced by the presence of
inert electrolytes. Instudies on the Ag-AgCl
system, a large number of measurements of the
“chronopotentiometric constant’” have allowed us
to assess in some detail effects of ionic strength
and of the presence of inert electrolytes on the
determination of chloride ion concentration by
this method. Longer transition times are ob-
served as the relative concentration of inert
electrolyte decreases, because the transference
number of the reacting ion, Cl™ in this casge, be-
comes apprecilable compared with the transference
numbers of the current-carrying ions.

Some insight into the influence of inert elec-
trolyte on the chronopotentiometric constant may
be obtained by soiution of a special case of the
fransport equations which apply to the motion of
ions in the chronopotentiometric sitnation. We
have treated the case where three ions are present
in the system: Na*, Cl~, and X~, where X™ is
an inert univalent anion. Assumed conditions
correspond to anodic chronopotentiometry with

19gesearch jointly sponscred by the Office of Suline
Water, U.8. Dopartment of the Interior, and by the U.S.
Atomic Energy Commission under contract with the
Union Carbide Corporation.
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the silver electrode of NaCl of initial concentra-
tion C, in the presence of added inert electrolyte,
NaX, of concentration C,. The appropriate system
of transport equations can be solved explicitly
only for the special case where all diffusion co-
efficients are equal, so that D a=Der= Dx =

D. Here we present only final results and do not
consider details of concentration and potential
profiles during the course of the chronopotentio-
metric transient.

The time required for the chloride fon concentra-
tion at the electrode surface to reach zero is the
transition time (7). Equation (1) gives the tran-
sition time as a function of the initial concentra-
tion of NaCl {C 0) and of inert electrolyte,

In Eq. (1), j is applied current density (aimp/cm?),
and F is Faraday’s constant (coulombs/equiva-
lent). The chionopotentiometric constant is given
by y = J'\/?/Co, and if one recalls that y, = F\/azD
is the value of this constant in the absence of in-
ert electrolyte, then Eq. (2) is obtained for the
relative value of the chronopotentiometric con-
stant as a function of the ratio of inert electrolyte
(NaX) to NaCl, C, /C,;;

_C_L— | /&(1 +_(.:_1..>
G, Co G

The behavior of this function is shown in Fig. 7.9.

@

NaX (C: ): The noteworthy feature of the result shown in
Fig. 7.9 is that whereas the chronopotentiomettic
12 F@ Dy /2 constant observed in nearly pure NaCl solutions
T = f is very sensitive to small amounts of inert elec-
trolyte, the constant observed in excess of inert
electrolyte is remarkably insensitive to the ratio
X I:(C‘J +C)—~v CIICO + CJJ. 4)] C,/C,. For exampie, the chronopotentiometric
” ORNL-DWG. 67-10692
1.0 ||llllli [} III]IIII T T T 1 llllllll 3 Illil"! ] Illlllw
0.9 —
0.8 .
v/ T
= y' =
o Co
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T L b
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Fig. 7.9. Variation of Chrencpotentiometric Constant with Concentration of Inert Elactrolyte (DNa =De = Dx = D).
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constant for C /C, = 10~2 is about 3% different
from that in the absence of inert electrolyte.’
However, for C1 = Co the constant differs from
that for the limiting case of large excess of inert

electrolyte by only about 17%. This result sug-

gests the possibility of using intentional additions -

of inert electrolyte to suppress effects of low
levels of inert salts on the chronopotentiometric
constant. The effect of inert electrolyte on
chronopotentiometric constants in other cases is
not as amenable to complete analysis as the case
treated here. However, the behavior is expected
to be similar to that noted above.

CHRONOPOTENTIOMETRY IN FLOWING
' STREAMS 20

R. E. Meyer P. M. Lantz
F. A. Posey '

Chronopotentiometry shows promise for analyses
in flowing streams because individual determina-
tions of the transition time may be made in only -
a few seconds. However, the boundary conditions
of the mathematics upon which chronopotentiometry
is based require that the solution be gquiescent

.during an individual determination. Twe approaches
are therefore possible in designing a system for
analytical purposes. One is the obvious approach
of temporarily stopping the flow and waiting for
the solution to become quiescent. The other ap-
proach is to determine the transition time, if
possible, while the solution is flowing and to in-
vestigate effects of various parameters such as
flow rate upon the transition time. We are follow-
ing the latter approach in systems in which fully
developed laminar flow is present.

The experimental arrangement used in these
stadies is shown schematically in Fig. 7.10,
where a rectangular electrode of length I and
width w is located flush with one of the surfaces
of the channel (y = 0). The width of the channel
(d) was approximately eight times larger than the
channel height (&) to ensure favorable hydro-
dynaric conditions and to avoid undesirable end
effects. The midstream velocity is denoted by

U,. The polarizing electrode, not shown in Fig. . -
j
e

20pesearch jointly sponsored by the Office 'of Saline

Water, U.S. Department of the Interior, and by the U8 '

Atomic Energy Commission under contract with the
Union Carbide Corporation.

118

7. 10, was located above the test electrode in the

opposite channel wall (y = &) to ensure, as far
as possible, uniform current density. In order to
aid development of laminar flow, a diffuser was
located at a distance L upstream from the test
electrode. The entire experimental assembly was
machined from Lucite into which electrodes of
sheet material were cemented with epoxy.
Measurements of the transition time as a func-
tion of solution flow rate are shown in Fig. 7.11
for electrodes of various sizes and shapes. At

. low flow rates, transition times are the same as

those observed in quiescent solution. As the flow
rate is increased the transition time at first re-
mains nearly the same but ultimately increases

ORNL-DWG. 88-3137

N

j—F—

Fig. 7.10. Typical Experimental Configuration for
Electroanalyszis in Flowing Solution.
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due to partial replenishment of the bound:;'ry
layer by the flow. On further increase of the
solution velocity it becomes no.longer possible
to observe transition times. At midstream the
solution is actually exchanged several times
during the cowrse of the measurement under
ordinary circumstances. However, the transition
time is sensitive to conditions only in the di-

fusion boundary layer (about 103 to 10~2 cm),

and it will be recalled from hydrodynamic theory
that solution velocity drops off to zero at the
wall. In effect, therefore, during an individual
measurement oaly slight exchange of solution
occurs in the boundary layer. The fact that

velocities are low at the boundaries of the cell
has the undesirable effect that the response of
the system to changes in concentration will be
slower than one would expect considering the
average velocity. ‘

For analytical purposes it is essential to de-
velop gnidelines which relate observables to
system parameters such as channel and elec-
trode dimensions and flow rates. We have also
developed mathematical descripticns of chrono-
potentiometry and voltammetry in flowing streams
for several modes of operation. Further experi-
mental work is in progress to test the validity and
utility of these predictions.
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8. ':‘Nonaque'ous' Systems at High Temperature

MOLTEN-SALT-METAL SOLUTIONS

EMF Measurements in Molten Rare-Earth
Metal-Metal-Halide Solutions

Harry R. Bronstein

" In continuation of an electrochemical study of
metal-salt interactions !~ 2 the following systems
were investigated: Ce-CeBr,, Pr-PrBr,, and
La-Lai,.

Previous measurements employing a cell of the

- type

v
Ta[MCL,, M%dissolved)|KCl{ ~ [KCliCL, C
3 glass 2

demonstrated a similar electrochemical behavior
for Ce—CeCla, Pr-P:Cl 3 and Nd-NdC1 3 solutions.
In all three systems the presence of a lower-valent
species formed on dissolving the metal in the tti-
chlotide according to

M + 2MC1, —> 3MC1,
explained the results. The data fitted a cell reac-
tion MCL, + 1/2 Cl,=> MCl,, that is, an oxidation-

reduction process at the electrode involving the
transfer of one electron:

M2 > M3tie— .

This similarity was in marked contrast to the
electrical conductance behavior, which varied from

g, R. Bronstein, J. Electrochem. Soc. 112, 1032
(1565).

%H_ R. Bronstein, Chem. Div. Ann. Progr. Rept.
May 20, 1966, ORNL-3994, p. 98.

3H. R. Bronstein, Chem. Div. Ann. Progr. Rept.
May 20, 1967, ORNL~4164, p. 97.

a sizable nonionic (i.e., electronic) contribution in
the Ce—CF.-C}.3 solutions to a negligible one in the
Nd-NdCl, solutions.* Current thearies regarding
the conduction mechanism of the electronic com-
ponent of dilute solutions of metals in molten salts
postulate a very small mean free path for the
electron — a “hopping’’ of an electron between
metal ions in different valence states.5=? The
magnitude of the electronic (not metal-like) con-
tribution to the overall conductivity by this mecha-
anism reflects the “‘intrinsic jump frequency®’ —
greatest for the electron in the Ce-CeCl, solution
and negligible in the NG-NdCl, solutions.

The emf results for the La-LaCl 3 and the La-
LaBr, solutions at metal concenirations below ap-
proximately 3 mole % were similar to those for the
above systems. Deviation from this behavior with
increasing concentration was interpreted as pos-
sibly indicating the polymerization of the divaleat
cation, La?®, to a trimer, (Laz*},s, which in its
electrochemical behavior might be indistingnish-
able from a “‘solvated metal atem,”” La(LaX,),.

The present results for the Ce-CeBr, and the
Pr-PrBr, solutions are those anticipated in that
the electrochemical behavior conforms to a one-
electron transfer at the electrode, M2* 5 M3* 4+ o,
This is shown by Fig. 8.1, a plot of the emf vs
log, , (W PrBrs/N Prs,-rz') for the cell

120

4¢t. reviews by M. A. Bredig, ‘““Mixtures of Metals
with Molten Salts,” in Molten Salts {(ed. by Milton
Blander), Interscience, New York, 1964; and by J. D.
Corbett, **The Solutions of Metals in Their Molten
Salts,”” in Fused Salts (ed. by B. R. Sundheim),
McGraw-Hill, New York, 1964.

SM. A. Bredig, J. Chem. Phys. 37, 914 (1962).
Sg. s. Pitzer, J. Am. Chem. Soc. 84, 2025 (15962).

7s. A. Rice, Discussions Faraday Soc. 32, 181
(1961).

8D. O. Raleigh, J. Chem. Phys. 38, 1677 (1953).

?K. Ichikawa and M. Shimoji, Trans. Faraday Soc.
62, 3543 (1966),
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Again, as in the La-LaCl, and La-LaBr, solu-
tions, at metal concentrations to 4 mole %, the

* «La-Lal solutions obey the one-electron process.

However, with increasing concentration of metal,
polyme:ization of the divalent caticn, La®™, to a
trimer (La ) apparently occurs, and the electrode
process seems to be (La%* )s - 3Las+ + 3e~. This
appatent polymetization of lanthanum is somewhat
reminiscent of that of bismuth metal in its molten
halide solutions. *

The solubility limits determined by the emf

Fig. 8.1. E in Relation to log, o (Wp 3+/Np, 24),

838°C, for the ccll

Vycor
Tao|PrBr,, x Pr?(dizsolved)| KB

glass

230 (NN N B B I S B
21.0 mole % as Pr° 838°C
220} ['ul saturation
240~ Theoratical slope for #w1 R
8.3t4 » 1111 2 2.303
® —m—-——--o.zzm
- e’
L]
-
190
Prz*—o P|.'§++ o
1.80— [}
1_70!.|.I.I.!;l.l.l.l.l
-04 -0.2 (o] 02 04 06 08 10 12 14
Ny ae
—a
Leg Nz

‘chmz,c.

technique are in very good agreement with values
obtained by other methods (see last two columns
of Table 8.1). The large discrepancy in the solu-

bility of La in Lal, as determined by the emf tech-

nigue (25 mole % La°\ and as obtained from phase

equilibria (33 mole % La®) is as yet unexplained.
At saturation the sclutions are in equilibriom
with essentially pure (liquid or solid) metal. In

Tabls 8.1. EMF, Junction Potentials, and Solubilities in Some Molten Rare-Earth Metal-Metal-Halide Systems
. Solubility
. Measured EMF.(V) Estimated EMF (v) Liquid J.u.nct.ionl (mole % metal)
System Temperature at Saturati_on from Literatare E° Potential (v} Electrical
¢ C) (Metal th:se Values for MX Experimental Emf Conductance
Present) Yux. = 3 Estimated B Method and Phase
3 i Equilibrium
La-LaCl, 895 2.350 2.944 0.5594 8.5 9.0
La-LaBr, 812 2.370 :
S (2.116)% 2.560 0.444 14.0 14.5
La-Lal, = ®45 2.170
.. ’ @410 1.920 0.509 25.0 33.0
T, Ce-CeCly 855 ~ 2.350 2,924 0.574 0.600 8.6 9.0
"""" Ce-CeBr, 804 2.310
R (2.056)° 2.502 0.446 13.0 13.5
Pr-PiCl, 83§ 2.400 2,903 0.502 16.4 17.8
Pr-PrBr, 838 .,  2.158 e :
Bl ¥ 904) 2.465 0.560 21.0 20
. Nd-NaCl1, 800 2.150° 0.570 25.0 26.0
!
- “Potentialz measured vs the (VycorlKCl]Cl C) reference electrode. Values in parentheses are converted to the

proper anion ¢lectrode.

bat saturation, phase in equ:hbrium with solution iz solid NdClz.

i
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these cases, with the exception of the Nd-NdC1 3

-system, where solid NdCl, is present, the measured

cell potentials can be compared with approximate
cell potentials as calculated from estimated values
of the standard free energies of formation of the
trihalides.?® Unity is assumed for the activity
coefficient of the trihalide. Also, by using the E°
values for KBr and KI, the measured potentials
obtained with the Vycor|[KC1|Cl,, C referenc=
electrode may be converted to the potential which
would pertain to KBriBr,, C or KI|I,, C electrodes.

Columns 3 and 4 of Table 8.1 show discrepancies
of several hundred millivolts between experimental
and estimated emf values. These rather sizable
differences are attributed to surprisingly large
liquid junction potentials existing at the boundary
hetween the molten rare~earth solutions and the
bridging KCl melt. To explain the differences
otherwise would require the absurd activity co-
efficieni ot 10¢ for the various trihalides.'*

For a direct experimental demonstration of the
occurrence of a liquid junction potential of the
magnitude estimated, the following cells were
examined:

Vycor
glass

quartz|

KCI KcClicl,, C, (- A
et | KCliCl,, C, (=) (4

“), C, c12|Ndc13|

quartz
frit

- ‘
@, C, €1,|CeCl lxml Yeoligenicl, ¢, (=) B

glass

Ceil A, at 800°C, gave 0.570 v and cell B, at
850°C, 0.600 v, that is, liguid junction potentials
of the order of magnitude estimated. If 0.600 v
from cell B is added to the observed potential at
sataration for the Ce-CeCl, system, the agreement
of the resulting value, 2.950 v, with the estimated
value, 2.924 v, is remarkable considering the as-
sumption of y = 1 made for the CeCl,.

10y, J. Hamer, M. S, Malmberg, and B. Rubin, J.
Electrochem. Soc. 103, 8 (1956) and 112, 750 (1965).

115 similar disagreement by 0.7 v, observed by &.
Senderoff and G. W. Mellors [J. Electrochem. Soc. 105,
224 (1958)] for the cell

MolCe 1y CeClyl|CeCLy|Cl,, €

must be interpreted as having resulted from an unsus-
pected reaction of the melt with the ceramic container
and asbhestos diaphragm [H. R. Bronstein, A. S. Dworkin,
and M. A. Bredig, J. Phys .Chem. 64, 1344 (1960) and
&6, 44 (1962)]. Such an extreme junction potential wouild
be impossible for the rather similar liguids of this cell.

It has been demonstrated previously that the
potential of the reference electrode system in-
cluding its junction with the metalwmetal-halide
solution does not change within the time necessary
to complete the experiment or with variation of the
concentration of the solution studied.® Therefore,
the measured dependence of the emf on concen-
tration is not affected by the magnitude of the
liguid junction potential.

The Solubility of Thorium Metal in Molten
Lithium Fluoride—~Thorium
Tetrafluoride Mixtures

H. R. Bronstein M. A. Bredig

A knowledge of the free energy of formatior of
ThF, in various molten mixtures of LiF-ThF
would be of value to the MSRB reprocessing study.
An emf study of a cell of the type

Th®|xThF ,, (1-x) LiF|H,, HF, Pt

is the most obvious method for determining this
quantity. The cell container must of necessity be
nickel because of the presence of HF in the H,,
HF, Pt elecirode.

However, a study by C. J. Barton and H. H.
Stone'?2 has cast some doubt about the feasibility
of such measurements in a nickel container. A
thorium rod suspended in a molten mixture of the
LiF-ThF , (73 and 27 mole % respectively), con-
tained in a nickel crucible, disappeared after 16 hr
at 600°C. Black magretic material removed from
the cooled melt analyzed 45% Ni and 30% Th,
while nonmagnetic material contained 22% Ni and
49.5% Th. An explanation was based on the possi-
bility that a subfluoride of thorium forms, for ex-
ample, according to

3ThF, + Th®—> 4ThF, ,

and that the ThF;, when it diffuses to the nickel
wall, disproportionates because of the formation

of the Th-Ni intermetallic compound. However, the
speculative nature of this explanation was empha-
sized as very little is known about the exisc. ce
of a ThF ,. 13

12¢_ 3. Barton and H. H. Stone, ORNL-TM-2036
MNovember 1967). : .

131 ¢. Warf, J. Am. Chem. Soc. 74, 1864 (1952).
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If such a reaction with the nickel containet
actually occurs, severe complications would arise
in an attempt to measure the free energy of forma-
tion of ThF o in the above cell, Before abandoning
this much-preferred cell arrangement, a reinvesti-
gation of the reaction of Th® with the LiF-ThF
melt was deemed desirable.

A carefullv dehydrated mixture of LiF-ThF, (73
and 27 mole % respectively) was melted in a
thorium crucible and held in the molten state under
an atmosphere of dry argon at 620°C. ‘The melt
was occasionally stirred with a thorium stirrer.
After a heating period of 16 hr, a sample of the
molten linuid was withdrawn in a tantalum cup.
The apparatus utilized for this experiment has been
previously described?* and illustrated. !5

‘The analysis of the sample indicated that ap-
proximately 2.0 mole % thorfum metal had apparent-
ly dissolved in the melt. However, the errors in-
volved in the determination of the total fluorine,
thorium, and lithium contents were such that the
value of the above solubility of thorium in the melt
is very much in doubt. A different technique was
therefore used in subsequent tests.

A Y-in. nickel rod was suspended in the melt
for a period of 5 hr at 620°C. At the termination
of the experiment the solidified melt was removed
from the thorium crucible. A blackish layer of
material was found at the bottom of the melt. Ap-
parently segregation had occurred upon slow
cooling. This black material reacted with hydro-
chloric acid.

A volumetric determination of the gas evolved
from a weighed sample of this material on treat- .
ment with acid yielded a value of 12% by weight
as thorium metal, assuming the total gas was hy-
drogen. Spectrographic analysis showed the pres-
ence of only very minor quantities of other metals
as impurities. Of some significance is the ab-
sence of detectable quantities of nickel, possibly
attributable to the very small surface ratio of
nickel rod to thorium crucible. X-ray examination
of the blackish material showed lines mainly of
the compounds existing in the original melt compo-
sition, 1 that is, principally 3LiF-ThF gand a

1415 R. Bronstein, A. S. Dworkin, and M. A. Bredig,
J. Phys. Chem. 68, 44 (1962).

154, 5. Dworkin, H. R. Bronstein, and M. A. Bredig,
Discussions Faraday Soc. 32, 188 (1962).

. B, ‘Thoma (ed.), Phase Diagrams of Nucloar
Reactor Materials, ORNL-2548, p. 72 (1959).

small amount of Li,Th F. . Two additional, very
weak lines were also noted probably from the black
material which microscopic examination showed to
be finely dispersed throughout.

To increase the surface ratio of nickel to thorium,
a nickel crucible was employed to contain the melt,
The melt was occasionally stitted by means of
the thorium metal stirrer. Samples were taken at
temperature. These samples were treated with -
acid, and the volume of gas collected, assumed to
be hydrogen, was found to correspond to a thorium
metal solubility of 0.1 mole %. Again, nicke! was
not detected analytically. From the bottom of the
melt, after cooling, blackish specks were sepa-
rated from the bulk of the melt. These were
treated with sulfuric acid, and.the gas evolved
was collected and analyzed mass spectrograph-
ically. The gas showed the presence of hydrogen
and the absence of gases derived from carbides,
phosphides, or sulfides.

Our results place an upper limit of 0.1 mole %
on the solubility of thorium metal in molten
Li,ThF . At this time we have no explanation for
the apparent discrepancy between our results and
those of Barton and Stone, '? except possibly the
absence of gas stirring in our experiments.

(Note added in proof: Without change in the low
solubility valne we have now verified the findings
of Batton and Stone by gas stirring of the melt.
Details will be reported separately.)

Metal—Metal-Fluoride Miscibility

A. S. Dworkin M. A. Bredig

We had suggested!? that some of the rare-earth
metal—metal-difluoride systems (Eu, Sm, and Yh)
might exhibit complete miscibility similar to that
found for the alkaline-earth fluoride systems, the
metals having similar heats of vaporization. We -
have measured the SmF ,-Sm and YbF ,-Yb systems
with our cooling curve apparatus, holding the mix-
tures in tantalum capsules. The results in Fig. 8.2
do indeed show that the miscibility of the YbF ,-Yb
system is between that of CaF ,~Ca and that of
BaF ,-Ba. These findings represent the first ob-
servation of complete miscibility, in the liquid
state, of a rare-earth metal with one of its halides.

174 s, Dworkin and M. A. Bredig, Chem. Div. Ann.
Progr. Rept May 20, 1967, ORNL-4164, pp. 95-100.
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Fig. 8.2, Equilibrium Phase Diagrams of Motal Fluoride—Motal Systemz, MF.,-M (M = Sm, Yb, Ca or Ba).
2

It is the only example among these systems, thus
far, of the absence of a miscibility gap at any
temperature and is likely to be joined by only one
other rare-earth metal-salt system, EuF Eu.
There is a large monotectic solubility of Sm in
SmF, (32 mole %), but from that concentration to
almost 100% Sm a large miscibility gap exists,

We would predict that the EuF ,~Eu system is very
similar to CaF,-Ca and that, 1f TmF, is stable,
the solubility of Tm metal in liguid TmF is much

less than that of Sm in SmF,, as the heat of vapor-

ization of Tm exceeds that of Sm by 13 keal/mole.

The dotted solid solution lines in Fig. 8.2 were
estimated on the basis of a two-particle effect
{(Yb » Yb%* + 2¢~) on the melting points of the di-
fluorides and of an estimated entropy of fusion
for these salts of 4 eu/mole. This figure is based
on our assumption that the rare-earth difluorides,
having the fluorite type of structure, are similar
to the alkaline-earth fluorides in that they have a
diffuse transition in the solid and a low entropy
of fusion.

Our values for the melting points of the ¥b and
Sm metals are somewhat higher than those found
in the literature. We believe this is due to a
small amount of oxygen in the metals we used,
which raises the melting point. The melting
points of YbF, and SmF ,, 1407 and 1425°C, re-

spectively, agree quite well with those in the
literature,

We have also attemptéd to measure the solubility

of Nd in NdF,, and as in the CeF 3~Ce and LaF .-
La systems we find httle or no solubxhty

HIGH-TEMPERATURE THERMOCHEMISTRY

Heat Contents of NaBF + NaBF ,-NoF
(92-8 Mole %), and LIF Ber-ThF
(72-16-12 Mole %)

A. S. Dworkin M. A. Bredig

The heat contents of a proposed MSBR coolant,
NaBF -NaF (92-8 mole %), and a possible single-
region MSBR fuel salt mixture, LiF-BeF o~ ThF,
(72-16-12 mole 7), were measured using a copper
block drop calorimeter. Each mixture was con-
tained in a sealed platinum capsule, which in

turn was sealed into an Inconel capsule especially

designed for our heat content appatatus.

The following equations were obtained for the
heat content, H, - —H, 0., of the NaBF ,-NaF
eutectic in calones per gram:

4
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H, ~ H, =590 +2.30 x 10~ 't + 2.90
x 10~4¢2, 25-243°C; +0.5%

AH . =145 £ 0.3 cal/g, 243°C

H, ~ H, = 0.39 + 3.37 x 10~ ', 243-381°C; +0.2%
AH_ =310 % 0.3 cal/g, 381°C

H,— H,, =221+ 3.60 x 10~1¢, 381-600°C; £0.1%

The specific heat of the liquid is then the deriva-
tive of the last equation or 0.360 cal g—! °C~1
with an estimated error of less than 2%.

The heat content of pure NaBF , was calculated
from the above data by subtracting the contribution
of the NaF assuming no heat of mixing. Kelley’s
measurements of the high-temperature heat content
of NaF!® were used in the calculations. The fol-
lowing equations were derived for the heat con-
tent, H - H, 959+ of NaBF , in calories per mole:

—H,5s =—4.965 x 102 + 6.716T + 3.336
x 10—27T2, 208-516°K; +0.5%
AH .. = 1630 +30 cal mole™?, 516°K;
AStrans = 3.15 eu/mole
H,—H,,,=-10.196 x 10% + 37.22T,
516—679°K; +£0.2%
AH, .o = 3090 % 60 cal/mole, 679°K;
Asfusi on = 4-55 eu/mole
Hp - H,, =-8514x 10% + 39,207,

679-900°K; 10.1%

Figure 8.3 represents the derived results for the
heat content of NaBF .

The following equations represent the data tor
LiF-BeF -ThF, (72-16-12 mole %) in calories per
gram:

H, - H, =-5.28 + 2.07 x 10~ + 633

% 10~%¢2, 25-445°C; 10.5%

18y K. Kelley, U. S. Bur. Mines Bull. 584, 171
(1960).

ORNL- DWG, 68-4812

28 ¥ T 1 i T T T
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7. *K
Fig. 8.3. Heat Contant, H, — Hygq, of NaBF ..
H,—H,  =11.34+ 3.237 x 101,

500--750°C; +0.1%

There is no isothermal heat of fusion for the mix-
ture. According to the phase diagram, the mix-
ture partially melts isothemally at about 445°C,
after which the melting continues to 500°C, at
which temperature it is completely liguid. No
experimental points were obtained in the tempera-
ture interval 445 to 500°C. .

Using the above data together with suitable
literature data, the specific heats of various pos-
sible fuel salt mixtures have been estimated to
about 4% for molten-salt rzactor engineering
purposes. ‘

Nonideality of Mixing in Potussiuml
Fluoroborate=Sodium (or Potassium)
Fluoride Systems!?

M. A. Bredig
Experimental phase diagram data available from

work in the Reactor Chemistry Division2® were
examined for deviations from ideality of mixing.

19gor more details see MSR Program Semiann. Progr.
Rept. Feb. 29, 1968, ORNL-1254.

204, J. Barton et al., MSR Program Semiann. Frogr.
ﬁepit A:lusi 431, 1967, 0RNL-4191. pp- 158--59, Figs.
o -
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Liquidus curves for KF and NaF, in the binary
system KF-KBF , and the reciprocal salt system
NaF-KBF ,, respectively, were slightly revised in
accordance with an appropriate application of the
known enthalpies of fusion, AH_, of NaF and KF.
It became apparent that the KF-KBF system devi-
ates little from ideality, whereas the reciprocal
salt mixtures NaF-KBF ,, containing cations and
anions of widely differing sizes, show large
positive deviations from ideality. The latter were
estimated semiquantitatively in tem.s of the par-
tial molar excess free enetgy of NaF, GE

o DY
means of the equation

GE c=RTlny, =AH [(T/T,)-1]

¥AC, (T, - D) ~ T AC, In (T,/D

~RTIn N; P
with AC_ = 1.0 cal deg™! mole—!. The excess
chemlc:a.{J potential of NaF is not simply propor-
tional to Igpr, = (A — Ny, )% the ideal

““Temkin’’ activity of KBF ,. The shape of the
NaF liquidus and the high value (12,000 cal/mole)
of G __ below a__ = 0.1 suggest strongly that

replacement of NaF by LiF together with that of
CsBF, for KBF , would lead to separation into
two molten salt phases,

Heat Content of Lanthanide
Bromides and lodides

A, S. Dworkin M. A. Bredig

High-temperature heat content measurements
have been made for eight rare-earth bromides and
jodides. Together with the measurements for six
rare-earth chlorides reported last year,?* this
work puts the high-temperature thermochemistry
of members of this important group of halides on
an experimental basis for the first time.

Table 8.2 gives the coefficients of the equation
for the temperature dependence of the enthalpy for
the eight bromides and iodides. Table 8.3 lists
the enthalpy and entropy of fusion (and transition
when applicable) of these eight together with

21a. S. Dworkin and M. A. Bredig, Chewr. Div. Ann.
Progr. Rept. May 20, 1967, ORNL-4164, pp. 95-100.
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others measured previously.?2:23 The structore
type at room temperature and the entropy at 1300°K
relative to that at room temperature are also
listed. This high temperature (at which much of
the entropy data is extrapolated) is chosen so as
to permit a comparison of the entropy of all these
halides in the liquid state.
For most of the halides (chlorides, bromides,
and iodides) of Y(OH),, PuBr,, and Bil, struc-
tures, ASm + ASu_ is about 12 £ 1 eu/mole. The
slight differences among them are likely due to
various ion size effects. However, the YCI -type
compounds (YCl,, DyCl,, HoCl,, and E:Cl )have
a sxgmﬁcantly lower ASm (~7.5 en/mole) and
S, 100% — Sigg (V465 eu/mole) The crystal
structure of the heavy rare-earth bromides has not
been reported as yet, but on the basis of our re-
sults for GdBr, and HoBr, we would predict that
they also have the YCI, structure. One might ex-
pect the entropy of all the rare-earth halides in the
liguid to be very similar. However, this is not
the case for the YCI -type compounds, indicating
that they have either a higher degree of order in
the liquid or 2 higher entropy in the solid below
toom temperature where no C o data are as yet
available. :
Although a transition has been reported for !
GdI,,?* the sr:all heats of transition for GdI and
Tbl, and T, for Tbl, were measured in this work

tr
for the first time.

Diffuse Transitions in Compounds of the
Fluorite and Antif*. wite Type
A. 5. Dworkin M. A. Bredig
In previous reporis25:28 we have shown that
simple substances of the type AB o» Such as CaF ,
8:Cl,, and K S, which possess elther the ﬂuonte

or the antxfluoute type of crystal structure have
abnormally low entropies of fusion. On the basis

224 . §. Dworkin and M. A. Bredig, J. Phys. Chem.
&7, 657 (1963).

23rpid., p. 2499.

241 E. Mee and J. D. Corbett, Inorg. Chem. 4, 88
(1955).

254, 5. Dworkin and M. A. Bredig, ORNL-3832, p. 111
(1965).

A S. Dworkin and M. A. Bredig, J. Chem. Eng.
Data 8, 416 (1963).
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Table 8.2. Coefficients for Enthalpy Equations
Hoy = H,g, (cal/mole) = a + bT + cT2 + dT ™

Average Percent Temperature
Compountd a b c d Error Range (°K)
x10% x 1675 x 10%
CeBr3 ~7.003 22.640 2.929 0.682 0.14 298-1005
-~5.558 36.493 0.02 10051100
NdBr3 =7.097 22.432 3.297 3.448 0.18 298—-955
=7.128 37,027 0.04 955~1100
GdBr, —7.105 23.208 1.258 2.204 ’ . 0.19 298-1058
-7.271 33.331 0.02 1058--1200
HoBrE' —7.228 23.438 1.528 3.108 0.40 2931192
—-6.186 34.448 0.05 1192--13370
Lals —7.353 23.222 2.368 6.529 0.27 298-—-1051
=5.015 36.273 0.02 1051-=1200
Nd'.l3 -6.,904 21.715 4.279 1.478 0.10 298847
-5.860 28.057 0.04 847-~1060
-5.668 37.224 0.01 1060=-1200
(.:'rdI3 ~7.657 24.288 0.900 10.002 a.27 298-1013
—12.925 30.638 0.04 1013-1204
—=7.986 37.250 0.02 1204-130C
’II'.‘I.)I3 —~7.658 23.902 1.878 10.865 0.34 298-1080
-11.313 29.717 0.01 10801228
—~7.244 37.585 0.01 12281300
of our heat content measurements, we have at- Pretransition Behavior of Solid Potassium
tributed this to the occurrerce of a diffuse transi- and Thallium Sulfate
tion, that is, one spread out ovyr a considerable .
! P A. 8. Dworkin M. A, Bredig

range of temperatures, with an entropy change,

in the solid state, of the same order of magnitude
as that of fusion. The transition is ascribed to
the gradual disordering of the B ions, that is,
their distribution over two types of lattice posi~
tions, or a gradual ““melting’’ of the B ion semi-
lattice. We postulate that this interesting and
important phenomenon is not limited to the three
substances we have studied thus far but is a
general characteristic of the lattice dynamics of
crystals of the fluorite and antifluorite type, with
significant consequences for physical properties *7A. S, Dworkin and M. A. Bredig, J. Phys. Chem. 72,
such as self-diffusion and electrical or thermal 12;’: (1968).

conductivity._ We have des.cribed our measurements o, g?.' g;gt"ﬂ;‘;“zg:“} ;'16- Gf\bg'lgglgbgc;f:":- QDS:V Ann.
on KZS and discussed pertinent literature data

from this point of view i ¢ 27 290, . Godfrey and J. M. Leitnaker, ORNL-TM-1599
point of view in a recent paper. (1966).

We have derived improved equations for our
previously reported?® high-temperature heat con-
tent measurements of K250 . and T1,50, through
the use of a computer program?? to calculate
high-temperature thermodynamic functions. The
program sets AH = 0 and fixes C_ at 298°K by
means of an input parameter. For K S0, the meas-
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ured value3® of C_ = 31.1 cal deg—! mole™* at
298°K was used, and for leso 2 C_ of 35 cal
deg—! mole—! obtained by extrapolation of our
high-temperature heat content data was used. The
program also enables one to incorporate necessary
terms beyond the quadratic used previously. 2%

The new equations for H = H {cal/mole)
are as follows:

298

T1 230 .
Orthothombic: H,. — H, .= 2921 4+ 9.724T

+ 2.834 + 10-2T2 — 7.447
x 105/T, 298 — 774°K; 10.4%

Transition: AH, =160 + 60 cal/mole, 774°K

K, SO

2 4

Orthorhombic: H, —H, . = ~11732 + 33.95T
—-5.35x10™%T2 4 8.49
x 107573 4. 4.27 x 105/T,

298 — 857; +0.5%

Transition: AHu_ = 2020 £ 80 cal/mole

The equations for the high-temperature hexagonal
forms and the liquid T1,50, remain the same as
before.

The addition of a cubic term to the standard
Kelley heat content equation improved the fit of
the data for K SO, and resulted in a heat capacity
curve with an inflection at about 600°K. This is
in essential agreement with previously discussed
pretransition behavior?® and with adiabatic heat
capacity measurements reported®? since the com-
pletion of our experiments. The additional term
neither improved the fit nor changed the C  curve
for T1,S0, and therefore was not used in that case.

The significant differences in transition be-
havior of potassium and thallium sulfates are dis-
cussed in detril in a paper now in preparation.

SOG. E. Moore and K. K. Kelley, J. Am. Chem. Soc.
64, 2949 (1942).

2IN. E. Shmidt, Russ. J. Inorg. Chem. English
Transl. 12, 929 (1967).

HIGH-TEMPERATURE CRYSTAL CHEMISTRY

High-Temperature Crystal Structures of
Some M(RX ) Compouynds

M. A. Bredig

Sodium tetrafluoroborate, NaBF ,, proposed as a
coolant for the Molten-Salt Breeder Reactor, under-
goes a solid-state transition at 243°C.32 By
analogy with NaCl0 , which at room temperature
has the same orthorhombic (pseudotetragonal)
CaSO, type of structure as NaBF,, S. Cantor
estimated the technically important volume change
as 18%.3% On the other hand, one finds very
different volume changes for a similar transition
into an alleged cubic, rock salt type of structur=
of a-CaS0, at 1200°, which had strangely been
assigned two highly differing lattice constants.

An original a, = 7.8 A%* was recently ‘‘corrected’’
to 6.8 A,*S apparently just to bring CaSO, with
its smaller cation in line with a-5:SO, (7.1 A) and
a~-BaS0 " (7.2 A). The value 7.8 A corresponds to
an enormous volume cxpansion of 57%, strangely
unnoted by the original investigator,®* while

a, = 6.8 A yields an expansion of less than 2%,
also improbable. On examination I found the
original x-ray data34 to devidte from a, = 6.8 A by
an average of +14%, as compared with £3% for
a,=7.8A. Even the smaller error seemed un-
acceptable as merely experimental, since those
for 5:rSO, and BaSO,, in the same study, were
much smaller.

A search for a different structure, better fitting
the experimental data and at the same time ac-
counting rationally for the presence of the smaller
Ca?* jon, led to the hexagonal a-ZnS (wurtzite)
type of structure, with 2, =4.98 + 0.02 A, ¢, =
7.67 + 0.03 A, and fourfold (tetrahedral) rather
than sixfold (octahedral) coordination. Figure 8.4,
bottom section, demonstrates the far better fit of
the new structure.

The substitution of an optically anisotropic
(hexagonal) structure for the cubic (isotropic} one

325, 5. Dworkin and M. A. Bredig, preceding paper,
this report.

333, Cantor, MSR-68-46 (3-36-65).
346, W. Florke, Naturwissenschaften 39, 478 (1952).

35Ralph. W. G. Wyckoff, Crystal Structures, 2d ed.,
fol. 3, p. 56, Interscience, 1985.
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Fig. 8.4. New Interpretation of High-Temperature %-Ray Diffraction Patterns of Alkaline Earth Sulfates.

puts the x-ray data in agreement with the results

of a careful optical study,3® alsc neglected by the
eatlier authors, in which a-CaS0O 4» i contrast to
a-5t80, and a-BaSO,, was found to exhibit con-
siderable double refringence.

For cubic 0-StS0, and a-BaSO,, Fig. 8.4 shows
a definite trend of the deviations w1th diffraction
angle (@). Revised lattice parameters obtained by
extrapolation to 0 = 90°, or d = (A/2) sin § = 0.77 A,
where the effect of a presumed distortion of the
sample vanishes, are 7.16 + 0.03 A for $rSO, and
7.36 * 0.02 A for BaSO,. They correspond to
large expansions, 18%, over the volumes of the
orthorhombic forms at room temperature, in fair
agreement with 15% for isostructural KC10,,%%
with which the volume expansion of only 8% de-
rived from the original &, = 7.2 for BaS0, was in
distinct disagreement.

36y. Grahmann, Z. Anorg. Chom. 81, 257 (1913).

The newly established volume expansion of 9%
(replacing 57 and 2%, above) for hexagonal
a~-CaS0, is not likely to affect the validity of
Cantor’s estxmate of 18% for NaBF , based as it
was upon the assumed d1—-1somorph15m (orthorhom-
bic/cubic) with NaClO, rather than CaSO,. 33 1t
is reasonable that at elevated temperature NaBF "
behaves like the other 1:1 electrolyte, NaClO ,
rather than the 2:2 electrolyte, CaSO , even

- though all three have the same structure at room

temperature.
Both the hexagonal a-form of CaS0O, and the
cubic one of NaBF | tequite further mvest1gat10n,

_ especially the consideration of more precisely

measured intensities, preferably with single
crystals rather than powders. It is furthermore
necessary in this way to exclude the nickel arse-
nide type of structure, also of hexagonal symmetry,
but with sixfold rather than fourfold coordination
of the ions. Either of these structures. would
appear to be novel for compounds of the type
M(RX ).




9. Chemical Physics

EFFECTS OF TEMPERATURE ON THE NEAR-
INFRARED ABSORPTION SPECTRA OF
MOLECULES IN THE CONDENSED STATES

W. C. Waggener A. J. Weinberger
R. W. Stoughton

A first stage has been reached in our study of

- the liquid state by near-infrared spectroscopy over

a wide range of temperature. Satisfactery spectra
have been obtained for H,0 and D ,0 from ~20 to
250°C and for COC o+ A-hexane, cycloliexane, NH_,
and HF from below their melting points to above
their critical points. Selected bands in the CO2
spectrum were fitted satisfactorily to Lorentz dis-
tribution functions, and the dependence of intensity
on density was that required by the Lorentz theory
for broadening, as expected for a nonassociated
molecule. This year we have developed computer
programs to calculate and plot our data and have
found a curve-fitting program adequate for the job
of resolving complex, overlapping spectra such as
those of highly associated liquids, of which water
is an example.

We have remeasured the H,O spectrum (0.60 to
1.34 u) at 17 temperatures in the range 0 to 250°C.
Starting with the 250° spectrum, we succeeded in
resolving the familiar 0.96-x and i.15-x bands into
four and five components (mixed Gauss-Lorentz
distribution functions) respectively. The com-
ponents were introduced in accord with the rela-
tive positions and intensities of the centers of
appropriate vibrational-rotational bands in the gas.
Two components of the intense 1.4-p band which

contribute to the background were added, and the
variance of fit obtained from 0.86 to 1.34 i was
0.030 x 10—3 liter mole—* cm~—? (range of € was

0 to 25 x 10~3%). The 250° values of the component
band parameters were then used as trial parameters
in fitting the spectrum at the next lower tempera-
tare. ‘

By this procedure we are fitting our 11-band
vibrational model to the H ,O Spectrum at each of
the 17 temperatures including 0°C, and at present
are beginning to analyze the component band
parameters as a function of temperature. The
changes in the parameters with temperature are
generally monotonic; however, the occurrence of
qualitative differences in this dependence indi-
cates a high degree of specificity.

We are measuring the spectrum of liquid H,S in
the 0.6~ to 1.9-y region using a 2.54-cm Inconel
cell, and we now have data at seven temperatures
from the melting point (—83°C) to within a degree
of the critical point (100°C). We have found that
the prominent, nearly isolated band at 1.6 p
Ay, ,, =95 cm=? at 22°C), though appearing
simple and symmetric, cannot be fitted with one
or even several mixed Gauss-Lorentz distribution
func:tions. This composite band is of especial
interest because it undoubtedly arises irom the
same group of vibrational transitions which pro-
duce the 1.15-u kand in the spectrum of liguid
H,O. We aaticipate now that a comparable number
of components contribute, and the effect of tem-
perature upon the component parameters should
aelp differentiate the role of the H bond in affect~

. ing the 1.15-y band of H,0.
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Anhydrous Hydrogen Fluoride

We have extended our examination of the ex-
tremely broad, strongly asymmetric band in the
region of the second harmonic of the H-F vibra-
tional frequency down to and below the freezing
point (—83°C) by shortening the sample cell from
0.254 to 0.0825 cm. The data taken with the two
cell lengths, when plotted, revealed inconsisten-
cies of several percent which were traced to
elongation of the shotter cell as a function of
pressure. The problem is currently under study;
however, it is clear that the very slight movement
in the threaded window assemblies seriously
limits our window design in very short cells,

Our initial analysis of the HF band at higher
temperatures indicated that it is a monomer-
polymer composite, consisting of the rotation-
vibration spectrum of monomeric HF (viz., free
end groups), centered near 1.3 y and overlapped,
mote or less, on the high-wavelength side by a
highly temperature- and density-sensitive struc-
tureless band. We believe this band arises from
the coupling of a continuous distribution of
vibrational and librational transitions of polymeric
species with the ¢ (2 «— 0) transition, The
polymer component dominates the composite band
over the entire temperature range of the liguid
state, although the monomer component is clearly
evident from the critical point to 60°C. The half
bandwidth at the critical poiat (825 cm~! at
188°C) increases steeply with decreasing tem-
perature, reaching a maximum (1115 cm~?) near
60°. Below 60°, with the monomer spectrum dis-
appearing, the half bandwidth decreases to 1050
cm—! and 1020 cm—*! for the liguid and solid,
respectively, at the freezing point (—83°C). Here
again, the band has become structured, possessiog
at least two resclvable components which are
clearly visible in the spectrum of both the solid
and the liquid. The intensity of the higher-
frequency component predominates in the liquid
spectrum (v, = 6625 cm™Y), while the lower-
frequency component dominates the spectrum of
the solid (= = 6250 em—1)

max
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We have extended the demonstrated operational
range of our equipment from ~100 to —185° by
using liquid nitrogen, directly introduced into the
sample cell cooler channel, instead of nitrogen-

- cooled helium. Also, we have operated a cell

successfully in the range from 2200 to 5500 psia
by strengthening parts of the cell window assembly
and by using a wider-range pressure transducer.

INTRAMOLECULAR ENERGY TRANSFER
IN ACTINIDE S8-DIKETONES. EXCHANGE
OF LANTHANIDE AND ACTINIDE TONS
IN A CONVENIENT METHOD
OF SCANNING ACTINIDE COMPLEXES
FOR APPLICATION TO LIQUID LASERS

L. J. Nugent R. D. Baybarz

J. R. Tarrant G. K. Wemner

J- L. Pumett 0. L. Keller, ]Jr.
See p. 40.

CHARGE-TRANSFER SPECTRA
OF LANTHANIDE AND ACTINIDE
TRIHALIDES IN SOLUTION

J. L. Bumett R. D. Baybarz
L. J. Nugent

See p. 40.

SELF-ACTIVATED THERMOLUMINESCENCE
IN SEVERAL LANTHANIDE- AND ACTINIDE-
DOPED THORIUM DIOXIDE CRYSTALS

C. B. Finch G. K. Werner
L. J. Nugent M. M. Abraham
See p. 41.




CALORIMETRY

Attempt to Preparel Anhydrous H3Re3C|12

R. H. Busey

It has become increasingly apparent in recent
years that' many transition elements form a number
of interesting compounds containing two or more
metal atoms in which there are strong bonds be-
tween the metal atoms themselves. This behavior
is particularly pronounced in compounds of Nb,
Ta, Mo, W, and Re. Rhenium trichloride, Re 3Cl o
is an example of such a metal atom cluster com-
pound. The structure® consists of Re,Cl, clus-
ters in which the three rhenium atoms form an
equilateral triangle with three bridging Cl atoms
in the plane of the triangle and with six terminal
Cl atoms bonded to the rhenium atoms, three above

* and three below the Re, plane. The Re Cl; mole-

cules are very stable, persisting in the vapor at
600°C.? This basic Re,Cl, unit readily adds
three Cl1™ ions to give the anion Re Cl, ,*~ found
in salts of the type Cs Re,Cl, %.3 The three
additional Cl atoms in Re,Cl ,°~ form additional
terminal Cl atoms in the plane of the Re, and

the three bridging C! atoms. This ion persists
when the salt is dissolved in dilute hydrochloric
acid. :

Preparation of anhydrous H Re Cl, ,, the acid of
the salt Cs;Re Cl, ,, would not only be of intrinsic
interest, but the compound could prove valuable as
a starting material for other inorganic preparations.

An attempt to prepare H 3Re3C11 , was made by
contacting a sample of Re ;Cl (c) with anhydrous
liquid hydrogen chloride. Rhenium trichloride is

1g. A. Cotton and J. T. Mague, Inorg. Chem. 3, 1402
(1964).
2K. Rinke and H. Schafer, Angew. Chem. 4, 148 (1965).
31. A. Bertrand, F. A. Cotton, and W. A. Dollase,
Inorg. Chem. 2, 1166 (1963); W. T, Robinsen, J. E. Fer-
gusson, and B. R. Penford, Proc. Chem. Soc., 1963,
p- 116.
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readily soluble in a variety of solvents, and it
was hoped that the compound would dissolve by
reaction with the HCI to give a solution of
H,Re,Cl,, in HCI(/). Approximately 15 ml of
HCI(D) contained in a storage bulb over PO, at
CO,, temperatures was distilled onto a 0.203-g
sample of Re,Cl, at liquid-nitrogen temperature.
The liquid nitrogen around the sample was re-
placed by a CO,, trap, which caused the solid
HCI to melt. No evidence of dissolution was
observed. No evidence of solution was observed
when the HCKI) and sample were agitated by
temporarily removing the CO,, trap, which caused -
bumping or boiling. After about 2 hr the HCI())
was distilled off the sample.

There was no visible change in the sample. The
sample weight after the HCI(I) treatment was
0.202 g, confirming that little or no reaction had
occurred. If a compound like H sRe,Cl, , exists,
other methods for its preparation must be sounght.

Enthalpy of Hydrolysis of Rhenium Trichloride.
Enthalpy and Free Energy of Farmation of
Rhenium Sesquioxide

R. H. Busey E. D. Sprague*
R. B. Bevan, Jr.

The thermodynamic properties of ReCl (c) are
well established.® The trichloride is readily
hydrolyzed to hydrated Re 620 5 in alkaline solution
in the absence of oxygen.® The sesquioxide is
rapidly oxidized to perrhenate by oxygen and re-
duces water with hydrogen evolution at 100°C. 6
The enthalpy of formation of Re 0, may be de-
termined from the enthalpy of hydrolysis of ReCl_,
provided the oxide is kinetically stable in alkaline

4Tempox'ary employee, summer 1967,

5(a) J. P. King and J. W. Cobble, J. Am. Chem. Soc.
82, 2111 (1960); (b) R. B. Bevan, Jr., B. A. Gilbert,
and R. H. Busey, J. Phys. Chem. 70, 147 (1966).

W. Geilmann and F. W. Wrigge, Z. Anorg. Aligem.
Chem. 214, 239 (1933).
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" solution for a period of time sufficient to carry

out the observation.

It has been found possible to determine this
enthalpy utilizing a solution calorimeter previously
described.” The calorimeter has been modified
to give a more rapid response by incorporating a
thermistor and a specially constructed 450-ml
Dewar with a very thin inner wali (0.2 mm).

The performance of the calorimeter was tested by
measurements on tris(kydroxymethyl)aminomethane
(THAM).?

The anhydrous ReCl used was the same ma-

terial employed and described previously.5® Its
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purity was rechecked by a Mohr volumetric chloride,

determination and was 100.04%. All handling of
the ReCl, was done in a vacuum-type dry box
filled with argon and dried with P,0,. The NaOH
solutions used in the calorimeter were boiled and
putged with argon or nitrogen to remove dissolved
oxygen. To ensure the absence of oxygen within
the calorimeter, a weighed amount (50 to 100 mg)
of ReCl, was added to the calorimetric solution
just before final closure of the calorimeter.

The calorimetric results for the hydrolysis

reaction,

1
ReCl,(c) + 30H~ =3 Re,0,(c)

3
+5H0+3C7, (M)

are presented in Table 9.1. The hydrated sesqui-
oxide is precipitated, but since the composition
is unknown, all thermodynamic data given in this
paper refer to Re 0, ignoring its hydration water,
as is customary. The average oxidation state of

7(s) R. H. Busey, K. H. Gayer, R. A. Gilbert, and
R. B. Bevan, Jr., J. Phys. Chem. 70, 2609 (1966);
(6) R. H. Busey, H. H. Dearman, and R. B. Bevan, Jr.,
J. Phys. Chem. 66, 82 (1962).

85, R. Gunn, J. Phys. Chem. 69, 2002 (1965)% R. J.
Irving and I. Wadso, dcta Chem. Scand. 18, 195 (1964).

the rhenium following a hydrolysis run was de-
termined by oxidation of the thenium in the calo-
rimetric solution to Re0,~ by adding excess
standardized 0.2 ¥ NaClO and determining the
excess jodometrically with standardized 0.1 ¥
Na,S,0,. The average result was 3.12 +0.02 for
the average oxidation state. Two determinations
made directly on samples of ReCl (<) also gave
3.12 £0.02. The agreement is interpreted to mean
that no significant change in oxidation state oc-
curred when the trichloride was hydrolyzed. In
all the above determinations the ClO™ was in
twofold excess of the stoichiometric amount re-
quired to oxidize Re(ill) to ReO,~. This might
not have been sufficient® and may account for the
apparent high original average oxidation state.

9Kiug and Cobble, ref. 5a, in their calorimetric de-
termination of the enthalpy of oxidation of ReClj(c) to
ReQ,— used three- to sevenfold excess ClO~ with no
inconsistencies reported.

Table 9.1. Enthalpy of Hydrolysis of ReCl,(c)
by NaOH Solution at 25°C

Rm [OHT] ReClyc) ~AH,
No. ) ®) (kcal per mole of ReCIs)
4 0151 0.5498 54.54
5 0.146 0.5225 54.24
6 0.146 0.3266 54.45
7 0145 0.3406 54.40
8§ 00512 0.2067 54,37
11 0.290 0.3176 54.91°
12 0.295 0.3248 54,17
13 0.0992 03198 54.23
14 0.0978  0.3269 54.63
15 0.102 0,3017 54.34

AHS = .-54.20 +0.12

4pejected by Chauvenet’s criterion.




The enthalpies of dilution of NaOH and NaCl
required for correcting the observed AH , results
to infinite dilution wete taken from Harned and
Owen.'® The relative partial molal enthalpy of
water is negligible. The corrected enthalpy is
AHS = —54.29 +0.12 keal per mole of ReCl..

This datum combined with AH7 [ReCl,(c)] = —63.0
kcal/mole®? and the enthalpies of formation of
OH-, Cl1-, and H,0 taken from Latimer!?! gives
for the enthalpy of formation of hydrated rhenium
sesquioxide AH? (Re,0,) = —119.2 kcal/mole at
25°C.

The entropy of Re, 0, is estimated to be 32 £ 2
cal deg—! mole—! by companson with the known
entfropies of other sesquioxides. This gives
—59 1 2 cal deg—! mole—! for the entropy of form-
ation of Re:L,O3 from its elements. The free
energy of formation at 25°C then is AF¢(Re,0,) =
AH — T AS3 = —101.6 £0.6 kcal/mole

The electrode potentials of the half reactions

2Re + 60H~ = Re,0, + 3H,0 + 6e™

and

Re,0, + 20H™ + 3H,0 = 2Re0,2H,0 + 2¢~

are computed to be 0.333 £0.004 and 1.25 £0.01 v
respectively.'? Rhenium sesquioxide is thus ther-
modynamically unstable with respect to dispropor-
tionation into Re metal and Re0,.2H,,0 and with
respect to being oxidized by water to Re0 ,.2H 0.
The apparent stability observed in this research
must be a kinetic stability.

_ The potential diagram of thenium in basic solu-
tion including the data of this research and thermal
data given by King and Cobble!? is given in Fig.
9.1.

H. S. Harned and B. B. Owen, The Physical Chem~
istry of Electrolytic So}‘utxons, 2d ed., Reinhold, New
York, 1950.

Uy, M. Latimer, Oxidation Potentmls, 2d ed.,
Prentice-Hall, New York, 1952.

leuxiliary data from refs. 7a and 11.

137, P. King and J. W. Cobble, J. Am. Chen. Soc. 7%,
1559 (1957).
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Fig. 9.1. Redox Schome of Rhenium in Basic Solution,
Potentials in volts,

MICROWAVE AND RADIO-FREQUENCY
SPECTROSCOPY

Poramagnetic Resonance Study of Gamma-
Irradiated Single Crystals of Formic Acid

Robert W. Holmberg

A study of the electron spin resonance spectra
of the formyl radical, HCO and other radicals pro-
duced upon irradiation of single crystals of formic
acid with %°Co gamma rays has been undertaken.
When a crystal of HCOOH was irradiated at 77°K
and observed without warming at this temperature,
a complicated central spectrum of many partially
resolved lines near § = 2 was seen. Lines char-
acigristic of the formyl radical were seen only
very weakly. After annealing in dry ice (195°K)
for about 1 hr, irreversible changes in the spectrum
occurred. (All observations reported here were
made after recooling the sample to 77°K.) The
central spectrum had simplified, and the lines from
formyl were sow intense. Both spectra were an-
isotropic. Figure 9.2 shows the spectrum ob-
tained with the applied magnetic field oriented
along one of the crystal axes. Lines labeled H
are hyperfine lines from !H in HCO, while those
labeled C appear because of the small amount of
13C present in natural abundance. Two other 13C
lines are lost in the central part of the spectrum,
The spectrometer gain was increased a factor of
50 in the neighborhood of the *3C lines to show
them with appreciable intensity. ‘

Detailed measurements of the positions of both
the H and **C lines of the formyl radical were
made with the magunetic field oriented parallel to
the basal planes of the orthorhombic formic acid
crystal.'* From these measurements, the £ tensor

141'-‘. Holtzberg, B. Post, and I. Fankuchen, Acta
Cryst. 6, 127 (1953).
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Fig. 9.2. The Electron Spin Resonance Spectrum
{Second Derivative) of a Gamma-Irradiated Formic Acid
Single Crystal. The magnetic field was parallel to o
crystallographic axis.

and hyperfine tensors for both H and '3C have
been deduced. The principal values of these
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tensors are: g, =2.0032, ¢, = 2.0018, £, = 1.9944;

H =120, H, =123, H =135 gauss; C, =122,
C, = 156, C, = 114 gauss.

An attempt was made to relate the principal di-
rections of the tensors to atomic positions of
formic acid!# without success. Movement of the
formy! radical evidently occurs when it is formed.
A detailed analysis of the relationship between
the tensors and the structure of the formyl radical
has not been completed, but some general obser-
vations can be made and are discussed with
reference to Fig. 9.3.

Spectroscopic studies of the radical in the gas
phasel® show that it is bent with an H—C—-0
angle of 119.5°, It is likely that this structure is
not greatly changed when trapped in the formic
acid lattice. Althouzh the principal axis systems
of the tensors are differently oriented, the princi-
pal directions g,, C,, and H are the same to
within about 5°. It is assumed that this direction

is perpendicular to the plane of the HCO molecule.

(Figure 9.3 is an approximation in that it ignores
these small deviations from colinearity and the
consequent nonplanarity of the other tensor ele-

ments.) The largest '3C interaction, C,, has been

taken to be in the direction of the bisector of the

15p_ A. Ramsay, p. 1 in Advan. Spectry., vol. I, Inter-

science, New York, 1959.
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Fig. 9.3. An Approximate Association of Principal
Directions of the Tensors for the Formyl Radical with
Its Structure. g refers to the g tenzor, C 1o B3¢ hyper-
fine tensor, and H to Ty hyperfine tensor.

HCO angle. This is expected for an unpaired
electron in a o s-p hybrid orbital on the carbon.
This association of principal elements with
structure seems very reasonable when the £ and
C tensors are compared with those of a similar
radical, CO,~. This radical is symmetric, with
parallel g and C tensors. The following princi- |
pal values have been reported: 6 ¢ = 2.0032,
g, =2.0016, g, = 1.9973; C, =134.6, C, = 177.3,
C, = 131.7 gauss. The orientations of these
values are the same as those shown for the C

tensor of Fig. 9.3.
Annealing studies of formic acid irradiated at

77°K reveal a number of paramagnetic species
whose chemical relationship is not understood.
The complicated central spectrum seen before

annealing is probably due to a mixture of radicals.

The more simple central spectrum after about 1 hr
of annealing at 195°K has not been analyzed in
detail, but the pattern of lines shown in Fig. 9.2
for one orientation suggests a hyperfine inter-
action from three protons, two of which are alike.
Such a spectrum might arise from the radical
HC(OH),. With further annealing at dry ice tem-
perature, this central spectrum slowly decays

mS. A. Marshall, A. R. Reinberg, R. A. Serway, and
J. A. Hodges, Mol. Phys. 8, 225 (1964).
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and almost completely disappears after 4 or 5 hr.
The formyl radical, whose parameters have been
discussed above, reaches a mazimum concentra-
tion‘in about 1 hr and then slowly decays. A
second, non-symmetry-related, formyl radical
grows in at a slower rate zud then, too, decays.
The weak lines near the H hyperfine lines of

Fig. 9.2 are due to this formyl species. Both the
H and 13C hyperfine lines from this second formyl
radical have been seen. Detailed measurements
of the line positions have not been made, so a
comparison of the tensors of the two radicals is
not yet possible, Weaker lines with H hyperfine
spacings characteristic of formyl radical, but
different from the two main formyl radical spectra,
have also been seen on annealing,

Paramagnetic Resonance Study of Aliphatic
Nitroanion Radicals in Photolyzed Solutions

Henry Zeldes Ralph Livingston

Aliphatic nitroanion radicals have been gener-
ated by photolysis of two kinds of solutions at
room temperature. They were studied by electron
paramagnetic resonance during photolysis as the
solutions flowed through an irradiation cell in the
microwave cavity. Judging from the change in
signal strength as the liquid flow rate was varied,
the nitroanion radical lifetimes are an appreciable
fraction of a second in the solutions studied.

Strong aliphatic nitroanion radical spectra were
found during photolysis of many basic aqueous
solutions containing nitrite ion and an aliphatic
compound. The radicals are ones which result
from replacing a hydrogen atom attached to a
carbon atom of the compound by NG, ~. A reason-
able mechanism is that the radical R. is produced
from the aliphatic compound RH by reaction with
an excited nitrite ion and that R. then combines
with NO,~, which was present in high concentra-
tion, to form RNOz-”:

b
NO,~ + RH—> R- + HNO,-~ , W
R- + NO,~ —> RNO .~ . @

Nitroanion radicals which were produced this way
and whose spectra were analyzed in detail are
HOCH,NO,.~, ~0,CNO,.-~, —0,CCH,NO,-~,
~0,CCH,CH,NO,.~, —0,CCH(NO,-~)CH,

137

CH,COCH NO,-~, CH,CH,COCH,NO,- 7,
H,NCOCH NO,-~, CH,CH(NH,)NO ,-~, and
(CH,),NCH,NO,-~. Aqueous solutions contain-
ing nitrite fon did not give nifroanjon radicals in
the absence of base except for those containing
formate ion and acetone. In these cases the
spectra were very weak compared with those ob-
tained after adding base,

In an acetone-rich solution containing nitrite
ion, but no base, another kind of radical was pro-
duced. This solution was found to be unstable.
The parameters for this radical are reasonable for
the iminoxy tadical CH 3sCOCH =NO. This radical
may have been produced from the oximinoketone
CH ,COCH = NOH, which was present before pho-
tolysis as a result of the nitrosation of acetone.
Photolysis of NO,™ may then have led to the ab-
straction of a hydrogen atom to give the observed
radical.

A methyl alcohol solution containing nitrite ion
and some water but no base also gave a different
kind of radical, which has been tentatively identi-
fied as (HOCH,),NO. The parameters were found
to be typical of dialkyl nitroxide radicals. The
proposed radical may have been formed by a
mechanism given by Hoffmann, Hodgson, and
Jura: 17 '

R- + RNO,.~ —> RN =0+ RO~ , 3
R.+RN=0--—->R21\io, “

where in this case R- is CH_OH. Again it is as-
sumed that R- is produced from RH by photolysis
of NO,~ and that R- and NO,~ combine to form
RNO,.~. Without base and with not too much
NO,~ present, reactions (3) and (4) are assumed
to become important.

Aliphatic nitroanion radicals were also produced
by photolysis of aqueous solutions containing
aliphatic nitro compounds. Only solutions con-
taining nitromethane and nitroethane wetre investi-
gated in detail. Strong spectra were obtained, but
only after base was added to the solutions. The
nitromethane'® and nitroethane'? anion radicals

”A. K. Heffmann, W. G. Hodgson, and W. H. Jura,
J. Am. Chem. Soc. 83, 4671 (1961).

1%y, E. Griffiths, G. F. Longster, J. Myatt, and P. F.
Todd, J. Chem. Soc. (B), 533 (1967).

191 H. piette, P. Ludwig, and R. N. Adams, J. Am.
Chem., Soc. 84, 4212 (1962).
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had been prepared previously in agueous solutions
by electrolysis and studied by electron paramag-
netic resonance, Our parameters for CHSCHzNO =
agreed with those reported? earlier. We found
small resolved splittings for the CH, protons
which were not resolved in the earlier work. Our
coupling values for the N aucleus of CH N0,

two solutions, one mostly water and the other
mostly ethyl alcohol, were almost the same. How-
ever, they were larger than the values reported 18
previously in agueous 10% methyl alcohol and
aqueous 10% isopropyl alcohol.

It is possible that hydrogen abstraction is the
important process leading to nitroanion radicals
for our solutions containing nitromethane and
nitroethane. Not much base was needed {2 form
the radicals, and its function may have been to
neutralize the conjugate acid RNO ,H to form
RNO,.~.

With the exception of “0,CNO o~ » the hyperfine
couplings for the nitro group N are in the neighbor-
hood of 25 gauss, which is typical for aliphatic
nitroanions. *? The value for ~0,CNO,-~ is 14.38
gauss, and this value is like that of an aromatic
nitroanion in aqueous solution. The low value for
~0,CNO .~ indicates that the nitro group n-elec-
tron system is strongly coupled to the n-electron
system of the rest of the molecule and that the
molecule is planar. The coupling value for *3C
present in natural abundance was measured for
this radical and found to be small (3.74 gauss).
This too is reasonable for an unpaired electron
occupying a m-orbital of the planar molecule. Fur-
ther details of this work will be published else-
where, 20

Paramagnetic Resonance Study of Free Radicals
Formed in Amides and an lInide

Ralph Livingstor Henry Zeldes
Paramagnetic resonance spectra of free radicals
formed by abstracting hydrogen from simple and
N-methyl-substituted formamides and acetamides
and from succinimide have been studied. The
hydrogen abstraction was brought about by ultra-
violet irradiation of a solution of the amide or
imide containing either hydrogen peroxide or

2%, Zeoldes and R. Livingston, J. Am. Chem. Soc.,
in press (July 1968).

acetone. The -OH radical is formed upon photoly-
sis of hydrogen peroxide which then abstracts
hydrogen, while photolysis of acetone gives an
excited molecule which is then capable of ab-
stracting hydrogen. In the latter case the hydroxy-
isopropyl radical, (CH,) ,COH, is formed from the
acetone, and its spectrum is usually observed.
The hydrogen bonded to carben is abstracted
from formamide giving CONH,. Other workers®!
observed an almost identical spectrum for this
radical after preparing it by the rapid-mixing tech-
nique, but they interpreted the spectrum as arising

‘from HCONH, since, among other things, the

values for the hypetfine couplings of the two hy-
diogens were strikingly different. We felt that the
inequivalence of the coupling values was reason-
able for CONH,, which would be a sigma radical.
Other sigma radicals have shown similar inequiva-
lences. An experiment with deuterium was carried
out in order to remove the ambiguity as to which
hydrogen was abstracted from formamide. A solu-
tion of 12% formamide and 12% acetone in D,0 was
photolyzed. Through exchange, essentially all

of the formamide was converted to HCOND ,, while
the hydrogen of the acetone did not exchange.

The overall photolytic process was

CH,COCH, + HCOND,—> (CH,),COH + COND, -

Spectra for both product radicals were observed,
and it was clear that the radical from formamide
contained deuterium and no hydrogen. Moreover,
the hydroxyisopropyl radical contained a hydrogen
rather than deuterium in the hydroxyl position,
further showing that H had been abstracted. Find-
ing H rather than D in (CH,),COH had further
significance, since this radical was present in
D,0 solution, and it is known that the hydroxyl
hydrogen will exchenge. This radical is esti-
mated to have a lifetime of about 103 sec, which
means that the exchange must proceed at a rate
slow compatred with this time. This is a novel
method of obtaining information on an exchange
process of this type. The process is much too
slow to produce dyramic exchange phenomena,
which may sometimes be observed in paramag-
netic resonance spectra.

A methyl hydrogen was abstracted from N,N-
dimethylformamide to give HCON(CH )(CH ).

2lp, smit. +md P, B. Wood, Can. J. Chem. 44, 3085

(1966).
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Two radicals were observed in about equal
amounts. These were rotational isomers and
illustrated a lack of free rotation about the nitro-
gen bond to the carbon of the CO group. On the
other hand, N-methylformamide gave only a single
radical, HCONH(CH,). Rotational isomers were
not observed, presumably because the parent
molecule from which the radical was made was
present essentially all in one isomeric form. A
methyl hydrogen was abstracted from acetamide to
give CH,CONH,, while the hydrogen abstracted
from N-methylacetamide appeared to be from the
N-methyl group. A mixture of radicals was ob-
tained from N,N-dimethylacetamide, which could
not be analyzed in detail, but the radicals were
probably rotational isomers, similar to the situa-
tion found for N ,N-dimethylformamide. The hy-
drogen abstracted from succinimide was from a
CH,, group.

Relaxation times were measured for the spec-
trum from CH ,CONH,, and the thermal relaxation
time and spin-spin relaxation time were found to
be equai. This suggested why spectra reported
for radicals made by the rapid-mixing technigue
typically consist of lines much broader than those
formed photolytically. The rapid-mixing method
usually involves a redox system with a paramag-
netic ion. The ptesence of this ion shortens the
relaxation times.

Accurate hyperfine couplings and g valves
were measuted for most of the observed radicals.
Greater detail has been published elsewhere, 22

NEUTRON AND X-RAY CRYSTALLOGRAPHY

An Aid to the Analysis of Interionic and
Intermolecular Forces in Crystals

W. R. Busing

In molecular or ionic crystals, in contrast to
covalent or metallic crystals, forces of intramo-
lecular or intraionic origin may to a good approxi-
mation be regarded as intrinsic properties of the
molecules or jons, mote or less independent of
the environment. It should be possible to de-
velop a model for the remaining forces, those of
intermolecular or interionic origin, which contribute

2% Livingston and H. Zeldes, J. Chem. Phys. 47,
4172 (1967).

to the stability of the crystal. Experimental in-
formation useful for determining the parameters of
such a model could include some or all of the fol-
lowing: (1) lattice parameters and atomic coordi-
nates observed by diffraction techniques, (2) ther-
mochemical information, (3) elastic constants ob-
tained by ultrasonic measurements, {(4) lattice
frequencies from infrared or Raman spectroscopic
studies, and (5) details of lattice dynamics ob-
served by inelastic neutron scattering methods.
The resulting model could ther be used to calcu-
late values for any or all of the above-listed
properties. Specifically, it should be possible
(1) to predict the lattice parameters and atomic
coordinates of unknown erystal structures, (2) to
calculate the relative stabilities of different
modifications of the same substance, (3) to com-
pute anisotropic temperature factors for compari-
son with the results from diffraction experiments,
and (4) to calculate the joint distributions of the
thermal motion of atoms in a crystal so that re-
liable cortections could be made to apparent
bond distances. Information cbtained from the
study of crystals would also be applicable to
work on noncrystalline materials such as the pre-
diction of the configurations of polypeptides. 23—2%
The classic work in this field is that of Born
and Mayer, 2% who interrelated the lattice con-
stants, elastic constants, and thermochemical
data for the alkali halides by means of a model
of this kind. More recently Kitaigorodskii?? and
Williams 28 have determined the attractive and
repulsive parameters of hydrocarbon molecules on
the basis of experimental crystal structures.
Pawley?? has used the model thus obtained to
calculate the lattice vibration dispersion func-
tions, elastic constants, anisotropic temperature
factors, and infrared and Raman lattice frequencies’
for naphthalene and anthracene. In another study

23p_ peSantis, E. Giglio, A. M. Liquori, and A. Ripa~
monti, Nature 206, 456 (1965).

24p, A. Brant and P. J. Flory, 7. Am. Chem. Soc. 87,
2791 (1965).

25R. A. 5,1t and H. A. Scheraga, J. Chem. Phys. 45,
2091 (1966).

264. Born and J. E. Mayer, Z. Physik 75, 1 (1932).

27 . 1. Kitaigorodskii, Tetrahodron 14, 230 (1961)%
J. Chim. Phys. 63, 6 (19686).

28, g. Williams, J. Chom. Phys. 45, 3770 (1966);
J. Chem. Phys. 47, 4680 (1967).

29G. S. Pawley, Phys. Status Solidi 20, 347 (1967).



Baur3® has shown that the orientations of water
molecules in several ionic crystalline hydrates
can be predicted by considering the hydrogen bond
as due entirely to simple electrostatic forces.

As an aid to this kind of work, a general com-~
puter program has been prepared which can be
used in two ways: (1) Given the experimental
lattice parameters and atomic coordinates for a
crystal structure, the program will adjust the
coefficients in the expression for the energy, or
(2) given the coefficients which define this aspect

of the model, the program will adjust the parameters

of a trial structure.
The basic form of the energy expression used
by the program is

j

Q,-QJ- D‘-D

r 1]
ij rij

W=-—;- ;{_‘,

+ 4,4, exp[—(B; + Bj)'.';] .

in which 7 ranges over the atoms in one unit cell
and j extends over all atoms not in the same rigid
body as atom i. In the first term, which represents
the Coulomb energy, Q, is the effective charge of
atom z, and r;; is the distance between the centers
of atoms 1 anci Jj- The second term represents van
der Waals attraction, and D,. is a coefficient re-
lated to the polarizability of atom 7. The final
term, which includes two parameters, Ai and B,
for each atom, represents the repulsive energy of
the model. In the evaluation of W the Coulomh
energy is obtained by Ewald’s method,3? in which
the series is separated into reciprocal-lattice and
direct-lattice sums.

Polarizable atoms are introduced by considering
each atom 7 as composed of a shell and a core with
charges Q,; and Q_,, respectively, and with cen-
ters displaced from each other by a distance d,.
The expression for W is then elaborated by extend-
ing the Coulomb-energy term to include shell-shell,
shell-core, core-shell, and core-core interactions
and by adding another term, Z P;d?, in which P,
is a coefficient of resistance to polarization for
atom j.

The parameters defining W are considered in two
groups. The set to be designated 4y, which in-

3%W. H. Baur, Acts Cryst. 19, 905 (1965).
*lp. P. Ewald, Ann. Physik 64, 253 (1921).

cludes the parameters ¢.D, A; B, and P, are
called coefficients of the model, Another set, py,
entering into W indirectly through the values Ly
are called structural parameters and may include
the lattice parameters and the translations and
rotations of groups of atoms assumed to be rigid.
The model will be in static equilibrium if the
energy, W, is a minimum with respect to these
structural parumeters; that is, if W/3dp,, = 0 for
all k. The program uses the method of least
squares, minimizing E(GW/ c')pk}2 to approach this

condition. The derivatives of the types oW/dp,,,
3*W/dp,dp,, and 3*W/dp, dq,, which are needed
for the nonlinear least-squares refinement, are
obtained numerically by incrementing the appropri-
ate parameters and recalculating W.

The two ways of using the program comrespond
to (1) fixing the structural parameters at their ex-
perimental values and varying the coefficients of
the model or (2) fixing the coefficients of the
model and varying the structural parameters.
Structural parameters which are not known experi-
mentally, such as the components of displacement
of the shell relative to the core of a polarizable
atom, are always included among the p,.’s and
varied to minimize I (W/dp,)%

The structures of Icc:rystals of low symmetry tend

to yield more information than those of high
symmetry. Thus the structure of NaCl yields only
the cubic lattice parameter and therefore can be
used to determine only one coefficient in the ex-
pression for W. The structure of orthorhombic
BaClz, on the other hand, provides nine observa-
tions: three lattice parameters and two coordi-
nates for each of three nonequivalent atoms.
(The third coordinate of each atom is fixed by
symmetry.) For BaCl o+ therefore, it should be
possible to establish up to nine parameters of
the model.

Because it is not always possible to recognize
intuitively which parameters are well determined,
it has been found useful to use the method of
principal-component analysis for the solution of
the least-squares equations. The eigenvectors of
the matrix of normal equations are computed, and
these describe independent linear combinations
of the variables, The cortesponding eigenvalues
provide measures of how well each linear combi-
nation is determined. If insufficient information
is available, it is necessary to forego the adjust-
ment of those linear combinations which are



poorly determined. For example, in the case of
the 4,%s, which play the roles of atomic radii in
the repulsive energy, it often happens that their
sums are well determined but their differences
are not. The program adjusts only those linear
combinations of parameters which are meaningful
for the determination of W.

Usually the program will be used first to adjust
the energy coefficients on the basis of the ex-
perimental structure. If the model has fewer
parameters than the structure, it will generally
not be possible to reduce the derivatives dW/dp,
exactly to zero. For the resulting model the
structural parameters can then.be varied to-mini-
mize W. The calculated structure can then be
compared with the observed one. Listed in
Table 9.2 are the observed*? parameters of BaCl,
together with those calculated from a model which
was established as described. The agreement is
reasonably satisfactory.

For this structure the calculation of the energy
W to three significant figures requited 0.10 sec
on the IBM 360/75. For each cycle of least-
squares refinement, W was calculated as many as
164 times in the evaluation of the derivatives.
Five cycles of refinement required about 90 sec
of machine time.

32R. Sahl, Beitr. Mineral. Petrog. 9, 111 (1963).

Table 9.2. Comparison of the Observed and
Calculated Parameters for Bn.‘.l(:l2
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Parameter Observed Calculated Difference

a 9.415 9,468 0.053
B 7.878 7.843 ~0.035
c 4,731 4,733 0.002

Ba x 0.1180 0.1170 «(,0010

¥y 0.2504 0.2495 ~{,0009
C1(1) x 0.431 0.429 ~0.002
y 0.356 0.354 ~0.002
CI(2) x 0.829 0.831 0.002
y 0.473 0.472 ~0.001

Addition of Higher Cumulants to the
Crystallographic Structure-Fuctor Equation

C. K. Johnson

A variety of mathematical models can be used to
describe the time-averaged vibrational displace-
ment of an atom in a crystal. The most popular
model in current use is based cn the probability
density function, or frequency function (fr.f.), of
the trivariate normal distribution, which is written
as

3
X exp 1 (o' = D (W~ XD
2 .= Pij |
I, J=1

}, (13

where u!, o?, #® are the contravariant components

of a three-dimensional random variable (displace-
ment vector), xt, x?, x* are the parameters of the
mean of the fr.f., and the matrix ||p,.|| with co-
variant components is the inverse of the disper- -
sion (variance-covariance) matrix ||o/]| defined
in Eq. (2) below. The determinant of ||p, || is
denoted as |p,|.

The characteristic function (¢.f.) or Fourier
transform of the fr.f, defined in Eq. (1) is

A A
ey, 1y, t)=exp(i §, ¥t -5 Y o), @

i=) i,j=1

where 1, if not used as an index, is \/—_1 If we
make the change of variables ¢, = 2ah, and | lo/f] =
169722 (i, j = 1, 2, 3), then multiply $(hy, by,
ba) by the atomic scattering factor KA 12 8y B,
and sum over the 7 atoms of the unit cell, we ob-
tain

n
F(a,, by h)= ¥ £ (&), By, b))
k=1

3

x exp (2mi E

i=1

3
xh - Y bR, (3

i j=1

which is the usual formulation for the structure
factor equation with Miller indices (I'r h,, h)),
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anisotropic temperature factor coefficients
b (i, j= 1, 2, 3), and fractional positicnal pa-
rameters (x*, x2, x*). In other werds, a c.f.,
transformed by the change of variables ¢; = 2wh,
¢i=1, 2, 3), is a structare factor equation for a
unit point scatterer. The use of the trivariate
normal fr.f. model is called the quadratic approxi-
mation because of the quadratic form which ap-
pears in Eq. (1). Although Eq. (3) is an adequate
model for most investigations in structural crystal-
lography, there are instances when a more elaborate
model is justified, for example, in systems involv-
ing librations or anharmenic vibrations. :
Let us expand the c.f. ¢ of an arbitrary trivariate
fr.f. ¥ in terms of cumulants as

3

Wlt,, ty 1) = exp(i Y K

=1

2 3 .. -3 3

] ij I ijk
— 2 —_ 3
+ 5 Z K it v Y K Lty
ij=1 T L k=1
-4 3 ;
i Hkl
——— 4
+— ¥ K titj.tktl-b...) )

) i:j-kwI:l

The terms 1K, 2K, 3K, and *K are by definition
the first four cumulants or semi-invariants of the
fr.f. ¥; they are tensors of rank 1 through 4 con-
secutively. Each of the tensors is invariant to
pairwise interchanges of its indices, so that there
are 3, 6, 10, and 15 unique elements in the four
successive tensors. ‘The problem of accurately
determining 19 or 34 parameters per atom in ihe
general case instead of the usual 9 parameters is
discouraging, but it is not impossible. The four
tensors describe the mean (*K = x), the dispersion
“(1|2K}{] = ||o1]), the skewness, and the kurtosis
(peakedness-flatness) of the corresponding fr.f.

The fr.f. ¥ whose ¢.f. is Eq. (4) can be approxi- .

mated by the first four terms of the Edgeworth
series expansion®*—%5 based on Eq. (1). This

3%y M. Chambers, Biometrika 54, 367 (1967).

3‘!{. Cramer, Random Variables and Probability Dis-
tributions, chap. 7, Cambridge University Press, Cam=~
bridge, 1562; M. G. Kendall and A. Stuart, The Ad-
vanced Theory of Statistics, vol. 1, chap. 6, Hafner,
1958.

358, pawson, Proc. Roy. Soc. A 298, 255 (1967).

expansion is an asymptotic expansion using the
derivatives of a normal fr.f. and for the trivariate
case is

3
\I’(ul‘ u?, ﬂs)z [1 --];- z

ia.i-“"'::

o
K" DDD,

1 3 ijkl
4
+(§ _‘_Z K DDD.D,
i,i,k, =1

10 3

o L

3 i_fka qrs ]
=0 K" °K" D,D.D,D rDs)]

B K, @1 8=1
x Q{ulp uzr u3) ’ (5)

where D, is the covariant differential operator
d/9d*. The individual D operators are commuta-
tive since the space is Euclidean. For example,
the operator D.D,D.D, =D D.D D, = 3%

- OF / i )
dulAdidu*du’. “The correction term in parentheses

in Eq. (5) is omitfed if *K is not determined. For

purposes of numerical evaluation, Eq. (5) can be
reformulated in terms of the cumulant tensors ard
tensors containing multivariate Hermite poly-
nomials. 33

The modes and antimodes of a fr.f. are the local
maxima and minima of probability density. In z
centrosymmetric fr.f, the mean and a mode (or
antimode) coincide. For a noncentrosymmetric
fr.f. they may differ. The third cumulant tensor
3K (skewness tensor) can be used in combination
with 'K and 2K to locate the major mode of the
fr.f. Intuitively, it seems tha! the mode may be a
better estimate of the equilibrium position of an
atom than is the mean (center of gravity).

If the procedure used to derive Eq. (3) from
Eq. (2) is applied to Eqg. (4), the resulting struc-
ture factor equation can be considered the ‘“Edge-
worth series modei.’” The form of the equation is
similar to the generalized structure-factor formal-
ism of Dawson.?® This model is basically a sta-
tistical model, free of kinematic assumptions, as
is the trivariate normal fr.f, model (3).

The structure-factor least-squares program
OR XFLS was modified to incorporate the third
cumulant tensor using Egs. (6) to (8) given below.
For a crystal with o atoms in the unit cell, the
structure factor at h = (h,, h,, &,) is

F(h) = ACh) + i B(h) , (6



where

ARy = B B(WiELh) cosla(h] — £,°(h) sinfah)l} ,
ol

N
By = ¥ 8 (Wi (h) sinfah)] + £ coslahl},
=1
and
. a R
ay=2 § xb— L < nnz,,
=] 1,§,k=1
®

Bhy= exp(— i 5 1 hib’) -

iyjml

The variable coefficients x', 5%, and /X are 1%,
(242) 2K, and (42%/3) K" (i, j, k=1, 2, 3).
The atomic scattering factor f(h) is complex with
real part f°(h) and imaginary part £°°(h) to account
for the effects of anomalous dispersion.

Preliminary results on the refinement of crystal
struzctures with the new moedel have been very
encouraging. With a full set of accurate three-
dimensional data, the variables are sufficiently
independent to produce a well-conditioned line-
arized problem which can be readily solved with
the usunal least-squares normal-equations method.
On option, the program can also solve the obser-
vational equations directly using the singular-
value-decomposition method of Golub,3¢ a tech-
nique which is extremely useful for rank-deficient
least-squares problems.

An interpretation of the third-rank skewness
tensor ¢ for the thermal motion of an atom can be
derived from (5}. The correction term being added
to the symmetric trivariate normal fr.f. ®(u?, 42,
u®) is the antisymmetric trivariate function

(@', u?, u®) =

T2
-— L .0, Dy But, v, 0¥y, (9)
8n L k=1

The ¢ tensor can be decomposed by group theory
into a sum of tensors of increasing symmetry. The

36G- H. Golub and P. Businger, Stanford University
Technical Report No. CS73 (1967).
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general procedure for a tensor of any rank is given
by Sirotin.3? For any site symmetry it is possible
to find a set of orthonormal tensor bases which
span the space (one to ten dimensions) of the
skewness constants. These tensors define three-
dimensional antisymmetric functions into which
any skewness function y{u?®, u?, u?) may be de-
composed. These basic antisymmetric functions
can be plotted in stereoscopic pairs to illustrate
the geometric aspects of the skewness.

Segmented-Body Analysis of Thermal Motion
C. K. Johnson

Further progress has been made toward genetal-
izing the segmented-body approach to thermal-
motion analysis outlined in last year’s annual
report.>® A segmented body is a network of
coupled rigid bodies; the individual rigid bodies
are called segments.

Suppose we have a segmented body with two
segments S, and S;. The displacement of 5, as
seen from 5, is attributed to motion in a *‘joint™
J, coupling S, to §,. The displacement of S, as
seen from some stationary point, ““ground,’ is
attributed to motion in a joint J, coupling 5, to
ground. Finally, the displacement of § as seen
from ground is described as the addition of motions
of joints J, and J,. The motion in a joint is given
in terms of three translations and three rotations
relative to an origin and an orthonormal triplet of
basis vectors. Each joint has its own origin and
basis tripiet, which ate chosen to minimize the
number of parameters needed to describe the motion.
For example, torsion about 2 chemical bond coup-
ling two segments is described by placing the
origin on one of the atoms of the bond and one
axis of the basis triplet along the bond; thus only
one parameter is needed to describe the torsion.

Schomaker and Trueblood’s analysis of rigid
body motion®? can be used to describe the mean-
square displacement of atom j due to the mean-

vu. L Sirotin, Soviet Phys.-Cryst. (English Transl.)
5(2), 157—320 (1960; also see Yih-O Tu, Acta Cryst.
A24, 273 (1968).

38c. k. Johnson, Chem. Div. Ann. Progr. Rept. May
20, 1967, ORNL-4164, p. 127.

3.9V. Schomaler ond K. N. Trueblood, Acta Cryst.
824, 63 (1968), :
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square motion of joint k. -We define the following
3 % 3 matrices:

U., the mean-square displacement matrix for atom j
in the ““global Cartesian system.”” The com-~
ponents of this matrix are the “observed’ quan-
tities derived from the anisotropic temperature~
factor coefficients.

Qk' a rotation matrix to transform displacement co-
ordinates from the ““local Cartesian system®” of
joint k to the global Cartesian system.

Rjk(xj, Py Q;), the transformation matrix to trans-
form rotational displacement coordinates from
the local Cartesian system of joint k to linear
displacement coordinates in the global system.
This matrix is a function of the position x; of
atom j and of the origin p, and the orientation
Q,, of the local Cartesian system for joint k. -

Tk, L,.S,. the mean-square translation, libration,
and screw-coupling matrices of Schomaker and

- T
C(snxsn) - A(3n X6) B(sxs) A(6x3n)
abc X, ¥,Z, Rz¥zZy Xn¥nZn
e By Aa¥pZy
. ' v =7 :
v lalr, w W b !
Zy oo z, //44 7%._._.1 P—
X2 ! X2 / 1 |
Q R, U [
Y2 ] Ro y2 % ) | 1
4 i, L]
e s : %@ :
{i I zi ____!.___J/é% L
abe
. aBy . .
' b | T8 ' :
C [
% [~-T— 7 e F-— 771 x [T~ 7T 7 ,7/'/
n [ 1 a 1 | (§ ez
o [ QiR RS ol Z///%
A B G
TRANSFORMATION  RIGID-BODY CARTESIAN
{DESIGN ) MEAN-SQUARE MEAN-SQUARE
MATRIX DISPLACEMENT DISPLACEMENT
MATRIX MATRIX
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Trueblood. These matrices are all based on the

local Cartesian system of joint k with origin at
P;- The components of these matrices are the
variables to be determined.

In the one-segment—one-joint (rigid body) prob-

lem the matrix of observational equations for

atom j is

[@RrJ3 {

TS

T QT
SL ] {R.T]=uf’
J J

and the equation for the complete system of n

atoms comected as a rigid body is

A

B

(3nX6)

(6X6)

AT =C

(6X3n)

(3nx3n)

M

(2)

A partitioned matrix representation of Eq. (2) is

shown in Fig. 9.4, from which the structure of

ORNL -~ DWG. 67-7432

Fig. 9.4. Matrices Defining Mean-Square Displacements of an n-Atom Rigid Body.
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C=A B A
{3nx3n} (3nx36) (36x36) (36 x3n)

Sa S S¢ Sp S S
%
S
: o
s 7
s, . 7 /M-
: o 7
S
D o %//I‘V /4
S
: .
Se — é
A B c |
TRANSFORMATION SEGMENTED~BODY CARTESIAN
(DESIGN } MEAN-SQUARE MEAN-SQUARE i
MATRIX DISPLACEMENT DISPLACEMENT
MATRIX MATRIX
Fig. 9.5. Matrices for Scgmented-Body Analysis of Citric Acid Using Six Riding Segments and Six Flexible
Joints,

matrices A, B, and C may be related to matrices
Q R, S T,L,and U. The off-diagonal sub-
matrices of C are the interatom interaction mean-
square amplitudes, which cannot be obtained from
crystal structure data alone.

The basic equation for the segmented-body
model is Eq. (2), except that the dimensions of
the A and B matrices are changed. The new
matrices for a specific example (citric acid) are
shown in Fig. 9,5; this system is described as a
segmented body with six segments and six joints.
The 6 x 6 matrices along the block diagonal of B
are identical to the rigid-body mean-square dis-
placement matrix (B in Fig. 9.4). The off-diagonal
blocks are cross terms, which in the “riding ap-
proximation®’ are defined to be zero. Each of the
blocks along the diagonal in B represents a ““joint”’

between two segments, or between a segment and
““ground,”’” and may represent either complete or
restricted freedom of motion. For each joint, the
origin and orthonormal basis triplet are chosen so
that specific internal molecular motions are
permitted.

The design matrix A shown in Fig. 9.5 is con-
structed by columnwise adjoining six transforma-
tion matrices (each having entries for all atoms)
of the type shown in Fig. 9.4, one for each joint.
The unshaded areas in A correspond to replace-
ment of entries of zeros. The pattern of these
zeros describes the sequence of rtiding of the
segments and corresponds to the logic in the
block diagram at the top center of Fig. 9.5, which
is derived by mechanistic considerations of the
citric aci! molecule shown in Fig. 9.6. For ex-
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Fig. 9.6. Internnl Torsional Motions of Citric Acid.
Rigid segments A through F are enclosed by dashed
lines.

ample the motion of joint J, is carried to all
segments; hence there are no unshaded areas in
the J, column of A. The motion of joint J, is
transmitted only to segments 5, and S, since

in the riding approximation all other segments are
unaffected by this motion. In the rows of the A
matrix we see, fotr example, that segment § A has
the additive mean-square displacements resulting
from the motion of joints J , J,, and J,.

The kinematic significance of “‘segment §,
riding on segment 5. is that segment §, has
all the mean-square displacements resulting from
the motion of segment $ B and, in addition, has an
extra component of mean-square displacement un-
correlated with the motion of segment 5. The
additional motion is defined mathematically to be
uncorrelated by the zeros in the off-diagonal
blocks of matrix B in Fig. 9.5. If the actval inter-
segmeni mean-square amplitudes of intersction
should be known, they can be used to improve the
model; however, such interaction texms cannot be
determined directly from Bragg diffraction data
alone. Further work is under way to add other
data to the analysis, for example, observed spec-
troscopic vibrational frequencies for certain types
of internal molecular vibrations.

A major numerical problem encountered in
segmented-body analysis is an occasional de-
pendent linear combination of variables. In this
case, the resulting rank-deficient least-squares
normal-equations matrix cannot be inverted with
the vsual matrix inversicn procedures because the
matrix is singular. The only solution is to
identify the dependent linear combination and
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modify the model to eliminate the combination. On
a trial and ermor basis this can be extremely time
consuming and frustrating because of the com-
plexity of the kinematic relationships. The sta-
tistical technique of regression on principal com-
ponents*? and the related technique of singular-
value decomposition*?! provide practical solutions
to the problem. These methods have been in-
corporated into the computer program for the
sepmented-body analysis. Both procednres are
based on an eigenfunction decomposition and an
elimination of the linear combinations (eigen-
vectnrs) comresponding to the zero, or very small,
eigenvalues. Regression on principal components
operates on the least-squares nomal-equations
matrix, while singularvalue decomposition oper-
ates directly on the observational equations.

Sorting, Scaling, and Averaging Program
for Crystal Diffraction Data

H. A. Levy R. D. Ellison
A set of diffraction data from a single crystz.
may include replicate and equivalent measure-
ments and may involve measurements made by
more than one technique, measurements on differ-
ent samples, or measurements at different wave-
lengths. These data may be oktained in a random
order. A frequently desired step in the evalvation
of a crystal structure from such a data set is the
reduction to an ordered set of values for non-
equivalent reflections; this task may involve the
determination of scaling factors to be applied to
subsets of the data and the averaging of appro-
priately chosen scaled values. A computer pro-
gram to accomplish this task is described here.
The program operates in two parts: Part 1

sorts the data according to a specified order of
Miller indices (transformed if desired to identify
equivalences) and subset identification, and
averages over either a subset or the total set for
a given reflection, Part 2 determines the scaling
factors by a least-squares criterion. In the usual
application, Part 1 for averaging over subsets is
followed by Part 2 to evaluate scale factors, and
finally by Part 1 to average the properly scaled
values.

40y_ F. Massy, J. Am. Statist. Assoc. 60, 234 (1965).
41G. Golub, Numerische Math. 7, 206 (1965).
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‘Thf.a scale factor determination is carried out as
suggested by Hamilton?? by minimizing the
quantity

T}

where Y‘.]. is the observed value of reflection i in
subset j, o, is its estimated standard error, the
quantities S’ . are the desired scale factors for
subsets j, and Z; are “best values’’ for the reflec-
tions 1. The sum over i is for all measurements
occurring in more than one subset. This noo-
linear fitting, which determines values for S, and
Z,, is carried out by means of a medification of
the general FORTRAN least-squares program
ORGLS. 42 ‘

Further Refinement of the Crystal Structure
of 6-Mercaptopurine Monchydrate

G. M. Brown

In last year's Annuwal Report*# preliminary re-
sults from x-ray analysis of the crystal structure
of the antileukemic drug 6-mercaptopurine were
presented. It was discovered on publication of
these results in abstract form*° that another pre-
cise determination had been performed concur-
rently at the University of Washington by E.
Sletten, J. Sletten, and L. H. Jensen.*% Compari-
son of the two sets of results showed some dis-
crepancies, slight but apparently significant.

The remainder of the work on refinement of the
6-mercaptopurine structure at Oak Ridge has been
carried out with especial care in an attempt to be
sure that these discrepancies do not arise through
the effects of faulty procedures in treating the
data at any stage. However, the discrepancies
remain about the same, emphasizing the familiar
problem that attaining high accuracy in crystal-
structure analysis is more difficult than attaining

42y H. Hamilton, Acta Cryst. 18, 129 (L965).

43y, R. Busing and H. A. Levy, ORGLS, a General
FORTRAN Least-Squares Program, ORNL-TM-271
{June 1962).

*4Chem. Div. Ann. Proge. Rept. May 20, 1967, ORNL-
4164, p. 124.

45 gbstracts Am. Cryst. Assoc., Summer Mecting,
Minteapolis, 1967, p. 26.

46p, Sletten, J. Sletten, and L. H. Jensen have kindly
furnished a copy of the manuscript reporting their work.
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Table 9.3. Unit-Cell Parameters of 6-Mercaptopurine

Standard errors cotresponding to the least significant
digits of the patameters are given in parentheses

Sletten et al. This Work
a 15.204(2) A 15.3314(4) A
b 7.732(1 A 7.7255(1) A
P 12.379(1) A 12.3397(2) A
B 1016401 101.526(2)°

high precision in the fitting of a model to a set of
experimental data. ]

Perhaps the most striking discrepancies be-
tween the Oak Ridge (OR) and University of
Washington (UW) results are those between the
two sets of unit-cell parameters, which remain even
after redetermination of each set, including re-
determination of the parameters of the UW crystal
at OR. For each parameter (see Table 9.3) the
difference between the two determinations is
several times the corresponding standard error,
the difference for the parameter ¢ being especially
marked. It seems likely that the differences in
cell parameters arise from ~2% of unknown im-
purity now known to have been present in the UW
sample of 6-mercaptopurine.

Refinement of the 6-mercaptopurine structuwre
based on the OR intensity data was continued
after correction of the data for absorption effects,
a step which had been omitted in the preliminary
work. Intensity data from #-24 scans below 30°
2¢ were omitted in favor of the data from Q scans
which had been recorded in the same range; the
data from the  scans are relatively free of errors
in background resulting from absorption edge
effects of the filter.

The OR data set showed very slight effects of
extinction, the maximum effect for the most in-
tense reflection being a reduction of intensity of
only aboat 15% below the calculated intensity.
Only about 20 of the 3792 reflections were affected
by as much as 1%. The least-squares program
used includes an extinction correction procedure,*?
which appeared to work quite satisfactorily. The

4"The second-order approximation of W. H. Zacharia-
sen, Trans. Am. Cryst. Assoc. 1, 33 (1965). This pro-
cedure was coded into the least-squares program XFLS
by H. Yakel of this laboratory.
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data of the UW group do.not show any extinction
effects, probably because the crystal specimen
used was smaller and because its crystalline do-
mains were smaller (as indicated by quite broad
peaks in @-26 scans).

For comparison with the results of the UW work,
a least-squares refinement with the OR data was
‘petformed under conditions identical to those
used by the UW group ~ same weighting scheme;
same cutoff value of (sin 8)/A, 0.714 A—%; refine-
ment on the structure-factor magnitudes F o The
UW data and the OR data were also used in re-
finements in which the values FZ were the ob-
servations, with a weighting scheme which gives
relatively much more weight to the lower values
of F2. Comparison of these two pairs of results
shows that the different weighting has little effect
on the results and indicates that the OR and UW
structures are significantly if only slightly dif-
ferent. Though differences in bond lengths in-
volving the heavy atoms are rather small (maximum
magnitude 0.007, mean 0.0032, rms 0.0036 A), 2
number of them amount to several times the cor-.
responding standard deviations. The difference
in purity of the OR and UW crystals is the probable
cause of these small discrepancies, as well as of
those in the cell parameters.

In further refinement procedures using the OR
data, it was found that the effects on the derived
molecular geometry of increasing the (sin 6)/A cut-
off value from 0,714 to 0.857 A1 and of using
anigotropic instead of isotropic thermal parame-
ters for the hydrogen atoms are trivial. There does
appear to be some sensitivity to changes in the
weighting.

Since attempts at refinement from x-ray data of
anisotropic thermal parameters of hydrogen atoms
have rarely been successful, the fact that aniso-
tropic parameters were successfully refined in
this case (when the full set of OR data were used)

.is of considerable interest. It is clear, however,

that the thermal parameters of H(1) and H(7), on
N(1) and N(7), respectively, cannot be interpreted
in terms of thermal motion only: the probability
ellipsoids*# of H(1) and H(7) have odd shapes and
orientations (see Fig. 9.7), which are probably re-

" lated to deficiencies in the model as it describes

the electron distribution in the molecule,

*8C. K. Johnson, ORTEP: A Fortran Themal-
Ellipsoid Plot Program for Crystal Structure IHlustra-
tions, ORNL~3794 (Revised), p. 70 (June 1965).

148

ORNL~DWG, 683942

Fig. 9.7. The 50% Probability Ellipsscids of the 6-
Mercaptopurine and Water Molecules in the Crystal Struc-
ture of 6-Mercaptopurine Menchydrate. For each molecule
the view direction is perpendiculor to the molecular
plane.

An electron density difference map in the average
plane of the nearly planar 6~mercaptopurine mole~
cule was computed using the magnitudes |Fo—Fl,
with F _ oot including the hydrogen contributions
and with signs of calculated structure factors in-
cluding these contributions. There is some elonga-
tion in the peaks representing H(1) and H(7), but
not so much as might be expected from Fig. 9.7, A
striking feature of the map, which is quite similar
to one prepared at UW, is that there is a low peak
(0.15 to 0.40 electron/A3, to be compared with
peaks of 0.70 to 0.95 electron/A? for the hydrogen
atoms) centered near the middle of each ring hond.
Further analysis of difference maps is in progress,
but it seems clear now that these peaks reflect
real departures, caused by chemical bonding, from
the spherical atoms assumed in the model.

The appearance in the difference map of these
““bonding” peaks suggested that refinement be
done including only data beyond the value of 0.5

e e o D Y Ok o s
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in (sin 8)/A, in order to show, by comparison of
results with those from the other refinements, any
effects on the detived parameters from the fact
that the model used does not take account of hond-
ing effects on the electron distribution. Any de-
partures in the actual structure from the spherical
atomic electron distributions assumed in the model
for the atoms at rest would chiefly affect cnly the
low-angle terms omitted, according to the argument
of Jeffrey and Cruickshank.*® There are, in fact,
slight but significant differences between the
parameters from this refinement and those from

one which includes the low-angle data. The
parameters from this refinement are judged to
describe most accurately the actual structure of
6-mercaptopurine. The calculated bond lengths
and valence angies ate shown in Table 9.4 with
those of Sletten, Sletten, and Jensen for comparison.

The Crystal Structure of Isoboldine Hydrobromide

G. M. Brown L. H. Hal15?

A base C1 H,,0,N isolated from the Brazilian
plant Croton ceItzdxfolms by Dr. Rod BarnesS! has
been shown by x-ray analysis of its hydrobromide
to be identical in structure and ebsolute configura-
tion with the aporphine alkaloid iscboldine52 (1),
as had been suggested in part from a mass-spec-
troscopic analysis.5?!

ORNL- DWG. 6a-0604

N-METHYL.BULBOCAPNINIUM
GATION

ISOBOLDINE

LEUGOXINE

The unit-cell parameters of the orthorhombic
crystals (space group P2 2 2 ), which were de-

49G, A, Jeffrey and D. W. J. Cruickshank, Quart. Rev.
Chem. Soc. London 7, 335 (1953).
5 uDepartment of Chemistry, Florida Atlantic Uni-

versity, Boca Raton; now at Department of Chemistry,
Eastern Nazarene College, Quincy, Mass.

51private communication.

523 or references on iscboldine and other aporphme
alkaloids, see the review by M. Shamma and W.
Sluserchyk, Chem. Rev. 64, 59 (1964).

Table 9.4, Bond Langths ond Angles in
6-Mercaptopurine Monohydrate

Standard errors are given in parentheses

Bond

Sletten et al.

This Work

Bond length, A
NQ)-—-C@)
C2)—-N@3)
N(3)-C@)
C@)—C(5)
C(5)—-C(6)
C6)~N(1)
C({6)-8S
C(5)=N(7)
N(H—=C(8)
C(8)—N(9)
N@)-C@
N(1)—H(1)
C(2)—H(2)
N(7)—H(7)
C(8)—H(&)
O-H{)
O—H®B)

Bond angle, deg
C{6)—N(1)—C(2}
N(1)--C@)—N(3)
CQ)—N@)—C@)
N(3)—C4)—C(5)
C@)—-C(5)—C(6)
C(5)—~C®—N()
C(5)}=C(6)~5
N({1)~C(6} -
C(6)—C(5)—N(7)
C@)~CE) - N
C(5)~N(7)-C(8}
N(7)=--C(8)—N(D)
C(8) ~N(9) ~C(4)
N9 - C4)—C(5)
N(9)~C(4) - N{3)
C(6) - N(1)—H(1)
H(8)—C(8)—N(9)
HQ)~N(1)-C(2)
N(1)—C(2)-H(2)
H(2)—-CR)-N(3)
C(8)~N(7)—H(7)
H(7}—-N()—C(&}
N(7)~C(8)—-H(8)
H(A)—O—H(E)

1.350 (0.0020)
1.307 (0.0020)
1.364 (0.0016)
1.397 (0.0020)
1.396 (0.0020)
1.384 (0.0017)
1.676 (0.0016)
1.370 (0.0017)
1.346 (0.0021)

1.326 (0.0019)

1.363 (0.0018)
0.85 (0.016)
0.95 (0.014)
0,86 (0.019)
0.96 (0.016)
0.80 (0.023)
0.83 {0.023)

125.40
125.05
112,98
124.24
121.92
110.38
127.01
122.61
132.18
105.88 {0.12)
106.11 (0.12)
113.59 (0.12)
104.52 (0.12)

€0.12)
(0.12)
(0.12)
0.12)
(0.11)
(0.13)
(0.10) -
(0.10)
(0.13)

109.90 (0.11)
125.85 (0.12)
119.5 (1.1)
124.5 (1.1)
1151 (1.1)
113.8  (1.0)
1211 (1.0)
125.0 (1.2)
128.9 (1.2)
121.9 (.1
1034  (2.2)

1.3578 (0.0013)
1.3086 (0.0015)
1.3607 (0.0012)
1.3963 (0.0011)
1.4051 (0.0013)
1.3722 (0.0013)
1.6774 (0.0008)
1.3729 (0.0013)
1.3522 (0.0014)
1.3326 (0.0014)
1.3683 (0.0013)

0.881 (0.017)
0.956 (0.012)
0.574 (0.019)
0.954 (0.012)
0.821 (0.020)
0.836 (0.019)
124.89  (0.09)
124.99  (0.09)
11345 (0.08)
123.96  (0.09)
121.61  (0.08)
111.07  (0.08)
126.62  (0.07)
122.30  (0.08)
132.59 (0.08)
105.79  (0.08)
106.24  (0.08)
113.46 (0-10)
104.21  (0.08)
110.29  (0.08)
125.74 (0.08)
119.76  (0.8)
123.40  (0.8)
115.31  (0.8)
113.00  (0.8)
121.95  (0.7)
126.22 (0.9
127.48 (0.9
123.13  (0.8)
101.99 (1.4
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rived by the method of least squares®? from meas-
urements of 26, x, and ¢ of 12 reflections using

- the Oak Ridge computes-controlled x-ray diffrac~

tometer,53 are; a= 7.543(1), b= 21.402(2), ¢ =
11.503(1) A. There are four formula units
C,H,,0,N-HBr per cell. A total of 2135 inde-
penident reflection intensity data were recorded
with the §-28 scan technique and Cu Ko radiation
to the 28 limit 159.4°, The raw data from the
diffractoimeter were converted in the usual pre-
liminary processing to a set of observed structure-
factor squares F2 and standard ersors o(F2). Ab-
sorption cotrections were not made.

The solution for the structure was achieved in
a straightforward manner by the classical heavy-
atom method, and refinement proceeded smoothly.
The anomalous dispersion property of bromine
(tabulated value®4 of Af* = 1.4) was used to
establish the absolute configuration by the method
suggested by Hamilton and Ihers.55-56 The values
of the usual measures of goodness of fit,37 R(F),
R(F?), R(wF?), and o,, are given in Table 9.5 for

53w. R. Busing, R. D. Ellison, H. A, Levy, 5. P.
King, and R. T. Roseberry, The Oak Ridge Computer-
Cogtroﬂed X-Ray Dilfractometer, ORNL~4143 (January
1968).

54p. H. Templeton, p. 214 in Intemnational Tables for
the Determination of Crystal Structures, vol. 3, Kynoch
Press, Birmingham, England, 1962,

551. A. Ibers and W. C. Hamilton, Acta Cryst. 17,
781 (1964).

55w. C. Hamilton, Acta Cryst. 18, 502 (1965).

57Definitions: R(F) and R(F?) are defined by

Sfies, | - s | 721

with x = 1 and x = 2, respectively;

obsl 4

RwFH = [Zwafrf:ba - s"an Z/EWF:b’II/Z ;
o, =[ZmF?, | - s?F2, )/ - ]V ?,

where p is the number of parameters fitted to the n ob-
servations. The factor $ is the factor scaling the values
[F .l to the values |F

Table 9.5. Meoasures of Goodness of Fit for the Tweo
Possible Absolute Configurations of lsoboldine

Configuration ~ R(F)  R(FH RwFH o,
Right 0.0676 01101  0.1458  2.695
Wrong 0.0751 0.1202 0.1594 2.5

both of the two. possible absolute configurations
of the alkaloid cation. The ratio of the two values
of R(wF?) is the Hamilton R-factor ratio K, Com-
parison of the value of F, 1.093, with the theoreti-
cal ratio R 1909,0,0057 1+ 002 {from Hamilton’s
tables 56 for'the probability level 0.005 and the
appropriate dimension of the hypothesis and num-.
ber of degrees of freedom (1 and 1909, respective~
ly)l, shows that the probability of incormect choice
of handedness is very much less than 0.5%. This
independent determination of absolute configuras
tion agrees with the assignment already made for
isoboldine from measurements of optical rotation
and optical rotatory dispersion,®?+58-59 The ab-
zolute configuration is the same as that found
eatlier in this laboratory for lencoxine®® (2) and
also the same as that in bulbocapnine methiodide
3J, which has also been determined both by opti-
cal methods®2+%8:5% and by x-ray analysis. 52:6!1

The bond lengths in the isoboldine cation are
given in Fig. 9.8, which shows the correct abso-
lute configuration, Generally, as expected, the
bond lengths are in quite close agreement with the
corresponding bond lengths in leucoxineS? (2).

An aspect of the structure of the aporphine alka-
loids of considerable interest is the degree of
twist about the central bond C(12)— C(13) of the
biphenyl structure (rings A and D) embedded in the
molecule. In isoboldine hydrobromide the twist
is ~20°, to be compared with twists of ~14? in
leucoxine hydrobromide and 30° in bulbocapnine
methiodide. These differences can be understood
readily in a qualitative way. There is telatively
little interference in leucoxine between 0(22) and
the hydrogen atom on C(11); the twist is probably
determined mostly by the attachment of the rings
B and C to the biphenyl nucleus. In isoboldine,
however, atom 0(22) is closer to the hydrogen on
C(11), not being pulled away from it by ring
closure with C(17); the angle C(13)—C(14)—0(22)
is 120.6° in isoboldine, 7.2° less than the angle
in leucoxine. As a result, there is significantly
more twist in isoboldine. Thz twist is greatest

58¢. Djerasst, K. Mislow, and M. Shamma, Experi-

entin 18, 53 (1962).

5%, €. Craig and §. K. Roy. Tetrohedren 21, 395
(196 ).

5%, m. Brown, Chem. D:v Ann. Progr. Rept. May 20,
1966 ORNYL-39%4, p. 114.

T. Ashida, R. Pepinsky, and Y. Okaya, Acta Cryst.
16 {suppl.), A4S (1963).
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Fig. 9.8. Bond Lengths in the Iseboldine Caticn in
Crystalline Isoboldine Hydrebromide. The standard
errors are all about 0.01 A. The correct absolute con-

figuration is shown. The numbering of atoms (which
omits 19 and 24) is consistent with the numbering used
in an earlier study of leucoxine hydrobromide (see text}.
Atoms not labeled are corbon atoms; hydrogen atoms ore
not shown. The asterisk identifies the one asymmetric
carbon atom,

in bulbocapnine methiodide because of the re-
placement of the H on C(11) by the larger OH
group, even though the five-memnbered ring is
present in thic compound, as in leucoxine. Ii may
eventually be possible and useful to correlate
twist angles in the aporphine series with the
optical rotatory dispersion properties. For this
reason we intend to continue structure analysis
in the series,

Although the hydrogen atoms themselves have
not been located in this study, it seems clear that
there are three kinds of hydrogen bonds, as shown
in Table 9.6. The angles given in the table show

Table 9.6. Hydrogen Bonds in the Crystal Structurs of

] b, .Z“I'ID H‘J [ 1
Bond Distance (A) " Anple Degrees
N(21)=H..Br~ 3.187 C@)—-N@21)... Br™ 108.0
C(5)=NE1) ... Br™ 108.2

C18)=N@21)e. Br— 108.4
C(14)~0Q22) ... Br— 138.7
P —025) .. Br 108.0

OEN-H...Br™ 3.197
O@5—H...Br™ 3.158

that the two hydrogen bonds N(21)—H...Br~ and
0(25)—H... Br~ must be nearly linear but that the
bond OQ22)—H... Br~ is rather angular.

A drawing of the isoboldine hydrobromide struc-
tute in the a axis projection is shown in Fig. 9.9.

.

The Molecular Structure of Glycolic Acid;
Molecular Orientation and Thermal Motion

- R. D. Ellison H. A. Levy

The crystal structure of glycolic acid as derived
from neutron diffraction data was reported in a
previous annual report.®? We present here a sup-
plementary discussion of the electron spin reso-
nance (ESR) spectrum of gamma-irradiated glycolic
acid®? as related to the structure and considera-

‘tions of the nature of the thermal motion of the

glycolic acid molecules, including the effect on
the bond-distance values.

The crystal structure? contains two crystal-
lographically nonequivalent types of molecules,
each of which oceurs in a hydrogen-bonded chain
parallel to the monoclinic b axis; these chaing are
cross-linked by somewkat longer, weaker hydrogen
bonds :into a loose three-dimensional network.

The dimensions and local environment of the two
molecular types ate closely similar, but their
orientations in the crystal lattice are distinctly
different, '

ESR Spectrum. — ESR spu -+ tra of gamma-irradiated
crystalline glycolic acid, reported by Atherton and
Whiffen, 5% were attributed to the glycolyl radical,
O~ C(H)— CONH, formed by ionization of the
neutral molecule and subsequent loss of a hydrogen

MR. D. Ellison an¢ H, A. Levy, Chem. Div. Ann.
FProgr. Rept. May 20, 1267, ORNL-4164, P. 126.

535. M. Atherton and D, H. Whiffen, Mol. Phys. 3, 1
{1960). .
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Fig. 9.9. The Structure of Izoboldine Hydrobromide in the a Axis Projection. The single lines indicate hydrogen ‘
bords. The two hydrogen bonds N(21) —H...Br™ and 0(22) = H...Br~ overlap in the projection. :

atom. Although the moncclinic unit cell of glycolic  projection along b of the nonprimitive B-centered
acid was known to contain two crystallographically  cell, in which b and c are common to the quoted
nonequivalent molecules, the spectra were interpre- monoclinic cell and the new A is 2a + ¢; the

ted in terms of a single orientation, and the authors length of A is 16.24 A, and the angle to c is
therefore suggested that all molecules are parallel £9.21°, It is clear that some pairs of molecules

{or antiparallel) to each other and perpendicular of the two types may be approximately intercon-
to the crystal ¢ axis. This conclusion was based verted by the operation of screw axes, and others
largely on the observation that the ESR spectra by the operation of glide planes, which are parallel
are nearly symmetric with respect to twofold rota- to the pseudo-orthorhombic directions. For ex-
tion about the c axis and about the mutual normal ample, the molecule designated in the figure (2, j_i
of b and ¢, thus displaying simulated orthorhombic —0.37) is related approximately to molecule (1, B
symmetry superposed on actual monoclinic symmetry. —0.32) as thongh there were a twofold screw axis

The observed crystal structure®? does not con- parallel to ¢. However, this operator does not
firm the suggestion of parallel or antiparallel convert molecule (1, —0.32) into (27, —0.13); these "
molecules. The origin of the pseudo symmetry is, latter are approximately related as though there :
however, illustrated in Fig. 9.10, which shows a were a glide plane patallel to the b-c plane.
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Fig. 9.106. The Cryste! Structure of Glycolic Acid Viewsad in b-Axis Projection. Both the primative monoclinie
call and a B-centered pseuda-orthorhombic cell are shown. The labels {n,z) designate molecule type number {1 er 2}
and the z-coordinate of atom C(1n}.

The ermoneous conclusion conceming the molecu-
lar orientation appeats to have arisen because in
all the ESR measuwrements the magnetic field di-
rection lay in the moneclinic symmetry plane, or
in one of the psendosymmetry planes b-c or b-axb.
Hence the spectra of at least two radicals were
observed throughout as coincident or nearly co-
incident.

Thermal Motion. — The two noneaunivalent mole~
cules of glycolic acid are shown in the stereo-
graphic drawing®? in Fig. 9.11, in which the
atoms are represented by ellipsoids enclosing
50% of normally distributed thermal displacements.

S4c. K. Johuson, ORTEP: A Fortran Thermal Ellip-
soid Plot Program for Crystal Structure IHustrations,
ORNL-3799 (Revised) (June 1965).

These drawings suggest that the molecules under-
g0 osciliation and libration as nearly rigid bodies
restrained by the hydrogen bonds. The motion has
been analyzed by application of a computer pro-
gram of C.K. Johnson®® on the basis of the theory
of rigid-body motion of Schomaker and Trueblood, 58
in which the motior is described in terms of three
tensors of the second rank: T, describing trans-
lational motion, L, describing librational motion,
and 8, describing the interaction of translation and
Libration. The two hydrogen atoms attached to
oxygen atoms were excluded from the rigid bodies,

GSC. K. Johnson, Chem. Div. Ann. Progr. Rept. May
20, 1967, ORNL-2164, p. 127.

GGV. Schomaker and K. N. Trueblood, Acta Cryst.
B24, 63 (1968).
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=0
GLYCOLIC RCID

HOLECULE 1

HOCECULE 1

GLYCOLIC ACID

HOLECILE 2

GLYCOLIC ACID

MLECILE 2

Fig. 9.11. Sterscscopic Drawings of the Two Crystal togrophically Distinct Molecules of Glycolic Acid. Atoms

are representad by 50% probability ellipsoids. Unshaded #liipsoids represent hydrogen-bonded atoms of adjacent

molecules. The nonintersecting helical libration axes are shown. For identification of the individual otoms, compare

Fig. 8.18 of ref. 62.
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since their displacements are substantially af- * rigid-body model to the observed thermal displace-

fected by intemal rotation about the C~ O single ments is considered to be quite satisfactory for

bonds. The thermal parameters of the aliphatic both molecules: the standard errors of fit are ;
hydrogen atoms were first reduced by estimated 0.0015 and 0.0016 A? for molecules 1 and 2, re- |
values of their internal vibrational mean-square spectively, considering only the seven atoms jn- i
amplitudes, deduced from the frequencies of the cluded in the rigid bodies. The largest principal- j
normal modes®? of the methylene chloride mole- axis components of the residual tensors are 0.0037 !
cule; these are®® 0,00578 AZ along and 0.01369 A2 and 0.0031 A? respectively. 1
perpendicular to the C—H bond. The fit of the As shown by Schomaker and Trueblood, %6 the

result of the rigid-body analysis may be interpreted i
as the superposition of six independent simple :
o7 " - ) motions: three helical librations about a set of 1

T. Shimanouchi and I. Suzuki, J. Mol. Spectry. 8, unique nonintersecting axes parallel to the princi- ]

222 (1962). erser ! :
53¢ omputed with a program by M. D. Danford, which pal axes of l:brauo?, .and three translations. Pa-
is a modification of one reported by J. H, Schacht- rameters of these six independent motions are !

schneider, Vibrational Analysis of Polyatomic Mole- . . . .
cules. HI, Vibrational Secular Equation Progeams, listed in Table 9.7 and are presented pictorially

Shell Development Co. Tech. Report 263-62 (1962). in Figs. 9.11 and 9.12. The wedge-cut cylinders

Tablo 9.7. Interpretation of the Rigid-Body Thermal Motion of Glycolic Acid !
in Terms of Independeant Simple Motions i

Molecule 1 Molecule 2
Axis K Axis K
1 2 3 1 2 3

Helical motions J'
(about nonintersecting axes) i
Rms amplitade, radians 0.187 0.091 0.046 0.186 0.087 0.047 j
Pitch,® A /radian 0.000 —0.192 0.768 0.075 —0.528 0.636
!
Direction” J=1  —0251  —0.612  —0.750 0.437 0.798  —0423 !
2 0.940 .~0.339 -0.038 —-0.894 0.433 —0.112 i
3 ~0.231 —0.714 0.661 0.095 0.427 0.899 ‘

Center of reaction,® A 0.168 ~0.652 0.332 —0.027 0.667 —0.075 ? ‘
Axis displacements,” A J=1 —0.146 0.579 0.057 ~0.197
2 0.011 —0.179 0.025 —0.385 ;
3 0.072 ~0.305 0.025 —0.115 !
i
Reduced translation™® _‘
Rms amplitude, A 0.199 0.167 0.151 0.201 0.178 0.169
Direction® J=1 0.246 0,968 0.044 0.661 0.666 0.346 |
2 0.034 0.036 -0.999 ~0.096 0.532 —0.841 .
3 —0.969 0.247 ~0.025 —0.744 0.523 0.416 i

“Based on the arbitrary constraint trace S = 0.

BColumns ere direction cosines of principal axis K with respect to Cartesian axes J parallel to a, b, and a x b,
respectively.

Referred to the Cartezian system of b with crigins at atom C(11) for molecule 1 and C(22) for molecule 2.
Columns are components of dxsplacement of helical axiz K -along helical axes J from center of reaction. .
°Defined in Eq, (20) of Schomaker and Trueblood {rof. 66).
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REDUCED TRANSLATION
ELLIPSOID

MOLECULE 1
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ORNL-DWG 6710134

C{12) THERMAL
ELLIPSOID

REDUCED
TRANSLATION
ELLIFSCID

MOLECULE 2

Fig. 9.12, Pictorial Display of the Rigid-Body Thermal Parameters of Glycolic Acid Molecules. For each male-

cule, the accented edges of the box represent the nonintersecting helical libration axes. The lengths of the attached
cylinders represent the screw trenslations and the wedge cuts the angular rms amplitudes. The ellipsoids are for 50%

probability and reprosent the reduced translation tensors, and for comparisen the cbserved total displacement tensor
of C(1) for each molecule. The angular amplitudes are magnified by a factor of ten; the scale for the serew transla-
tions is ten times that for the ellipsoids and the separation of axes. The crientation is the same as in Fig. 9.11.

in Fig. 9.12 have angles proportional to the re-
spective principal root-mean-square librational
amplitudes L rl.r/ 2 and lengths proportional to the
associated screw-translations S_/L1/2, Also
shown is the rednced translation ellipsoid®® (50%
probability surface) in correct orientation with
respect to the molecule. For comparison, the
observed atomic displacement ellipsoids?® for the
carboxyl carbon atoms C(11) and C(12) are shown.
It is of interest to examine the characteristics
of the helical motions in relation to the inertial

. parameters of the molecules and the disposition of

restraining hydrogen bonds. Helical axis 1, of

9 or purpose of illustration, the reduced translation
tensor ig taken as
3

Top® —
Ty=Ty - L Selfry/ L BI=L23,
K=1
which differs from Eq. (20) of Schomaker and Trueblood
(see ref. 66) by subtraction of the quantities S?I /LH

from the diagonsel elements, in keeping with the notion
of screw motion. In evaluating these quantities, the
recommended constraint trace 5= 0 was applied.

7O%or the Igbeling of the atoms, see ref. 62.

largest angular amplitude, lies about 9° and 4°
from the line connecting the a-hydroxyl oxygen
atom to the carboxyl catbon atom, the 0(21)—C(11)
and 0(22)— C(12) directions of the two molecules.
This direction appeats to be one of low moment of
inertia; the corresponding libration only slightly
distorts the two stronger hydrogen bonds O(ln) —
H(ln)... O0(2n) and O2n)...H (In)— 0" (In) (n =1,
2 refers to the molecule number) which lie in the
chains parallel to b, and it produces mostly bend-
ing distortion of the two remaining, weaker, cross-
linking hydrogen bonds. This placement is thus
consistent with the relatively large angular ampli-
tude and small screw components of this libration
mode. In contrast, rotations about axes 2 and 3,
with larger moments of inertia, produce marked
distortions of all hydrogen bonds, and the corre-
sponding libration amplitudes are smaller. Rota-
tion about axis 2 produces marked stretching of
hydrogen bonds O(2n)— H(2n)... 0 °(3m} and

0(30) 2o H'2m)~ 0" (2m) (n 4 m = 1, 2); this dis~
tortion in both bonds is reduced by the left-handed
helical component. Rotation about axis 3 ap-
pears to produce some stretching distortion of all
four hydrogen bonds formed by each molecule, and




the distortion of each seems to be relieved by the
right-handed helical component, :

Since the rigid-body analysis of thermal motion
gives a satisfactory fit and has a reasonable in-
terpretetion, the libration tensors were judged to
be sufficiently reliable to be the basis for esti-
mating bond length corrections. The corrected
values were comouted from the expression

5= ]SO] i1+ (1/_4172)[trace (272Lg)
- S;g(erzL)g so/st0 gsuB

where § represents the mean separation of two
atoms, S is the interatomic distance vector, ex-
pressed m oblique crystal coordinates, L is the
matrix of the libration tensor, also expressed in
crystal oblique coordinates?! and g is the matrix
of the metric tensor whose elements are a;.a,, the
scalar products of the unit-cell translations. This
expression is a generalization of one derived by
Busing and Levy?2 and is equivalent to the
dyadic expression, Eq. (22), of Schomaker and
Trueblood.5¢ In the case of the bonds from carbon

“lrhe expression of L. in crystal oblique coordinates
was chosen for ease in programming the correction,
since now 272L enters computationally as S does in the
riding correction (see ref. 72). The components of L in
the crystal obhque coordinates have dimensions
radians2/A2,

72y. R. Busing and H. A. Levy, Acta Cryst. 17, 142
(1964).
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to aliphatic hydrogen atoms, an additional correc-
tion was made for the internal motion, considering
that in each case the hydrogen atom rides on car-

bon; the expression for the corrected value is

§’=§ + (1/427|S ) [trace(Bg)

~$t9 B aS,/5 a5,],

where B is the tensor for the internal motion, again
expressed in oblique crystal coordinates. The
tensors involved are listed in Table 9.8. In the
case of the O —H bonds, which are influenced by
internal rotations about C-- O, the empirical riding
model correction?? (Busing and Levy, 1964) seems
to be the best zvailable. The corrected distances
are listed in Table 9.9.

Crystal and Molecular Structure of Rhenivm
lron Carbonyl, Re,Fe(CO), ,

P. A. Agron R. D. Ellison
H. A. Levy

The crystal structure 73 of the trinuclear metal
carbonyl M, Fe(CO), ,, reported briefly”* in the

73p. A, Agrom, R. D. Ellison, and H. A. Levy, Acta
Cryst. 23, 1079 (1967).

74p, A, Agron, R. D. Ellison, and H. A. Levy, Chem.
Div. Ann. Progr. Rept. May 20, 1967, ORNL-4164,
p- 133.

Table 9.8. Rigid-Body and Internal Vibration Parametaers for Glycolic Acid

if =11 ij =122 ij=33 ije= 12 ij=13 ij =23
Libration Tensor, 2% LY x 104, Crystal Oblique Coordinates
L in radians?/a?
Molecule 1 30 57 -~19 25 —15
Molecule 2 38 52 —24 15 =5
Intornal Vibration, 8 x 104

H(31) 25.90 22.45 53.46 -5.16 22.12 . 0.76
H(41) 40.57 23.70 26.50 —0,46 16.54 -3.76
H(32) 24.87 21.60 39.42 ~6.40 4.6% -5.13
H@42) 40,91 24.18 29.79 ‘ —0.06 21.28 0.97
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Table 9.9. Intramolecular Interatomic Distances, A, in Glycolic Acid

and Their Corrections for Tharmal Motion

Molecule 1.

Molecule 2

Model for
From To. } . b
Uncorrected” Corrected Uncorrected” Corrected Correction
C() (1) 1.314(1) 1.329 1.31041) 1.323 ‘ML
0o{3) 1.205(1) 1.227 1.202(2) 1.225 ML
C(2) 1.503(1) 1.514 1.505¢1) 1.519 ML
(2 o) 1.403(1) 1.420 1.406(2) 1.420 ML
H(3) 1.081(3) 1.115 1.084(2) 1.117 ML+ IV
H4) 1.080(3) 1.115 1.083(3) 1.118 ML+ IV
o) H(L) 1.003(2) 1,007 1.001(2) 1.011 M
O2) HZ) 0.970(3) 0.998 0.971¢3) 0,988 RM

2] east-squares standard emror in least-significant digit given in parentheses.
5ML. = molecular libration; IV = internal vibration; RM = riding model.

1967 annual report, showed this molecule to be
linear and symmetric, without bridging carbonyl
groups. Two crystallographically nonequivalent
molecules in the structure are closely similar,
except for an apparent difference in Mn-Fe bond
length of 0.03 A.

Te extend this study to the analogous compound
of rhenium, and to assess further the significance
of the bond length variation, the crystal structure
of the compound Re,Fe(CO), , has been determined.
The sample was furpished by Prof. R. Sheline of
Florida State University.

Like the manganese analog, Re Fe(CO),, crystal-
lizes in space group’S C2/m with cell dimensions of
a=12.0620(8) A, b = 14.6793(10) A, c = 11.8164(5)
A, B = 97.310(5)° as determined from x-ray meas-
urements and least-squares refinement. X-ray in-

" tensity measurements were made on 1932 independ-
ent reflections (Mo Ko radiation) with the Oak
Ridge Computer-Controlled Diffractometer?® by the
usual §-26 and o scan techniques,

Examination of the Patterson function showed
the structure to be closely similar to that of the
manganese analog. The structural parameters, in-
cluding the components of the arisotropic tempera~

75phe designation on p. 133 of ref. 74 is in error.

76%. R. Busing, R. D. Ellison, H. A. Levy, S. P.
King, and R. T. Roseberry, The Qak Ridge Computer-
Cogt;'oﬂed X-Ray Diffractometer, QRNL-4143 (January
1968).

ture factors, were refined by the method of least
squares; the values of the usual measures of agree-
ment are: R = 0.0658, sz = 0.0523, o, = 1.0981.

Values of the molecular bond distances and some
bond angles are listed in Tables 9.10 and 9.11;
for identification of the atomz, compare Fig. 8.26
of ref. 74. ‘

Like the manganese compound, molecules of
Re,Fe(CO), , are linear and chemically symmetric,
of point symmetry 2/m, without bridging carbouyl
groups. The apparent difference in metal-to-metal
bond length again appears; since in the present
case the techniques of measurement were the
standard ones, different from those employed”* for
the manganese compound, the hypothesis?? that
the difference arises from nnusual systematic
errors in data is ruled out. However, as in the
former case, the two nonequivalent molecules ate
so simil ar in conformation and in chemical en-
vironment as to make highly implausible the pos-
sibility that the difference represents a real dif-
ference in molecular bond length.

We have examined the thermal motion parameters
of the crystal for a possible explanation of the
discrepancy. The petfinent data, listed in Table
5.12, are estimates of the mean separation”” of
iron and rhenium for the two noneguivalent mole-

Ty R, Busing and H. A. Levy, Acte Cryst. 17, 142
(1954).
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Table 9.10. Bond Distances® in Rhenium iron Carbonyl

Molecule 1 Molecule 2
Bond Distance (A) Bond Distance (&)
Fe(l)—Re() 2.8758(6) Fe(2)—Re(2) 2.8493(6)
Fe(l)—C(L,1) 1.753(18) Fe(2)—C(2,1) 1.735(17)
Fe(l1}—-C(1,2) 1.785(19) Fe(2)—C(2,2) 1.769(14)
Re(l) ~C(1,3) 1.983(11) Re2)~C(2,4) 1.987(12)
Re(l)—C(1,4) 1.876(17) Re(2)—C(2,3) 1.932(16)
Re(l)~C(1,5) 1.990(11) Re(2)—C(2,5) 1.992¢11)
C(1,1)—-0(1,1) 1.146(17) C(2,1)-0(2,1) 1.215(17)
€(1,2)—0(1,2) 1.157(18) C(2,2)0(2,2) 1.170(15)
C(1L,3)—0(1,3) 1.143(11) C(2,4)-0(2,4) 1.140(12)
C(1,4)-0{1,4) 1.180(17) C(2,3)—0(2,3) 1.135(16)
C(1,5)~0(1,5) 1.151(12) C(2,5)~0(2,5) 1.159(12)
“Not cartected for thermal motion. For atom designations, see Fig. 8.26 of Ref. 74.
Table 9.11. Some Bond Angles in Razl'-'o(CO).[4
Molecule 1 Molecuie 2
Bond Angle Angle (deg) Bond Angle Angle (deg)

C(1,1)=Fe(l)—Re(l) 90.4(5) C(2,1)=Fe(2)—C(2,2) 86.4(6)
Fe(l)~Re(l)—C(1,4) 179.1(4) Fe(2)—-Re(2)—C(2,3) 180.000
Fe(l)~-Re(1)—C(1,3) 87.3(3) Fe(2)—Re(2)—C(2,4) 85.8(3)
Fe(l)—Re(1)—C(1,5) 87.3@3) Fe(2)~Re(2) —C(2,5) 29.1(3)
C(1,3)~Re(1)—~C(1,5) 83.8(4) C(2,4) —Re(2)—C(2,5} '90.1(4)
C(1,3)=Re(1)—C(3,3)” 89.9(6) C(2,4)=Re(2)=C(2,5)" 89.8(4)
C(L,5)—Re(1)—C(1,5)" 92.0(6) C@2,4) -Re(2)—C(2,4)° 171.5(6)
C(1,3)—Re(1)~C(1,5)" 174.3(4} C(2,5) ~Re(2)—C(2,5)" 178.2(5)

Table 9.12. Moean Separation” of Rhenium and fren in

I'\'c:z,Fe(CO)-M for Several Assumed Models of

the Thermal Motion

Model Molecule 1 Molecule 2
Uncorrected 2.8758(6) 2.8493(6)
Lower bound 2.8760(6) 2.8497(6)
Riding model 2.8795(7) 2.8543(6)
Independent motion 2.9106(7) 2.8786(6)
Upper bound 2.9453(10) 2.9074(9)

See ref. 77.

cules, based on several assumed models for the
correlation function of displacements for the two
atoms. The two limiting cases, lower bound and
upper bound, both cozrespond to completely corre-
lated, and highly improbable, atomic motions; the
middle range, encompassing the riding and inde-
pendent motion models, represents the physically
acceptable possibilities. It may be seen that if
the motion of molecule 1 conforms to something
like the riding model and that of molecule 2 to an
approximation to independent motion, the discrep-
ancy is removed to within the precigion of the
structure determination.
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A difference in molecular motion of this sott
would of necessity arise from differences in the
molecular environment. Although the environ-

‘ments of the two molecules are chemically quite

similar, they are of conrse crystallographically
distinct. Examination of the van der Waals con-
tacts between oxygen atoms indicates that such

a difference in motion is not implausible: the
motion of the central Fe(CO), group is more
strongly limited by these contacts in molecule 2,
while that of the terminal Re(CO)5 groups is more
limited in molecule 1. In fact a rather short

(2.80 A) end-on contact between apical oxygen
atoms of adjacent molecules 2 would encourage
lateral displacements of the end groups of this
molecule; no analogous short contact occuts with
molecule 1. Furthermore, in molecule 1, the mean-
square displacements of iron perpendicular to the
metal-metal bond are greater than those of thenium,
while the reverse is true in meolecule 2. Thus in
molecule 1 the iron atom is relatively free to fol-
tow the restrained thermal displacements of
thenium, in good approximation to riding motion,
but in molecule 2, since motion of rhenium is pro-
moted and motion of iron is restrained, the dis-
tribution of relative displacements may be ex-
pected to approach that described by the independ-
ent motion model.

Crystal Structures of Two Stereoisomeric
Photodimers of Isophorone

C. K. Johnson A. Vos78

Photodimers are receiving considerable attention -

in the biclegical literature because of the photo-
dimerization of thymine in DNA. Recent crystal-
lographic work?? in the ORNL Biclogy Division
has elucidated the crystal structures of several
different thymine photodimers. Another compound
which undergoes photodimerization in ultraviclet
light is isophorone, . The photodimerization of

"Visiﬁng scientist from the Laboratory of Structural
Chemistry, Rijksunivergiteit Groningen, the Netherlands,
supported in part by fellowships from the American
Asgociation of University Women and the North Atlantic
Treaty Organizetion.

79]. R. Einstein, J. L. Hosszu, J. W. Longworth,

R. O. Rahn, and C. H. Wei, Chem. Commun., p. 1063
(1967).

isophorone has been under study by V. F. Raaen??
of this division for several years. Features in
common between the two photodimer systems in-
clude the two methyl groups on the cyclobutane
ring, a carboxyl group adjacent to the cyclobutane
ring, and the possibility of four distinct stereo-
isomers. Crystals of the isophorone photodimers
are completely stable, while the thymine photo-
dimers are quite susceptible to radiation damage
during the diffraction experiment.

80y g, Raaen, ““Photodimerization of Isophorone,*”

this report.

_ Tablz 9.13. Phetodimers of Iscphorone

v,
ti, n, Head-to-Head,
Head-to-Tail, Head-to-Tail, .. sicis
cis-anti=cis cig=syn-cis  _ .; sesyn=cis
Melting  214-215° 114° 187°
point
Space Pl P2 1/5 AaorA2/a
group
& 8.084 & 15.476 A 16,09 A
5 9.092 A 11.312 A 17.37 A
c 5.859 A 10.911 A 12.48 A
a 103.58°
B 74.28°% 116.93° 106.4°
¥ 94.90°
z 1 4 8

44 more accurate determination of the cell parameters
for the three crystals remaing to be done.

S ~ o




The three crystalline photodimers®? isolated by
V. F. Raaen during his study of the irradiation
products of isophorone were examined by diffrac-
tion methods and the crystal structures determined
for two of the three compounds. A crystal struc-
ture analysis®! of derivative IV is currently under

SIT. A. Beineke, private communication (1968).

TRICLINIC PHOTODIMER
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way at Iowa State University using material from
an independent study by O. L. Chapman of that
university. The melting pints, cell parameters,
and space groups of the three crystalline deriva-
tives Il, 1, and IV are given in Table 9.13. The
configurations of 1 and 11l were determined in
this study and are shown in Figs. 9.13 and 9.14.
The crystal structure of 11 was solved from
2836 independent three-dimensional neutron dif-

ORNL=- DWG, £8-7269

TRICLINIC PHOTODIMER

Fig. 9.13. Stercoscopic Drawing of the cis-anti-cis Head-to-Tail Photodimer 11 of Isophorone with Thermal

Ellipsoids. Structure was determined from neutren diffraction data.

QRNL-DWG. 68-7270

RONOCL INIC PHOTOOIMER

MONOCLINIGC PHOTOOIMER

Fig. 9.14. Stereoscopic Drawing of the cis-syn-cis Head-to-Tail Photodimor 111 of 1scphorone with Thermal

Ellipsoids for Carbon and Oxygen Atoms. Hydrogen atoms are drown as small spheres. Structure was determined

from x-ray diffraction data.
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The automatic diffractometer at the ORR was used
with neutrons of wavelength 1.077 A, Corrections
for absorption were made and the usual methods
for data reduction applied. The statistical distri-
bution of the intensities strongly indicated a
centrosymmof*xc space group, which was confimed
A by the otructure analysis. The carbon and oxygen
. atom pbsitions were determined from a three-
dimensional Patterson synthesis. There are no
translational parameters involved in positioning
the molecule in the unit cell since the centro-
symmetric melecule lies on an inversion center.
The analysis was not strongly hampered by the
PO occurtence of the negative peaks representing the
i vectors between hydrogen and carbon {or oxygen)

' atoms. All hydrogen atom positions, including
P those on the thice different methyl groups, were
P located from an F , Fourier synthesis based on the
Do positions of the carbon and oxygen atoms found
vl from the Patterson synthesis,

P Refinement by the method of least squates pro-
B ceeded smoothly until rather severe effects of ex-
P tinction became evident. A comection term based
Lo on the new theoretical treatment for extinction by
Zachariasen3? was then coded into the least-
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= e e T TR Tl S TR S

e a AT

et

B e T

fraction intensities collected from a 70-mg crystal.
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squares structure-factor program, giving an addi-
tional adjustable parameter. The resulting correc-
tion for extinction produced excellent results, and
the stmcture refined to an R value of 0.056 (based
on F2) for all data.

The. crystal structure of |l was solved from
3345 independent x-ray diffraction intensities
collected with our computer-controlled x-ray dif-
fractometer. 83 Copper Ka radiation was used,
and the usual data reduction techniques, including
corrections for absorption, were applied to the
intensity data. -A computer program®# which auto-
mates the symbolic addition method®® was used
to solve the phase problem. Of the seven symbols
initially assigned, three were eliminated by arbi-
trarily choosing three signs for appropriate sym-

8%y, H. Zachariasen, Acts Cryst. 23, 558 (1967).

83w, R, Busing, R. D. Ellison, H. A. Levy, 5. P.
King, and R. T. Roseberry, The Oak Ridge Computer-

Coéxt;oued X-Ray Diffractometer, ORNT.4143 (January
1968

84 B. Fleischer, A. L. Stone, and R. B. K. Dewar,
MAGIC—MuItzphase Automatic Generation from Intensi-
ties in Centric Crystals, FORTRAN program, University
of Chicago (1966). )

851, Karle and 1. H. Krtle, Acta Cryst. 21, 849 (1966).
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neutron diffraction study of the cis-anti-cis isomer |
of the cis-syn-ciz isomer .

Fig. 9.15. Bond Laongths in the Hoad-to-Tail Photodimors of 1zophorone. Values in parentheses are from the

. Valyes not in parentheses are from the x-ray diffraction study
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H

Fig. 9.16. Bond Angles in the Heod-to-Tail Photodimers of Isophorone, Values in parentheses are from the neu-

tron diffraction study of the cis-anti-cis isomer 1. Valves not in parentheses are from the x-ray diffraction study of

the cis-syn-cis isomer 11,

bols to fix the position of the origin. This pro-
cedure gave 2% = 16 possible structures. Three-
dimensional Fourier syntheses were calculated for
4 of the 16 sign combinations having the greatest
probability of being correct. The positions of the
20 independent carbon and oxygen atoms were
easily found from ore of the four Fourier maps.
Later it was found that 74 of the 602 reflections
used in calculating the preliminary Fourier map
had incorrect signs, but this did not affect the

progress of the structure determination appreciably.

The 28 hydrogen atoms, including those on all six
unique methyl groups, were found with a difference
Fourier synthesis with phases based on the posi-
tions of the heavy atoms. Although the refinement
is not yet complete, the present R factor (based on
F?) is 0.056, which is the same as that for photo-
dimer l. Near the end of the refinement, aniso-
tropic temperature factors for the hydrogen atoms
were estimated by a rigid-body-motion analysis of
the thermal parameters for the heavy atoms and

were not varied in the subsequent least-squares
cycles.

The stereochemical configuration and thermal
ellipsoids of the two structures are illustrated
with stereoscopic drawings in Figs. 9.13 and 9.14.
Figures 9.15 and 9.16 show the bond lengths and
valence angles for the heavy atoms of the two
isomers. No major differences are observed be-
tween corresponding distances and angles. The
C—C bonds of the four-membered ring are rela-
tively long (1.555 to 1.582 A), and those bordering
the C =0 groups are the shortest (1.490 to 1.503 A).
Bond length corrections for thermal motion have
not been applied.

Preparation and Crystal Structure of CfOF

'}. H. Burns J- R. Poterson

See p. 41.



Crystal and Molecular Structure of Cesium
Tetrakishexafluorcacetylacetonotoeuropate(lll)
and -Americate(lll)

J. H. Burns M. D. Danford

See p. 42.

Preparation and Properties of Some Rare-Earth
and Americium Chelates

M. D. Danford J- H. Burns

See p. 44.

X-Ray Diffraction Studies of Liquids
A. H. Narten

Diffractometer, — The diffractometer for liquid
samples has been in continuous operation for 265
days of the year. With an average counting time
of 38 days (24 hr/day) for an experiment, seven
complete diffraction patters were measured. Re-

S0LID
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liability of the diffractometer and stability of its
electronic components are prerequisites for these
long experiments. The resulting diffraction data
are of a precision that is unequaled and limited
only by the inherent difficulties associated with
radiation scattering from liquid systems. The
available computing facilities make it possible to
extract from these data detailed information on
the average atomic and molecular arrangement in
the liquid state.

Benzene. — Earlier work on the structure of
some simple nonpolar liquids has been supple-
mented with a study of liquid benzene, from which
a structusal model has been proposed. In this
model, the benzene ring is a regular hexagon with
a C—C distance of 1.41 A, 2% in good agreement
with gas diffraction results. In the liquid, each
molecule “sees* 12 neighboring molecules in
preferred orientations, surrounded by a random
distribution of distances. The molecular arrange-
ment, illustrated in Fig, 9.17, is surprisingly
similar to that of the solid. The molecule paits

86, H. Narten, Chem. Div. Ann. Progr. Rept. May 20,
1967, ORNL-4164, p. 135.

ORNL-DWG. B7-9464

LiQuibD

Fig. 9.17. Structure of Benzene. Solid ot —3°C, liquid at 25°C. (Only carbon atoms shown).
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1 and 2 (or 3 and 4) fit together like six-toothed
bevel gear wheels whose axes are almost at right
angles, and the molecules so related form corru-
gated sheets perpendicular to the ¢ axis of the
crystal. The axes of molecules 1 and 3 are in-
clined at 41° (26° in the solid), and they are not
intermeshed. The planes of molecules 1 and 4
are inclined at 64° (84° in the solid), and the
extension of the plane of 4 passes close to the
ceater of 1. Since the molecules of types 1 and 2
bind the structure more tightly in the a and b di-
rections than do molecules of types 1 and 4 which
extend in the b and ¢ directions, the large expan-
sion of the liquid in the c direction of the crystal,
found for the model, app2ars plausible. The com-
puted radial distribution function for the model is
compared with that observed for the real lignid in
Fig. 9.18.

ORNL-DWS. 67~ 9041
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Fig. 9.18. Radiol Distribution in Liquid Banzene at
25°C.
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Methanol. ~ The diffraction pattern of liquid
methanol has been measured at 20°C. Both the
intramolecular distances and the associated rms
displacements derived from this study are identi-
cal with values obtained from gas diffraction ex-
periments®7 (1.42, and 0.048 A, respectively, for
the C—0 interaction). This result indicates that
the precision of liquid diffraction data can be com-
parable with the high precision achieved in elec-
tron diffraction experiments with gaseous mole-
cules,

Studies of other aliphatic alcohols are planned
to obtain information on the conformation of
hydrogen-bonded straight-ckain molecules in the
liquid state,

Aqueous Solutions. — The structure of water
and aqueous solutions continues to be the subject
of controversy. We have shown?? that a model
bhased on a modified ice I structure (ice I model)
explains the observed diffraction pattemn of liquid
water from 4 to 200°C quantitatively.

The gas hydrate model for pure water (originally
proposed by Pauling®?) was again investigated in
detail. As stated previously,®2:%? this madel or
any reasonable modification of it yields radial dis-
tribution functions which do not agree with those
derived from experiment (Fig. 9.19). A critical
review of other water models for which agreement
with diffraction data has been claimed is under
way. In the meantime, a study of simple 1-1 elec-
trolyte solutions has yielded considerable informa-
tion on the influence of these solutes on water
structure, The ice I model, with proper adjustment
of its parameters, is capable of explaining the
diffraction patterns of all systems that have been
studied.

Butylammonium F luoride. — Aqueous alkyl-
ammonium halide solutions have thermodynamic
properties which are unusual in many respects.

It is thought that the large cations promote struc-
ture in water,®! possibly in the form of clathrate

87K, Kimura and M. Kubo, J. Chem. Phys. 30, 151
{1959). .

8%a. H. Narten, M. D, Banford, and H. A. Levy, Dis-
cussions Faraday Soc. 43, 57 (1967).

89, Pauling, p. 1 in Hydrogen Bonding, ed. by D.
Hadzi, Pergamon, New York, 1959,

9Oy, D. Danford and H. A. Levy, J. Am. Chem. Soc.
84, 3965 (1962).

OIS. Lindenbaum, Chern. Dliv. Ann. Frogr. Rept. May
20, 1967, ORNL~4164, p. 67.



166

T ) ORNL- WG, $R-EI04A
B S S e LA B L A Y
OBSERVED -
ICE 1 MODEL B

GAS HYDRATE MODEL.

Bu,NF+ 41 H 0

L]

1 2 3 4 S 6 T 8 9 10

o {A) o

Fig. 9.19. Radial Distribution Functions for a Setu-
rated Solution of Tetra-n-butylammonivm Fluoride in
Woter at 25°C.

cages around the alkyl chains (gas hydrate model),
as is knowa to be the case for the solid hydrates. 22
A saturated solution of tetra-n-butylammonium
fluoride in water was studied at 25°C. The radial
distribution function for this system (Fig. 8.19) is
surprisingly similar to that of pure water, except.
for the pronounced peak at 1.52 A, which repre-
sents the covalent C—C and C—N bond of the .
cation (Fig. 9.20). Radial distribution functions
calculated for the ice I model are in quantitative
agreement with experiment. However, the gas.
hydrate model cannot be ruled out in this case
(Fig. 9.19). In both models the butyl chains of
the cation (Fig. 9.20) were assumed'to be located
in the respective cavities which, though of dif-
ferent size and shape, are typical for both struc-
tures, (Figs. 9.21 and 9.22). The parameters for
both models indicate that all of the water mole-
cules are in network positions, and the nearest- -
neighbor distance_s are significantly shorter than
found in pure water. This is in agreement with
the hypothesis that butylammonium jons promote
water structire.

92¢;. A. Jeffrey and R. K. McMullan, Progr. Inotg-
Chem. 8, 43 (1967). ' "
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Fig. 9.20. Tetra-n-butylommonium ton.

Ammonia. — Work on the system water-ammonia
at 4°C has béen completed.?? The ice I model
(Fig. 9.21) explains the diffraction data quanti-
tatively (Fig. 9.23). The changes in the model -

parameters from pure water to the highest ammonia

concentration studied are small but significant. ..
In the solutions, as in pute water, about half the -

:avéiiable cavities are occupied by “‘interstitial?’
“molecules. Each watér or ammonia molecule has
. one neighbor 4t 2.8 A and three others at a di§-

tancé which increases from 2.91 A in water to -
3.00 A in NH,-2.51H,0. The parameters for pure
ammonia aie quite different from those of the solu-

" tions, and most of these changes (Fig. 9.23) seem
to occur at high NH concentrations (not st_udi'ed

because of e:;pg:imental difficulties). In pure
ammonia, each molecule has oné neighbor at 348 A

" and three others at 3:31 A; about 76% of the

cavities in the ice I model are occupied by am-
monia molecules. The amplitudes associated with

935 H. Narten, J. Chem. Phys., to be published.
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nearly alike, making the qualitative distinction -~ 4
between network and cavity molecules (which -~ "3 b
‘makes the model for water and the solutions, ia: Al
: a sense, a clathrate} disappear. . o ‘
" Ammonium Halides. — The properties of the _ L
I ammonium ion are very similar to those of a water - ;
molecule. Solutions of the ammonium halides in .
: water are therefore suitable for a study of the in- |
: fluence of halide fons on water structure. The S
: diffraction pattems of concentrated flworide,* . = .
{ _ ' L chloride, bromide, and iodide solutions have been o
oo ‘ . measured. Analysis of these data’is under way. - o
| . - . ’ :
Fig. 9.22. Gas Hydrate Model. Oxygen atoms located o ‘ ) o . ) . ! .
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In 2 similar manner, alkali fluoride solutions

are suitable for a study of the influence of alkali
* metal.ions on water structure, and this has been

planned for the near future.

| MOLECULAR BEAM STUDIES

Vibrational Excitaticn and Fragmentation of
Molecular Hydrogen from Potassium lonic
‘ and Atomic Collisions

! Peter F. Dittner Sheldon Datz
Inelastic energy losses arising from knock-on
collisions of K* with H, and D, molecules have
been determined by time-of-flight measurements

of the K* velocity following collision with a

. target molecule. The apparatus is pictured in

Fig. 9.24. Surface ions of K? formed on an in-
directly heated cathode are accelerated and pulsed
on for 1 psec. The pulsed beam is bent and
passed through an oven, which may be used for
charge exchange when a fast neutral beam is de-

SURFAGE . .
IONIZER, MODULATING

'PLATES) .
SR I

K EXCHANGE
GELL

PULSE GENERATOR

EELAY .GENERATOR

" BAGLTI GHANNEL
ANALYZER
-
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sired. Following its path through the liguid-
nitrogen-cooled scattering chamber and a flight
tube, the particle impinges on an electron multi-
plier, which initiates a “start?” pulse in a time-
to-pulse-height converter. The “stop’’ puise is
obtained through a delay line from the beam pulser.
Beam currents are adjusted so that less than one
jon per pulse is measured at the detector (else-
only the fastest ion in the pulse is measured).
Total flight times range from 27 psec at 320 ev to
70 psec at 50 ev. For the experiments reported
here the detector aperture was directly in line
with the primary beam, so that jons backscattered
through center-of-mass angles between 170 and
180° were detected. Particles backscattered from
inelastic collisiens will lose velocity in the
center-of-mass system and thus will appear with
higher velocities in the forward (lab) direction
than elastic events.

Time-of-flight spectra were obtained for K* scat-
tered by H,, D, and He with initial center-of-
mass energies ranging from 2.5 to 10 ev for H,, 10
to 30 ev for D, and He. With helium only elastic
scattering was observed, and the spectra obtained

GRNL - DWG, 68-~364
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Fig. 9.24. Schematic of the Time-of-Flight Apporatus.
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Fig. 9.25. Center-of-Mass Energy of the Elastically Back-Seattered k* lons, E o| (Obtained from Ho Scattering)
Minus the Obseived Energy of K* Back-Scattered from H (A) and D, (O} vs the Relative Collision Energy E.

were used as model peaks for stripping the data
obtained with D, and H,. With H, and D, the back-
scattered K™ peak was telatwely narzow and showed
an inelastic energy loss which increased with in-
creasing relative energy (Fig. 9.25).

Inelastic energy losses below the dissociation
Bmit correspond to vibrational-rotational excita-
tion of the molecule. However, at the small im-
pact parameters required for backward scattering,
it is expected that the degree of rotational ex-
citation is small. The cross section for back-
scattering into the detector aperture was ~10—18
em?. Thus if we assume a hard-sphere interac-
tion and a spherically symmetric potential the
maximum rotational excitation would amount to
only 0.2% of the relative energy. Above ~20 ev
the inelastic loss exceeded the 4.5-ev molecular
dissociation limit, and the slope of the loss curve
increased. The peak shape remained relatively
shatp, but a second energy loss peak appeared

which increased in relative population with in-
creasing energy. The difference in energy loss
between the two peaks was 10 ev. The possibility
that one of these peaks arises from KD? is elimi-
nated on the basis of kinematics. The velocity
of any KD¥ formed depends only upon the inijtial
conditions and the kinetic endcthermicity. of the
ion-molecule reaction. Assuming any reasomable
value for the KD* binding energy from 0 to 2.5 ev
gives velocities which fall between the two
groups. Since the peak separation corresponds

“closely to the n = 1 to n = 2 spacing in the deu- *

terium atom, we ascribe the higher energy loss
peak to the dissociation of a D , molecule accom-
panied by electronic excitation of a D atom. -

Pulsed fast K atom beams have been formed by
charge exchange and detected by surface joniza-
tion on cold platinum and tungsten. Backscatter-
ing from He and H, and D, has been observed,
and measurements of inelasticity in the neutral
atom system are under way.

e T 6. 5 stk s



Crossed-Molecular-Beam Studies of Reactions of
Atomic Deuterium with Halogen Molecules

George E. Moore Sheldon Datz

The successful observation of product DBr by
means of reasonably high-resolution mass spec-
trometry from a crossed-molecular-beam study of
the reaction of deuterium atoms with Br, (refs. 95
and 96) stimulated a similar interest in the analo-
gous reaction of D + F2 Since, howevet, with the
apparatus used for both reactive chemical systems,
signal-to-noise ratios of 1/100 or smaller for the
product species were obtained, a redesign of the
detection system was judged necessary. Such
redesign would permit a less ambiguous kinematic
analysis in the D-Br, system, since even a crude
velocity analysis of the product DBr should be

possible and, in addition, should open up new

possibilities of reactive systems.

The new system retains the previously used
source and scattering chambers®3+9¢ but now in-
cludes an improved detecting system on which
initial tests have been completed. The system
incorporates a bakeable, differentially pumped
(ion/sublimation pumping) chamber capable of
maintaining pressures in the 10— torr range, a
quadrupole mass filter and power supply of im-
proved design which permit increased transmission
still with good resolution, and an ion source of

_proven efficieacy. Enhancement in the signal-to-

noise ratio is anticipated both through the sttain-

* ment of ultrahigh vacuum, which will lower the

background in the mass range of interest (1-100
am;u),‘and through improved sensitivity in signal
detection. - - o S

Crossed-Molecular-Beam Studie;'o{'Biméie'culcr
Association and Unimolec_:isldr
" Decomposition Reactions
R. E. Minturn ' Sheldon Datz
By using ﬁo_dt’xlated crossed molecular beams
and mass spectiometric detection, we made an

170

intensive effort to detect vibrationally excited
products from reactions of the type:

R—NH, + BF —> [R—NH, - BF I*,

where R is an organic radical and where the
asterisk denotes vibrational excitation. Since
the minimum excess energy in the product, equal
to the sum of the initial relative kinetic energy -
and the heat of the reaction, is known, the life-
time of the activated product can supposedly be
calenlated from unimolecular decomposition rate
theory. For example, 2-ethylhexylamine boron
trifluoride, formed as above with no collisional
deexcitation, should have an average lifetime of
about 1.1 x 10— 3 sec. We see no such product,
however, and this may be due to one or more of
the following reasons:

1. The reaction cross section is very small, that
is, below 10—17 cm?. This seems unlikely
from other evidence.

3. The excited product yields, under electron
bombardment in our detector, a cracking pat-
tern so different from that of the ground-state
product that it cannot be identified.

" The excited product does not live as long as
the calculations would indicate. This would
suggest either that the excess energy in the
boron-nitrogen bond does not transfer rapidly to
other oscillators or that not 21l oscillators in
the product are equally effective as enetgy

The data collected on these systems do suggest,

however, elastic scattering into large angles, and

experiments are presently under way to determine
the nature of the intermolecular forces causing
this large-angle scattering.

955, Datz, T. W. Schmidt, and G. E. Moore, Chem.
Dig. Ann. Pregr. Rept. May 20, 1967, ORNL~4164, p.
136. :

963 patz and T. W. Schmidt, V Intern. Conf. Phys.
Electronic and Atomic Collisions, Leningrad, U.S.5.R.,
July 1723, 1967, p. 247, ¢Nauka" Publ. House.




MASS SPECTROMETRY AND
RELATED TECHNIQUES

Radiolysis of Methane in a Wide-Range Radistysis—
Source of a Mass Spectrometer. 1. Individual
and Total Cross Sections for the Production
of Positive lons, Negative lons, and
Free Radicals by Electrons®?

P. 8. Rudolph C. E. Melton®®

The abundance of, and the total and individual
cross sections for, primary products (positive ions,
neutral species, and negative ions) resulting from
elementary reactions induced by the ahsorption of
energy by CH  from ionizing radiation (100-ev
electrons) have been measured. This was accom-
plished with the dual electron-beam section of our
wide-range radiolysis source.®¥ The results

97¢. E. Melton and P. S. Rudolph, J. Chem. Phys.
47, 1771 (1967).

% Present address. Department of Chemistry, Unx-
versity of Georgia, Athens.

99p. 5. Rudalph and C. E. Melton, Chem. Div. Ann.
Progr. Rept. May 20, 1967, ORNL-4164, p. 140,
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(Table, 9.14) show that positive ions and free radi-
cals are produced in nearly equal abundances, 45
and 55% respectively. On the other hand, nega-
tive ions are less abundant by about four orders
of magnitude. The total cross section for posis
tive jonization (o)) by 100-ev electrons is 3.8 x
10~16 cm?, and that for the formation of neutral
species (0, ) is 4.7 x 10716 cm®. Our values of
individual and total cross sections for positive
ionization agree very well with those of Adamczyk
et al.1°9 except for the cross section for HY, In
this instance our value is about one-third of theirs.

The average of seven literature values for the
total cross section for positive ionization of CH .
is 3.3 » 1015 cm? (range 2.2 to 4.5 x 10— 1€
cm?). This agrees well with our value of 3.8 x
10-16 cm?, _

To independently test the reliability of the dual
electron-beam ion source, the total and individual
cross sections for ionization of argon by 100-ev
electrons were measured for comparison with pub-
Lished values. Our value for the total cross sec-,

iotg Adamczyk, A. J. H. Boerboom, B. L. Schram,
and J. Kistemaker, J. Chem. Phys. 44, 4640 (1956).

Table 9.14, Individual Cross Sections for Initial Products Produced by the lrradiation of CH, with
- 100-ev Electrons at a Pressure of 6 x 10~5 Tare

Positive Ions -

Neutral Species

Negative Ions - . -

_ Per Cent o ' Per Cent o a .. Per Cent e o
- Ton - of Total ‘l; f Neutral - of Total .N2 ‘ Ton - -of Total ; o ’2 S
Products (™) Products (em™). B . <Products - w fem™) . .. .
_ X 1(-)"1‘ x10=16 " - C _' xlp‘s‘ X 10":?'1:.:
' dar 0.04 H 2824 24 om0 sz 79
H,* 0.24 0.2 H, . 941 0.8 R
ct ese - 005 i 0.001 ' c- 838 - o8l
cat 1.65 0.14 . -.CH g8 0.1 cH- 6.6 0.64
cu,* 329 - o028 «CH, 2.5 0.2 cH,m 25 . 024
cH* a7es 0 15 WCHp o 1442 12 CH,T - 0090 0.008,
cat a8 . 1E ‘ :
45 3.8 S8 47 S 100 9.6

®These values determined by the use of the followmg cross sectiens (in units of 10-15 cmz) for xon:zatmn of '

the neutrals by 100-ev electrons; H, 0.6; CH, 1.1; CHz. 1.4; and CH 1.8.

"
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tion (0 ) of 3.2 x 107%° cm? is in satisfactory
agreement with those reported by other workers,

whose values range from 2.8 to 3.6 x 10~*% cm?

s

Acetylene Production by the
‘Radiolysis of Methane!0?

P. S. Rudolph C. E. Melton??

The production of acetylene as a final product
in the radiolysis of methane is a controversial
issue in the literature. . Using our wide-range
radiolysis source!®3 and employing flow, electric
fields, and relatively low pressure (102 torr) we
found C_H, as a final product with G, I 0.7
for 100-ev electrons

Acetylene represented over'19% of all observed
hydrocarbon products, being exceeded only by

C,H,." This is contrary to reportec results, where-

in C Hg is the predominant hydrocarbon. Cahill
et al.,m“ using a single very short and very high-

intensity pulse of high-energy electrons in a static
system, found G = 0.5. Even in this work

CH, had a lnghe: yfeld. The results of previous
workers obtained in flow systems or where an at~
tempt was made to remove products by condensa-
tion showed appreciably larger yields of unsaturat-
ed hydtocarbons, including C JH,, than results in
-static systems, although st111 in toto showing the

' saturated hydrocarbon yield greater than the -

...unsaturated hydrocarbon yield. This would imply

that unsaturated hydrocarbons are products of the

' radiolysis of CH, but subsequently teact with CH 4

or otlier products to yield saturated hydrocarbons.
‘This is’in agreement with our observations.

Our resuits indicate that 27% of the C oH, is
produced by ion-molecule-reactions. The yreld-
energy curves (Fig. 9. 26) indicate that CH and

CH * are the jonic precursors of CH,.

. 191p g5 Rudolph and C. E. Melton, j. Phys. Chem.
71, 4572 (1967).
102p e sent address: Department of Chermstry. Uni-
versity of Georgia, Athens. )
193p_ g Rudolph and C. E. Melton, Chem. Div. Ann.
Progr. Rept. May 20, 1967, ORNL-4164, p. 140,
» 1°4R. W. Cahill, A, K. Secler, and R. A. Glass, J.
" Phys. Chem. 71, 4564 (1967).

ORNL-DWG. 66-2019

100

CHy / CH,(158)

lllIIII
L Illltz

10

INTENSITY {arbitrary)

CH,'/ CH, (13.0)

| i | \ I

12 - 13 14 15 fe 17, 18
ENERGY (uncorrected) IN VOLTS'

Fig. 9.26. Dependence of Yield of Acetylone on Elec-
tron Energy in Radiclysis of Methane.. The morked in-

' crease in the y:eld cyrve for CZHZ at 13.0 and oi 15.6

ev (the appearance potentials of CH * and CH, * from
CH4 respoctively) indicates ﬂwi‘ <y H is formcd from
these primary products (CH4 and CH2+)

Two-Stage Mass Spectrometer

Russell Baldock L. E. ldem

The primaty anplrcatron of the twc—stage mass
spectrometer is the measurement of r.sotoprc
abundance ratios in support of the neutron cross-

_section measurement program of the Chemistry

Drvzsron. During the. past year the measurement
of more than 80 isotopic analyses which were re-
quired fot measuring the burnup of #°%U were com-
pleted. The problem of sample contamination,

discussed in last year’s annual report, 105 was

105chom. Div. Ann. Progr. Repz. May 20, 1967,
ORNL-4164, p. 143 _
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satisfactorily overcome by electroplating the sub-~
microgram samples of uranjum on 6-mil platinum
wire. Small sections of wire, about 5 mm in length,
are readily inserted in the self-heated ovens which
are employed to vaporize the samples.

CHARGE SPECTROMETRY: USES OF
ELECTRON SPECTROSCOPY IN
CHEMICAL PROBLEMS!?¢

L Thomas A. Carlson

Multiple ionization and excitation in the photo-
electron process has been studied by means of
electron spectroscopy. Gases at low pressure are
irradiated with x rays of characteristic energy,
and the electrons ejected as the result of the
photoelectron process are measured with an elec-
trostatic analyzer. In addition to the principal
photoline, i screte satellite lines and-continua
are observed at lower energies and are interpreted
as arising reypectively from transitions to ex~
cited and ionized states. Results on the rare
gases have been successfully interpreted in terms
of the sudden approximation. Studies have now
been extended to a variety of simple molecules:

196pesearch sponsored jointly with the Physics
Division. :

N,, 0, CO, NO, CO,, CF.C], and CF,. In addi-
tion to photoelectron results, Auger electrons
have been measured; and, in a separate investi-
gation, the relative abundances and recoil energies
of the fragment iens were determined. Some of the
results (e.g., on the Freons) have been success-
fully interpreted in terms of atomic Hartree-Fock
wave functions. Others will require a more
sophisticated approach,

Recently, a substantial modification of the
spectrometer has been carried out: the housing
has been fashioned completely iron-free, and
three pairs of Helmholtz coils have been con-
structed to cancel the earth’s and stray magnetic
fields. In addition, the double-focusing electro- .
static plates have been completely rebuilt. The
new spectrometer will have a resolution of better
than 0.05% full width at half mazimum in energy
and will be able to measure electrons from a few
kilo-electron volts to a few electron volts. In
addition to continuing our program on multiple
ionization and excitaticn we shall initiate pro-
grams on a variety of other chemical problems.
Specifically, we shall study the nature of chemi-
cal honding by measuring the shifts in the inner
atomic binding energies as a fanction of chemical
environment., Alse, the electronic_._s_tmémre of the
valence shell will be studied by pliotoelectron .
emission as a funrction of the angle between the -
% ray and the ejected electrons. ' .
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Ma,Fe(CO), ,,” Acta Cryst. 23, 1079 (1967).

J. H. Bums, R. D. Ellison, and H. A. Levy, “The Crystal Structure of Na,Zr [F
230 (1963). :

A. H. Narten, “Diffraction Pattern and Structure of Liquid Benzene,” J. Chem. Phys. 48, 1630 (1968).

G. M. Brown, ‘Misuse of the ‘Riding’ Model in Correcting Bond Lengths for Effects of Thetmal Mo-
tion,”* Acta Cryst. B24, 294 (1968).
Dick van der Helm,3? J. P. Glusker,??, C. K. Johnson, J. A. Minkin,*? N. E. Burow, 37 and A. L.
Patterson,**:37 “X-Ray Crystal Analysis of the Substrates of Aconitase. VIIL The Structure and Abso-
lute Configuration of Potassium Dihydrogen Fsocitrate [solated from Brophyllum calycinum,’’ Acta Cryst.
B24, 578 (1968). _ .
A. H. Narten, M. D. Danford, and H. A. Levy, ‘*“Structure and Intermolecular Potential of Liquid
Carbon Tetrachloride Derived from X-Ray Diffraction Data,” J. Chem. Phys. 46, 4875 (1967).
A. H. Narten, M. D. Danford, and H. A. Levy, ““An X-Ray Diffraction Study of Lignid Water in the
Temperature Range 4-200°C,” Discussions Faraday Soc. 43, 97 (1967).
W. R. Busing, R. D. Ellison, H. A. Levy, S. P. King,® and R. T. Roseberry,®? “The Oak Ridge
Computer-Controlled X-Ray Diffractometer,”” ORNL-4143 (January 1968).
J. A. O’Malley*® and A. H. Narten, “X-Ray Diffraction Data on Liquid Benzene,’’ ORNL-4166 (July
1957).
A. H. Narten, “X-Ray Diffraction Data on the System Carbon Tetrachloride—Neopentane at 0°C,*
ORNL-4203 (October 1967).
A. H. Narten, “X-Ray Diffraction Data on the System Water-Ammonia at 4°C.’” QRNL-4221 (December
1967).
S. Datz, G. Leibfried,*! H. O. Lutz,*2 and C. Erginsoy,*® ‘Motion of Energetic Particles in Crys-
tals,”” Ann. Rev. Nucl. Sci. 17, 129 (1967). :
S. Datz and T. W. Schmidt, ¢ “‘A Crossed Molecular Beam Study of the Reaction of Atomic Deuterium :
with Bromine,’’ Proc. Fifth Intern. Coni. Electronic and Atomic Collision Phenomena, p. 247, Leningrad,
USSR, ““Nauka® Leningrad, 1967.
S. Datz, C. D. Moak,® H. O. Lutz*2, L. C. Northcliffe,*S and L. B. Bridwell,*¢ ““Electron Capture
and Loss Processes for Fast (20—150 Mev) Bromine and Iodine Ions in Gases,” Proc. Fifth Intem. Conf.
Electronic and Atomic Collision Phenomena, p. 425, Leningrad, USSR, ““Nauka’ Leningrad, 1967. _
L. B. Bridwell, %% L. C. Northcliffe,*5 S. Datz, C. D. Moak,® and H. O. Lutz,*? “Stopping Powers for j
Iodine Ions at Energies up to 200 Mev,” Phys. Rev. 159, 276 (1967).

»? Acta Cryst. B24,

31?

37institute for Cancer Research, Philadelphia, Pa.

38pathematics Division.

39 strumentation and Controls Division. _
40y exel Institute of Technology, Philadelphia; ORAU Summer Participant, 1966. i
*lrechnische Hochschule, Aachen, West Gemany. :
*2501id State Division.

43Brookhaven National Laboratory; deceased.

440RAU Predoctoral Fellow from the University of Tennessee.

*Poxas A.&M.
450RAU Summer Participant, Murray State University, Murray, Ky.
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C. E. Melton*” and P. S. Rudolph, “The Mass Spectrometer as a Research Laboratory,” Naturwiss-
enschaften 54, 297 (1967).

C. E. Melton*? and P. S. Rudolph, ““Radiolysis of Methane in a Wide-Range Radiolysis Source of a
Mass Spectrometer. L. Individual and Total Cross Sections for the Production of Positive Ions, Negative
Ions, and Free Radicals by Electrons,” J. Chem. Phys. 47, 1771 (1967).

P. S. Rudolph and C. E. Melton,*? “Acetylene Production by the Radiolysis of Methane,” J. Phys.
Chem. 71, 4572 (1967).

T. A. Carlson, “The Role of Auger Processes and Electron Shake-Off in the Chemical Consequences
of Radioactive Decay,” Nippon Genshiryoku Gakkaishi 9, 259 (1967).

T. A. Carlson, “Double Electron Ejection Resulting from Photo-Ionization in the Outermost Shell of
He, Ne, and Ar, and Its Relationships to Electron Correlation,’’” Phys. Rev. 156, 142 (1967).

M. O. Krause® and T. A. Carlson, “Vacancy Cascade in the Reorganization of Krypton Ionized in an
Ianer Shell,” Phys. Rev. 158, 18 (1967).

T. A. Carlson, C. W. Nestor, Jr.,?? T. C. Tucker,*® and F. B. Malik,*® ““Calculation of Electron
Shake-Off for Elements from 2 = 2 to 92 with the Use of Self-Consistent-Field Wave Functions,” Phys.
Rev. 169, 27 (1968).

T. A. Carison, P. Erman, *® and K. Fransson,*? “Dependence of Internal Conversion in 159Tm on the
Chemical Environment and Its Application to the Mésshauer Isomer Shift,”” Nucl. Phys. A1, 371 (1968).

47present address: Department of Chemistry, University of Georgia, Athens. .
4SPhySics Department, Yale University, New Haven, Conn.
49pecearch Institute for Physics, Stockbolm, Sweden.




Papers Presented at Scientific and Technical Meetings

NUCLEAR CHEMISTRY

N. R. Johnson, ‘““Monopole Strength Parameters for EQ Transitions from 8-Bands of Deformed Nuclei,”’
Gordon Research Conference on Nuclear Chemistry, New London, N.H., June 19-23, 1967 (invited).

N. R. Johnson, L. L. Riedinger,! and J. H. I-{armiltlv::rn,"‘2 “Monopole Matrix Elements for EQ Transi-
tions in 1%2Sm and *$4Gd,’’ International Conference on Nuclear Structure, Tokyo, Sept. 7—13, 1967.

L. L. Riedinger,*! N. R. Johnson, and J. H. Hamilton,? ‘‘Nonadiabatic Properties of 1¥2Sm and
154Gd,’” Meeting of the American Physical Society, Washington, D.C., Apr. 22-25, 1968.

M. F. Roche,*3 R. L. Fergusen, and D. E. Troutner,* *‘Charge Distribution in Symmetric Fission:
Yields of !12Ag and 1'5Pd in Thermal-Neutron Fission of 235U and 23%y,’? 154th National Meeting,
American Chemical Society, Chicago, Sept. 10--15, 1967.

S. C. Burnett,*® R. L. Ferguson, F. Plasil,® and H. W. Schmitt,® ‘“An Indirect Measurement of Neu-
tron Emission in Proton-Induced Fission of 2331J,’" American Physical Society Meeting, Washington,
D.C., Apr. 2225, 1968; Bull. Am. Phys. Soc. 13, 604 (1968).

R. L. Ferguson,* S. C. Bumett,5 Frances Pleasonton,® F. Plasil,® and H. W. Schmitt,® ‘“‘Fragment
Energy Correlation Measurements in the Fission of 233U, 235U, and 2%%U by 7- to 13-MeV Protons,”’
American Physical Society Meeting, Washington, D.C., Aprm 22-25, 1968; Bull. Am. Phys. Soc. 13, 605
(1968).

1. K. Dickens,*? E. Eichler, F. G. Perey,” P. H. Stelson',“ J. Ashe,® and D. O. Nellis,® “““N(n,n ¥)
Reaction for 5.8 < E a< 8.6,”” Second Conference on Neutron Cross Section and Technology, Washington,
D.C., Mar. 4-7, 1963.

B. H. Ketelle* and A. R. Brosi, ‘“The Decay of 13*Nd and !37Nd,”” Meeting of the Nuclear Division
of the American Physical Society, Madison, Wis., October 1967.

*Speaker.

1ORAU Predoctoral Fellow from Vanderbilt University.
2Vanderbilt University.

30RAU Predoctoral Fellow from the University of Missouri.
4Un1versxty of Missouri.

SORAU Predoctoral Fellow from the University of Tennessee.
6Phys:.t.:s Division.

Nautron Physics Divisioa.

8Texas Nuclear Corp., Houston, Tex.
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CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS

R. L. Hahn,* M. F. Roche,® and K. S. Toth,? “New Neptunium Isotopes: 23°Np and 229Np,” Amer-
ican Physical Society Meeting, Washington, D.C., Apr. 2225, 1968.

M. F. Roche,? K. 8. Toth,® R. L. Hahn, C. E. Bemis, and T. H. Handley,? “Investigation of y Rays
in the Decay Chain !??Hf » '7?Lu » 172¥h,”” American Physical Society Meeting, Washington, D.C.,
Apr. 2225, 1968.

0. L. Keller, Jr.,* D. E. Ferguson,!! and J. P. Nichols,!! ‘“Prospects of Transuranium Isotopes as
Neutron Sources,”’ Medical Symposium: “‘Radioisotopes in Medicine. In Vitro Studies,’ Oak Ridge,
Tenn., Nov. 13—-16, 1967 (invited).

L. J. Nugent,* J. R. Tarrant, J. L. Burnett, R, D. Baybarz,'! G. K. Werner,® and O. L. Keller, Jr.,
“Intra-Molecular Energy-Transfer in Actinide Beta-Diketones. Exchange of Lanthanide and Actinide Ions
in a Convenient Method of Scanning Actinide Complexes for Application to Liquid Lasers,*” Symposium
on Macroscopic Studies of the Actinides, 155th’ National Meeting, American Chemical Society, San Fran-
cisco, Apr. 1-5, 1968.

J. H. Bumns,* H. A. Levy, and O. L. Keller, ‘“The Crystal Structure of RhPaF * American Crystal-
lographic Association Summer Meeting, Minneapolis, Minn., Aug. 20--25, 1967.

ISOTOPE CHEMISTRY

G. M. Begun* and A. A. Palko, ““Vibrational Frequencies and Force Field Calculations for BF, Addi-
tion Compounds Using !°B and !B Isotopes,” Gordon Research Conference on Chemistry and Phyqzcs of
Isotopes, Crystal Mountain, Wash., July 10-14, 1967.

A. A. Palko* and L. Landau, A New System for the Separation of Carbon Isotopes,” 155th National
Meeting, American Chemical Soeciety, San Francisco, Apr. 3, 1968.

RADIATION CHEMISTRY

G. E. Boyd, ‘“‘Chemistry of Halogen Atom Recoils in Neutron-Irradiated Crystalline Halates and Per-
halates,”” 155th National Meeting, American Chemical Society, San Francisco, Mar. 31—Apr. 5, 1968.

CHEMISTRY OF AQUECUS SYSTEMS

G. E. Boyd, ‘“Thermal Effects in Jon-Exchange Reactions,’’ Symposium on Analytical Calorimetry,
155th National Meeting, American Chemical Society, San Francisco, Mar. 31—Apr. 5, 1968 (invited).

TJ. S. Johnson, ‘‘Hydrolysis, from Solutions to Hyperfiltration,’ Gordon Research Conference on In-
organic Chemistry, The New Hampton School, New Hampton, N.H., Aug. 7, 1967 (invited).

Tj. S. Johnson, ““Hyperfiltration,” session on Inorganic Ion Exchangers of the Gordon Research Con-
ference on Ion Exchange, Colby Junior College, Colby, N.H., Aug. 21, 1967 (invited).

K. A. Kraus, “Dynamic Hyperfiltration Membranes,’® 21st Conference Blood Research Institute,
Bosten, Mass., Nov. 8, 1967 (invited).

9Electronuclear Division.

! oAnaIytical Chemistry Division.

' chemical Technology Division.

TBased on work performed in the Chemigtry Division under the Water Research Program.



183

fJ S. Johnson* and K. A. Kraus, ““Hyperfiltration by Dynamically Formed Membranes,”’ Symposium
on Saline Water Convers:on, 155th National Meeting, American Chemical Society, San Francisco, Apt. 2,
1968 (invited).

TA. J. Shor,'? K. A. Kraus, J. S. Johnson,* and W. T. Smith, Jr.,*? “Salt Rejection Properties of
Dynamically Formed Hydronus Zr(IV) Oxide Membranes,’’ 155t: Nationzl Meeting, American Chemical
Society, San Francisco, Apr. 5, 1968.

R J. Raridon, ““‘Some Thermodynamic and Transport Properties of Multicomponent Systems,”” Con-

ference on Properties of Solutions Sponsored by the Office of Saline Water, Cornell University, Ithaca,
N.Y., Aug. 14-16, 1967 (invited).

ELECTROCHEZICAL KINETICS AND ITS APPLICATION TC CORROSION

G. H. Cartledge, ‘““The Role of the Molyhdate Ion in Passivation,” Symposium on Electrode Processes
and Inhibition, National Association of Corrosion Engineers, Cleveland, Ohio, Mar. 18-21, 1968 (invited).

NONAQUEOUS SYSTEMS AT HIGH TEMPERATURES

A. 5. Dworkin* and M. A. Bredig, ‘‘Diffuse Transition and Melting in Fluorite and Anti-Fluorite Type
of Compounds: Heat Content of Potassium Sulfide from 298° to 1260°K,” 22nd Annual Calerimetry Con-
ference, Thousand Oaks, Calif., June 2022, 1967.

H. R. Broastein, “Electromotive Force Studies in Molten Rare Earth Metal—Metal Halide Solutions,”’
Gordon Research Conference on Chemistry of Molten Saits, Meriden, N.H., Aug. 28-Sept. 1, 1967.

CHEMICAL PHYSICS

A. H. Narten, “Some Recent X-Ray Diffraction Studies of 2 Variety of Liquids with Interpretation in
Terms of Models,”” American Physical Society Meeting, Berkeley, Calif., Mar. 18, 1968 (invited).

G. M. Brown, ““The Crystal Structure of 6-Mercaptopurine Monohydrate,*” American Crystallographic
Association Summer Meeting, Minneapolis, Minn., Aug. 2025, 1967.

W. R. Busing, “An Aid to the Analysis of Interionic and Intermolecular Forces in Crystals,”’ Amer-
ican Crystallographic Association Winter Meeting, Tucson, Ariz., Feb. 4-7, 1968.

W. R. Busing, ‘“Computers, Chemists, and Crystallogtaphy,”’ Conference on Computers in Chemxstry,
University of California, San Diego, June 26—30, 1967 (invited).

L. H. Hall*** and C. M. Brown, ‘““The Crystal Structure of Isoboldine Hydrobromide,” American Crys-
tallographic Association Winter Meeting, Tucson, Ariz., Feb. 4-7, 1968.

C. K. Johnson, ‘“Information on Molecular Motion Derived from Anisotropic Temperature Factor Coef-
ficients,” 2d Materizls Research Symposium on Molecular Dynamics and Structure of Solids, Gaithersburg,
Md., Oct. 15-19, 1967,

C. K. Johnson, ““‘Segmented-Body Thermal-Motion Analysis: An Extension of the Rigid-Body Ap-
proach,” American Crystallographic Association Summer Meeting, Minneapolis, Minn., Aag. 2025, 1967.

12peactor Chemistry Division.
13I)t:zparm'u.atxt. of Chemistry, University of Tennessee.

MORAU Summer Participant 1966 from Florida Atlantic University, Boca Raton, Fla.; present address, Depart-
ment, of Chemistry, Eastern Nazarene College, Quiney, Mass.
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Ralph Livingston,* Henry Zeldes, and Cheryl Voelker,*5 “Paramagnetic Resonance Study of Liquids
During Photolysis,”” The Eighth Intemational Symposium on Free Radicals, Novesibirsk, U.S.5.R., July
29, 1967.

Ralph Livingston, “Electron Spin Resonance Studies of Liquids During Photolysis,” Southeastern
Section of the American Physical Society, Clemson, South Carolina, Nov. 3, 1967 (invited).

P. F. Djttner* and Sheldon Datz, “Collisional Excitation and Dissociation of Molecular Hydrogen
with Slow X ¥ Tons,”” American Physical Society Meeting, Washington, D.C., April 1968 (invited).

L. D. Ellsworth,*! L. B. Bridwell,1? L. C. Northcliffe,'® C. D. Moak,® B. R. Appleton, 19 and
Sheldon Datz, “Stopping Power of Gases for 1271 and 7?Bx lons,” American Physical Society Meeting,
Washington, D.C., April 1968 (invited). '

Sheldon Datz, “‘Channeled Ion Energy Loss Spectra,’” American Physical Society, Berkeley, Calif.,
March 1968 (invited).

150RAU Summer Student Trainee from South Dakota State University.
légansas State University; ORAU Summer Participant, 1967.
17Murray State University, Murray, Ky.; ORAU Summer Participant, 1967.
13raxas AGM.
19541id State Division.



Lectures

NUCLEAR CHEMISTRY

L. L. Riedinger,* “Electric Monopole Strengths for Transitions from the Beta Bands in 152g8m and
1545d,?” Physics Seminar, Vanderbilt University, May 22, 1967.

L. L. Riedinger,! *“Band Mixing in *¥2Sm and 154G4,” Thermonuclear Division Seminar, Oak Ridge
National Laboratory, Feb. 8, 1968.

E. Eichler, “Nuclear Spectroscopy in the A = 90 Region,”” Nuclear Chemistry Seminar, Purdue Uni-
vessity, Dec. 4, 1967 (ORAU Traveling Lecture).

G. D. O"Kelley, “Scientific Experiments on Returned Lunar Samples,” Department of Physics
Seminar, Vanderbilt University, Oct. 13, 1967 (ORAU Traveling Lecture).

RADIATION CHEMISTRY

H. A. Mahlman, ‘‘Radiation Chemistry,”” Academic Year Institute, ORAU, May 3, 1968.

ORGANIC CHEMISTRY

C. ]. Collins, ‘“Multiple Isotope Experiments for Determining Carbonium fens,’” East Tennessee State
University, Johnson City, Tenn., Feb. 6, 1968.

C. J. Collins, “Hydride Shifts During Carbonium Ion Reactions,” Pennsylvania State University, Uni-
versity Park, Jan. 29, 1968.

C. J. Collins, “Isotopic Studies on Carbonium Jons. The Mechanism of Hydride Shift,”” Clemson Uni-
versity, Clemson, S.C., Nov. 17, 1967 (ORAU Traveling Lecture).

C. J. Collins, *“The Mechanism of Hydride Shift,”” Binghamton, Poughkeepsie, Albany, Syracuse, and
Canton, N.Y., Mar. 18—22, 1968 (American Chemical Society Lecture Tour).

C. ]J. Collins, ‘“The Use of Isotopes to Study Organic Reactions,” Orange Couaty Section of the Amer-
ican Chemical Society, Anaheim, Calif., May 16, 1968.

C. J. Collins, “The Use of Isotopes to Study Carbonium Jons,”” University of California, Irvine, May
17, 1968.

C. J. Collins, *‘Hydride Shift in Norboryl Compounds,’’ Temple University, Apr. 11, 1968.

B. M. Benjamin, “Rotational Isomerism of Allyl Compounds,’’ Grambling College, Grambling, La.,
Mar. 11, 1968.

165RAU Predoctoral Fellow from Vanderbilt University.
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CHEMISTRY OF AQUEOUS SYSTEMS

M. H. Lietzke, “A Two Structure Model for Electrolytic Sclutions,” University of Georgia, Athens,
Feb. 9, 1968.

M. H. Lietzke, “Recent Developments in Aqueous Solution Theory,” St. John'’s University, Queens,
N.Y., Apr. 5, 1968.

M. H. Lietzke, “Recent Developments in Aqueous Solution Chemistry,” Colgate University, Ham-
ilton, N.Y., Apr. 10, 1968.

*M. H. Lietzke, ‘‘Desalination,’’ Augusta, Ga.; Hampton, 8.C.; Kinsten, N.C.; Charlotte, N.C.;
Gaffney, S.C.; Winston-Salem, N.C.; Chapel Hill, N.C.; Norfolk, Va.; Charlottesville, Va.; and Blacks-
burg, Va.; Mar. 12-23, 1968 (American Chemical Society Lecture Tour).

*M, H. Lietzke, “Desalination’” (30-min television lecture), WSJK-TV, Aug. 8, 1967, and Oct. 10,
1967.

*A, E. Marcinkowsky,? “Desalination and Filtration with Dynamically Fermed Membranes,’” Uni-
versity of Alabama, Research Institute, Huntsville, Aug. 14, 1967.

*K. A. Kraus, “Hyperfiltration,’” Parma Rescarch Center, Union Carbide Corp., Cleveland, Ohio, Oct.

30, 1967.

*], S. Johnson, ‘“Hyperfiltration with Dvnamically Formed Membranes,”” American Machine and
Foundry, Stamford, Conn., Mar. 8, 1968. .

*K. A. Kraus, “Hyperfiltration,” Savannah River Laboratory, Mar. 1, 1968.

*R, J. Raridon, ‘‘Desalination,” St. Fidelis College, Hetman, Pa., Nov. 1, 1967; Pennsylvania Mili-
tary Colleges, Chester, Nov. 2, 1867; Georgetown College, Georgewown, Ky., Nov. 21, 1967 (ORAU Trav-
eling Lecture); Florida Southern College, Lakeland, Mar. 3, 1968; Rollins College, Winter Park, Fla.,
Mar. 13, 1968.

*R. J. Raridon, ‘“Use of Isotopes in Chemical Research,” Stetson University, De Land, Fla., Mar.
12, 1968; Rollins College, Winter Park, Fla., Mar. 13, 1968.

*R. J. Raridon, ‘““ORNL Water Research Program,’” University of Delaware, Newark, Nov. 2, 1967.

CHEMICAL PHYSICS

R. A. Gilbert, ““Some Calorimetric Equipment, Techniques, and Studies in the ORNL Chemistry Divi-
sion,” Grambling College, Grambling, La., May 13, 1968; Louisiana Polytechnic Institute, Ruston, May
14, 1968 (ORAU Traveling Lecture).

R. W. Holmberg, ““The Study of Chemical Free Radicals by Electron Spin Resonance,” University of
Miami, Coral Gables, Fla., Sept. 25, 1967; Indiana State University, Terre Haute, Nov. 15, 1967; Uni-
versity of Missouri, Kansas City, Dec. 14, 1967; Duquesne University, Pittsburgh, Pa., Feb. 13, 1968
(ORAU Traveling Lecture). o

Ralph Livingston, “Etude de PEffet des Irradiations UV dans les Liquides par la Méthode de Réso-
nance Paramagnétique,”” Centre d’Etudes Nucléaire de Grenoble, Grenoble, France, July 11, 1967.

Ralph Livingstorn, ‘‘Paramagnetic Resonance Study of Liquids during Photolysis,’” Hahr-Meitner-
Institut fiir Kemforschung, Betlin, Germany, July 14, 1967.

*Based on work performed in the Chemistry Division under the Water Research Prograin.
?present address: Technical Center, Union Carbide Com., South Charleston, W.Va.
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Ralph Livingston, “‘Paramagnetic Resonance Study of Photolyzed Liquids,” Radiation Research Lab-
oratories, Mellon Institute, Pittsburgh, Pa., Oct. 16, 1967.

Ralph Livingston, ‘“‘Paramagnetic Resonance Studies of Short-Lived Free Radicals Formed in Liguids
by Photolysis,** Department of Chemistry, University of Virginia, Charlottesville, Apr. 11, 1968; Depart-
ment of Chemistry, Baylor University, Waco, Tex., Apr. 19, 1968.

P. A, Agron, ¢ ‘Crystal Chemistry of Polynuclear Iron Carbonyls,”” Brookhaven National Laboratory,
Upton, N.Y., July 13, 1967.

C. K. Johnson, “Stereoscopic Drawings Illustrating the Three-Dimensional Structure of a Protein,””
University of Virginia, Charlottesviile, Feb. 12, 1968.

Sheldon Datz, ‘“‘Recent Developments in Molecular Beam Studies of Chemically Reactive Collisions,”
University of Freiburg, Freiburg, West Germany, July 1967; Institute for Atomic and Molecular Physics,
Amsterdam, Netherlands, July 1967; University of Washington, Chemistry Colloquium, March 1968.

Sheldon Datz, *“‘Channeling of lons in Crystals,”” University of Aathus, Aarhus, Denmark, Physics
Colloquium, July 1967; Institute for Atomic and Molecular Physics, Amsterdam, Netherlands, Ju.ly 1967;
University of Washington, Physics Collogquinm, March 1968; University of Virginia, Aerospace Engineer
ing Colloquium, May 1968.

Sheldon Datz, “Interactions of Energetic Particles with Solid Surfaces,” Short Course in Gas-Surface
Interactions, University of Tennessee Space Institute, Tullahoma, May 1968.

E. H. Taylor, “Application of Molecular Beam Technigues to Chemical Kinetics,”® Department of
Chemistry, University of Virginia, Charlottesville, Mar. 7, 1968.

R. E. Minturn, “Molecular Beam Studies in Physical Chemistry,”” Lehigh Valley Sectional Meeting of
the American Chemical Society, Palmerton, Pa., September 1967.

Russell Baldock, ““The Relevance of Isotopes in the Development of the Atomic Theory,” Auburn
University, Auburn, Ala., Nov. 10, 1967 (ORAU Traveling Lecture).

Russell Baldock, “The Mass Spectrometer as a Tool in Research,” Glenville State College, Glenville,
W.Va., May 1, 1968; West Virginia Institute of Technology, Montgomery, May 2, 1968 (ORAU Traveling
Lecture).

Russell Baldock, ““Isotopes,’ Glenville State College, Glenville, W.Va., May 1, 1968; West Virginia
Institute of Technology, Montgomery, May 2, 1968 (ORAU Traveling Lecture).

T. A. Carlson, “Multiple Jonization and Its Relationship to the Many-Body Problew: in Atoms,”
Atomic Physics Seminar, Vale University, Dec. 13, 1967.

T. A. Carlson, ‘““Dependence of Internal Conversion on the Chemical Surroundings,’” Chemical Physics
Seminar, Indiana University, Mar. 14, 1968.



